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F O R E W O RD 

This Proceedings documents the talks, posters, tutorials, and symposia presented at the 24* 

Annua l  Meetin g o f  th e Cognitiv e Scienc e Society .  Th e meetin g too k plac e a t  Georg e M a s o n 

Universit y i n Fairfa x Virginia ,  U S A fro m Augus t  7  throug h Augus t  10 ,  2002 .  Himdred s o f 

submission s wer e receive d from  aroun d th e world .  Followin g las t  year' s first  Europea n 

conference ,  i t  seem s a s i f  th e annua l  meetin g ha s becom e a  trul y internationa l  event . 

The theme of this year's conference was Applied Cognition; that is, cognitive science that is 
eithe r  inspire d b y o r  applie d t o rea l  worl d problems .  Thi s them e wa s reinforce d b y ou r  plenar y 

speakers .  Stuar t  Car d (o f  P A R C )  reminde d u s tha t  successfii l  application s o f  othe r  science s di d 

not  tak e a  direc t  rout e from  th e scienc e t o application ,  bu t  require d th e developmen t  o f 

engineerin g discipline s tha t  entaile d thei r  o w n research ,  paradigms ,  an d formalisms .  Davi d 
W o o ds (o f  Th e Ohi o Stat e University )  propose d a n outlin e fo r  th e for m tha t  on e suc h cognitiv e 

science-inspire d engineerin g disciplin e migh t  take .  A s co-Chairs ,  w e limite d ou r  direc t 

manipulatio n o f  th e Progra m t o ou r  selectio n o f  thes e tw o plenar y speakers .  However ,  w e ar e 

please d t o not e tha t  a  larg e niunbe r  o f  symposia ,  talks ,  an d poster s see m t o hav e bee n inspire d b y 

or  contribute d t o applie d issues . 

This year saw the introduction of a new submission category: publication-based submissions. 

Publication-base d submission s allo w establishe d researcher s t o presen t  talk s i n thei r  are a o f 
expertis e withou t  submittin g ful l  6-pag e papers .  Instead ,  th e researche r  submit s proo f  o f  a 

publicatio n recor d i n a  give n are a alon g wit h a  500-wor d abstrac t  o f  th e wor k the y woul d lik e t o 

presen t  a t  th e conference .  A  one-pag e camera-read y abstract ,  simila r  t o th e m e m b e r  abstracts ,  i s 
submitte d late r  an d i s include d i n th e proceedings .  Th e goa l  o f  thi s n e w submissio n categor y i s t o 

encourag e greate r  participatio n i n th e conferenc e b y senio r  cognitiv e scientists .  Judgin g b y th e 

succes s o f  fliis  categor y a t  CogSci2002 ,  w e expec t  i t  t o gro w ove r  th e comin g years . 

Like the Chairs who have gone before us, we too felt aknost overwhelmed by the task of selecting 
and organizin g ou r  multitud e o f  paper s an d symposiu m int o coheren t  an d non-conflictin g 

sessions .  Ou r  tas k wa s mad e bot h easie r  an d harde r  thi s yea r  b y th e us e o f  Simon'™ ,  conferenc e 

management  softwar e commissione d b y th e Cognitiv e Scienc e Society .  Futur e Chair s wil l  greatl y 
benefi t  from  ou r  alph a testin g o f  thi s potentiall y  marvelou s software . 

There are many people to whom we owe thanks and we hope that we have listed each of their 
names o n th e page s tha t  follo w thi s Foreword .  W e woul d lik e t o provid e ou r  specia l  thank s t o th e 
following : 

The Governing Board of the Cognitive Science Society for inviting us to host the meeting. 

The Program Committee for acting in the capacity of Associate Editors in managing the 

review process. 

The mor e tha n 20 0 reviewer s fo r  providin g professiona l  review s and ,  i n mos t  cases ,  copiou s 

comments. 

Fran k Ritte r  an d Chri s Kell o fo r  organizin g an d coordinatin g th e tutoria l  program . 

Mike Byrne and Kevin Gluck for organizing the student volunteers. 
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Stella n Ohlsso n fo r  chairin g th e Mar r  Priz e committee . 

Debbi e Kran z fo r  bein g ready ,  willing ,  an d abl e t o coordinat e th e loca l  arrangements . 

Ar t  Markma n an d Debora h Grube r  fo r  introducin g a  centra l  Cognitiv e Scienc e Societ y 

presenc e t o th e conference . 

Financia l  support :  Ai r  Forc e Offic e o f  Scientifi c  Research ,  D A R P A,  Ai r  Forc e Researc h 

Labs ,  C H I  Systems .  Aptim a an d T h e Rober t  J .  Glushk o an d Pamel a Samuelso n 

Foundation .  Georg e Maso n Universit y donate d th e us e o f  th e facilitie s an d backe d th e 

conferenc e wit h substantia l  financial  contribution s from  th e Colleg e o f  Art s &  Sciences , 

Schoo l  o f  Education ,  Schoo l  o f  Informatio n Technolog y &  Engineering ,  Provos t  Office ,  an d 

Psycholog y Department . 

The plenar y speakers :  St u Car d an d Davi d Woods . 

A nd ou r  authors ,  symposiu m participants ,  an d attendee s fo r  makin g th e conferenc e a  tru e 

intellectua l  feast . 

Wayne D. Gray & Christian Schunn 

Conferenc e Chairs ,  CogSci200 2 
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The hug e contemporar y hteratur c o n consciousnes s span s 
multipl e disciplines ,  includin g psychology ,  philosophy ,  an d 
neuroscience .  Thi s tutoria l  wil l  introduc e participant s t o 
majo r  proposal s abou t  consciousness ,  an d thei r  empirica l 
and methodologica l  implications .  Th e goa l  i s  t o prepar e 
participant s t o explor e th e consciousnes s literatur e i n greate r 
depth . 

Our  consideratio n o f  perspective s o n consciousnes s wil l 
be organize d b y considerin g ho w thes e perspective s addres s 
cor e question s abou t  consciousness ,  including :  (a )  H o w ca n 
subjectivit y an d agenc y b e accommodate d i n a  scientifi c 
theor y o f  consciousness ? (b )  H o w ca n consciou s an d 
nonconsciou s o r  unconsciou s processe s an d representation s 
be systematicall y distinguished ? (c )  H o w ca n consciou s 
menta l  state s b e assesse d o r  measured ? (d )  H o w ca n 
dissociation s an d in^airment s o f  consciousnes s b e 
understood ? Th e literature s t o b e considere d addres s thes e 
question s i n analytic ,  functional ,  computational ,  an d 
implementationa l  terms . 

Philosophical Perspectives 
Philosopher s approac h th e proble m o f  consciousnes s from 

a variet y o f  analyti c perspectives ,  som e focusin g o n 
contemporar y formulation s o f  th e mind-bod y proble m an d 
other s o n analyse s o f  subjectiv e experience .  Amon g th e 
philosophica l  perspective s w e wil l  conside r  ar e Joh n 
Searle' s (1992 )  analysi s o f  consciousnes s i n term s o f 
intentionality ,  Davi d Chalmer' s (1996 )  distinctio n betwee n 
"easy "  an d "hard "  problem s o f  consciousness ,  Davi d 
Rosenthal' s (1993 )  "highe r  orde r  thought "  proposal ,  an d 
Danie l  Dennett' s  (1991 )  "multipl e drafts "  theor y o f 
consciousness . 

Neuroscience Perspectives 

Neuroscientist s hav e mad e a  wid e variet y o f  proposal s 
concernin g th e neura l  correlate s o f  consciousnes s (NCC) .  A 
startin g assumptio n i s tha t  a  subse t  o f  curren t  neura l  activit y 
i s correlate d wit h curren t  consciou s experience .  Ther e i s 
controversy ,  however ,  concernin g ho w tha t  subse t  i s  t o b e 
identified .  Fo r  example ,  th e N C C migh t  b e limite d t o 
particula r  type s o f  cell s o r  anatomica l  structures ,  o r  compris e 
globa l  pattern s o f  synchronize d neura l  activity .  W e wil l 
conside r  recen t  proposal s concernin g N C C b y Cric k an d 
Koc h (1998) ,  Damasi o (2000) ,  an d Edelma n an d Tonon i 
(2000) . 

Psychological Perspectives 
Psychologica l  perspective s o n consciousnes s generall y 

focu s o n functionally-defme d aspect s o f  cognition .  Fo r 

example ,  psychologist s hav e identifie d consciousnes s wit h 
workin g memor y (Baars ,  1988) ,  attentio n (Schneide r  & 
Pimm-Smith ,  1997) ,  metacognitio n (Nelson ,  1996) ,  an d wit h 
th e structur e o f  menta l  state s (Carlson ,  1997) .  Cognitiv e 
researc h ofte n focuse s o n distinguishin g consciou s an d 
nonconsciou s influence s o n psychologica l  processe s suc h a s 
learnin g (Diene s &  Berry ,  1997 )  an d perceptio n (Merikle , 
Smilek ,  &  Eastwood ,  2001) .  Thi s researc h ha s generate d a 
rich  literatur e o n method s fo r  assessin g consciousness . 
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A P E X / C P M - G O M S:  Modelin g H u m a n Performanc e i n Applie d H C I  Domain s 

Half-day tutorial (morning) 

Johnso n Center/Enterpris e 

Roger Remington 

N A SA A m e s Researc h Cente r 

Moffet t  Field ,  C A 9403 5 

mfreed@arc.nasa.go v 

Bonnie John - Carnegie Mellon University 

Michael Matessa - NASA Ames Research Center 

Alonso Vera - NASA Ames Research Center 

Michael Freed- NASA Ames Research Center 

This tutorial introduces participants to CPM-GOMS modeling using APEX, a tool for applied 
human performanc e modeling .  A P E X - C P M i s intende d t o b e o f  valu e t o bot h cognitiv e scienc e 

researcher s an d H C I  professionals .  I t  i s  als o valuabl e fo r  teachin g student s abou t  task-analysis , 
user-modeling ,  an d computationa l  cognitiv e modelin g i n general .  Th e tutoria l  wil l  teac h 

participant s ho w t o represen t  G O M S,  K L M ,  an d C P M - G O MS tas k analyse s i n A P E X - C P M,  an d 

t o refin e model s base d o n outpu t  i n th e for m o f  automaticall y generate d P E R T charts .  W e wil l 
als o discus s recen t  improvement s aime d a t  makin g i t  practica l  t o mode l  i n mor e comple x H C I 

domains .  Thes e includ e capabilitie s tha t  (a )  facilitat e representatio n o f  simulatio n environment s 

and (b )  allo w modeler s t o dra w o n a  se t  o f  reusabl e buildin g block s bot h fo r  cognitive/tas k 
modelin g an d fo r  physica l  environmen t  modeling .  Th e tutoria l  wil l  primaril y consis t  o f  a  guide d 
tou r  throug h activitie s supplemente d wit h presentations .  Participant s wil l  wor k i n pairs , 
supervise d b y a t  leas t  fou r  presenters ,  o n applie d modelin g problems .  Thi s tutoria l  shoul d b e o f 
particula r  valu e t o peopl e intereste d i n developing ,  using ,  and/o r  teachin g engineerin g model s o f 
human performanc e i n H C I  contexts .  Som e backgroun d i n cognitiv e modelin g an d compute r 

programmin g i s recommended .  Tutoria l  participant s wil l  b e give n a  C D containin g th e A P E X -

C PM code ,  a  world-buildin g tool-kit ,  an d a  numbe r  worke d exampl e models . 

Roger Remington is a Senior Research Psychologist at NASA Ames Research Center. He holds 

a Ph.D .  i n Psycholog y from  th e Universit y o f  Oregon . 

Bonnie John is an Associate Professor in the Institute of Himian-Computer Interaction and 
Carnegie-Mello n University .  Sh e hold s a  Ph.D .  i n Psycholog y from  Carnegi e Mello n University . 

Michael Matessa is a Research Psychologist at NASA Ames Research Center. He holds a Ph.D. 
i n Cognitiv e Psycholog y from  Carnegi e Mello n University . 

Alonso Vera is a Research Scientist at NASA Ames Research Center. He holds a Ph.D. in 

Experimenta l  Psycholog y from  Cornel l  University . 

Michael Freed is a Research Scientist at NASA Ames Research Center. He holds a 

Ph.D .  i n Compute r  Scienc e from  Northwester n University . 
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H o w t o B u U d Intelligen t  Interactiv e A g e n t s U s i n g S o a r 

Randolph M. Jones 

Soar  Technology ,  Inc. ,  an d Colb y Colleg e 
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Robert E. Wray, III, Soar Technology, Inc. 

A my E .  Henninger ,  Soa r  Technology ,  Inc . 

Scot t  W o o d ,  Soa r  Technology ,  Inc . 

Ronal d S .  Chong ,  Georg e M a s o n Universit y 

Soar has been under development for over two decades as an architecture for building 

intelligen t  system s an d huma n behavio r  models .  Recen t  researc h an d developmen t 

activit y wit h Soa r  ha s emphasize d buildin g competent ,  autonomou s agent s tha t  interac t 

wit h realisti c an d comple x simulate d environments .  Thi s tutoria l  wil l  teac h som e o f  th e 

method s tha t  w e us e t o desig n an d enginee r  suc h behavio r  models .  Instea d o f  focusin g o n 

stric t  cognitiv e modeling ,  thi s tutoria l  wil l  discus s th e complexitie s tha t  autonomou s 

behavio r  an d real-tim e interactio n impos e o n a  model .  I t  wil l  no t  involv e intensiv e 

programmin g o f  intelligen t  agents ,  bu t  wil l  concentrat e o n highe r  leve l  issue s o f  tas k 

analysis ,  knowledg e representation ,  process-oriente d modeling ,  an d knowledg e 

acquisition .  Man y o f  thes e activitie s ar e usefu l  t o lear n eve n i f  on e doe s no t  us e 

Soar  t o implemen t  models,  bu t  th e tutoria l  wil l  als o demonstrat e th e way s tha t  Soa r 

approache s an d inform s (an d sometime s exacerbates )  thes e tasks .  T o thi s end ,  tutoria l 

participant s wil l  stud y an d twea k a  variet y o f  interactiv e behavio r  models ,  an d 

lear n technique s fo r  representin g knowledg e an d behavio r  i n Soar .  The y wil l  als o gai n 

experienc e wit h som e o f  th e ne w developmen t  tool s tha t  suppor t  Soa r  modeling .  Tutoria l 

participant s d o no t  nee d a n extensiv e backgroun d i n programming . 

Presenters: Each of the presenters has research and industry experience building 

interactiv e intelligen t  agen t  systems .  Man y o f  thes e hav e bee n "believable "  agent s wit h 

larg e amount s o f  knowledg e develope d withi n Soar .  Soa r  Technology ,  Inc. ,  use s 

Soar  an d othe r  softwar e paradigm s t o creat e intelligen t  an d usabl e softwar e fo r  a  variet y 

of  defens e applications .  Al l  o f  th e presenter s als o hav e experienc e developin g interactiv e 

model s o f  huma n behavio r  fo r  variou s purposes ,  suc h a s improvin g intelUgen t  agents , 

improvin g human-compute r  interaction ,  understandin g leamin g i n proble m solving ,  an d 

studyin g huma n erro r  i n interactiv e tasks . 
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A C T - R 

Christian Lebiere 
Carnegie-Mello n Universit y 

ACT- R i s a  cognitiv e theor y an d simulatio n syste m fo r  developin g cognitiv e models .  I t 

assumes cognitio n emerge s throug h th e interactio n o f  a  procedura l  memor y o f 

production s wit h a  declarativ e memor y o f  chunk s an d independen t  module s fo r 

externa l  perceptio n an d actions .  Th e A C T - R 4. 0 versio n o f  th e theor y wa s detaile d i n th e 

boo k "Th e Atomi c Component s o f  Thought "  b y Joh n R .  Anderso n an d Christia n Lebiere , 

publishe d i n 199 8 b y Lawrenc e Erlbaum .  Sinc e it s releas e i n 1997 ,  A C T - R 4. 0 ha s 

supporte d th e developmen t  o f  ove r  10 0 cognitiv e model s publishe d i n th e literatur e b y 

many differen t  researchers .  Thes e model s cove r  topic s a s divers e a s drivin g behavior , 

implici t  memory ,  learnin g backgammon ,  metapho r  processing ,  an d emotion .  W e hav e 

recentl y develope d a  ne w version ,  A C T - R 5. 0 tha t  extend s A C T - R 4. 0 t o b e mor e 

interruptible ,  t o achiev e greate r  across-tas k paramete r  consistency ,  t o hav e bette r 

mechanism s o f  productio n leaming ,  an d t o b e mor e i n correspondenc e wit h ou r 

knowledg e o f  brai n function .  Whil e th e ne w syste m extend s th e capabilitie s o f  A C T - R 

4.0 ,  i t  involve s relativel y fe w change s an d i s actuall y simpler .  Thi s shor t  tutoria l  wil l 

provid e a n overvie w o f  ACT-R ,  a s i t  i s  specifie d i n th e 5. 0 version ,  an d som e o f  it s 

applications .  I t  wil l  no t  assum e a  prio r  backgroun d i n A C T - R 4.0 . 

Christia n Lebier e i s a  Researc h Scientis t  i n th e Human-Compute r  Interactio n Institut e a t 

Camegie-Mello n University .  H e receive d hi s B.S .  i n Compute r  Scienc e from  th e 

Universit y o f  Lieg e (Belgium )  an d hi s M.S .  an d Ph.D .  from  th e Schoo l  o f  Compute r 

Scienc e a t  Carnegi e Mello n University .  Durin g hi s graduat e career ,  h e worke d o n th e 

developmen t  o f  connectionis t  models,  includin g th e Cascade-Correlatio n neura l  networ k 

leamin g algorithm .  Sinc e 1990 ,  h e ha s worke d o n th e developmen t  o f  th e A C T - R hybri d 

cognitiv e architectur e an d i s co-autho r  wit h Joh n R .  Anderso n o f  th e 199 8 boo k "Th e 

Atomi c Component s o f  Thought" .  Hi s mai n researc h interes t  i s  cognitiv e architecture s 

and thei r  application s t o psychology ,  artificia l  intelligence ,  human-compute r  interaction , 

decision-making ,  gam e theory ,  an d computer-generate d forces . 



Func t i ona l  I m a g i n g o f  th e B r a i n — D e v e l o p i n g a  S y n e r g y o f 

Cogn i t i v e N e u r o s c i e n c e B e h a v i o r  a n d M o d e l i n g 

Walter Schneider 

Universit y o f  Pittsburg h 

Pittsburg h 15226 0 

wws@pitt.ed u 

The las t  te n year s hav e produce d a n explosiv e growt h i n brai n imagin g technolog y an d 

findings.  Th e combinatio n o f  M R I ,  ERP ,  DTI ,  an d P E T enabl e non-invasiv e researc h o n 

humans obtainin g millimete r  an d millisecon d resolutio n o f  activation ,  connectio n tracing , 

and mappin g o f  transmitte r  systems .  Thi s larg e effor t  (1000 + paper s pe r  year )  i s 

providin g detaile d dat a o f  th e biolog y o f  cognitio n an d havin g a  larg e impac t  o n th e 

conceptualizatio n o f  cognitiv e science .  Ther e i s a  "gran d challenge "  t o th e field  t o relat e 

th e biolog y an d mechanism s o f  huma n thought .  Ther e i s a  critica l  nee d fo r 

comprehensiv e behavioral ,  theoretical ,  an d modelin g effort s t o interpre t  th e findings. 

Thi s tutoria l  wil l  provid e a n introductio n t o th e brai n imagin g method s stressin g bot h th e 

potentia l  an d limitation s o f  th e existin g methods .  W e wil l  describ e th e challenge s tha t 

cognitiv e scienc e method s ma y b e particularl y beneficia l  t o resolving .  W e wil l  loo k a t 

effort s t o relat e modelin g (e.g. ,  A C T R ,  L S A )  an d activatio n data .  W e wil l  provid e 

guideline s o n ho w t o ge t  int o brai n imagin g vi a collaboratio n o r  direc t  imaging . 

Walte r  Schneide r  (B.A .  Psychology ,  U .  Illinoi s 1971 ;  Ph.D .  Psycholog y Indian a U . 

1975).  H e i s a  fello w o f  th e America n Psycholog y Associatio n an d A A A S ,  i s kno w fo r 

hi s classi c wor k o n automaticit y an d skil l  acquisition ,  publishe d som e o f  th e firs t  paper s 

on fMR I  i n hiraians ,  an d ha s develope d softwar e system s fo r  empirica l  an d brai n imagin g 

system s use d i n 2,00 0 laboratories .  Hi s curren t  researc h focuse s o n brai n imagin g an d 

modelin g o f  learning ,  attention ,  an d languag e processin g an d th e modelin g o f  skil l 

acquisitio n an d control/automati c processing .  Hi s we b sit e i s 

www.pitt.edu/~schlab/People/walt.ht m 
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http://www.pitt.edu/~schlab/People/walt.htm


A Cognitiv e A p p r o a c h t o Designin g H u m a n E r ro r  Toleran t  Interface s 

Scott D. Wood (sivood@soartech.com) 
Soar  Technology ,  Inc . 

3600 Gree n Court ,  Suit e 600 ,  An n Arbor ,  M I  4810 5 US A 

Mike Byrne (byme@acni.org) 
Psycholog y Department ,  Ric e Universit y 

6100 Mai n Street ,  MS-25 ,  Houston ,  T X 7700 5 US A 

Human error s ar c inevitable ,  bu t  som e ar e mor e inevitabl e 
tha n others .  Human erro r  ha s bee n blame d fo r  countles s 
catastrophe s (cf .  Casey ,  1993 ;  Perrow ,  1984) ,  ye t  error s ar e 
ofte n merel y symptom s o f  muc h large r  underlyin g desig n 
problems .  Designin g fo r  huma n erro r  i s a  majo r  challeng e 
fo r  developer s o f  safety-critica l  an d mission-critica l 
systems .  H u m a n erro r  i s o f  particula r  concer n fo r  banking , 
commerce ,  medicine ,  militar y an d othe r  system s wher e 
task s ar e performe d wit h hig h frequency ,  o r  wher e th e 
consequence s o f  mistake s ar e grav e o r  costly .  Mos t 
approache s t o enor-toleran t  desig n us e eithe r  genera l  desig n 
guideline s o r  trea t  human s a s jus t  anothe r  error-pron e 
syste m component .  T o mak e error s a  littl e les s inevitable , 
we mus t  tak e a  comprehensive ,  psychologically-base d 
approac h t o human-erro r  toleran t  design . 

The goal s o f  thi s tutoria l  ar e t o provid e researcher s wit h a 
bette r  understandin g o f  th e underlyin g cause s o f  huma n 
erro r  an d presen t  practica l  technique s fo r  applyin g 
psycholog y t o human-erro r  toleran t  designs .  Thi s tutoria l 
approache s erro r  toleran t  desig n fro m a  cognitiv e 
perspective ,  focusin g o n practica l  technique s fo r  improvin g 
you r  system' s abilit y t o dea l  wit h inheren t  h u m a n 
limitations .  Participant s wil l  lear n th e basic s o f  huma n error , 
ho w t o classif y erro r  types ,  a  framewor k fo r  erro r  toleran t 
design ,  ho w t o dea l  wit h multipl e aspect s o f  erro r  i n design , 
and ho w t o for m a  muttilayere d defens e agains t  error . 

Understanding Human Error 

Reaso n (1990 )  define s an d discusse s m a n y aspect s o f 
human erro r  an d it s psychologica l  underpinnings .  Althoug h 
ther e ar e man y question s remainin g abou t  th e attentiona l 
mechanism s use d b y Reaso n t o explai n erro r  occurrence ,  hi s 
wor k provide s a  startin g poin t  from  whic h t o stud y huma n 
erro r  an d erro r  toleran t  design .  Reason' s huma n erro r 
taxonom y i s  frame d aroun d Rasmussen' s Skills-Rules -
Knowledg e (SRK )  framework  (1979) .  I n additio n t o specifi c 
erro r  type s withi n eac h o f  th e S R K levels .  Reaso n als o 
identifie s tw o genera l  form s o f  error ,  "similarit y matching " 
and "frequenc y gambling" ,  tha t  pervad e eac h o f  th e levels . 
Thi s lead s t o genera l  rule s fo r  erroneou s memor y retrieval , 
suc h as ,  "I f  th e correc t  ite m i s no t  retrieved ,  the n th e mos t 
similar ,  frequentl y accesse d ite m wil l  b e retrieved. " 
Additiona l  insigh t  ca n b e gleane d b y mappin g Reason' s 
taxonom y unt o a  standar d huma n informatio n processin g 
architecture ,  suc h a s ACT-R ,  EPI C o r  Soar . 

Understandin g an d categorizin g huma n erro r  ca n b e don e 
at  man y levels ,  dependin g o n th e focu s o f  th e study .  Reaso n 
(1990 )  als o describe s differen t  level s fo r  classifyin g erro r 
instance s a s on e o f  behaviora l  (observabl e actions ,  suc h a s 
omittin g a  procedura l  step) ,  contextua l  (withi n th e contex t 
of  th e task ,  suc h a s "faile d t o pres s th e button") ,  o r 
conceptua l  (relatin g t o interna l  mechanisms ,  suc h a s "faile d 
t o perceiv e warnin g label") . 

Designing Error-Tolerant Systems 

M a ny error-toleran t  desig n effort s rel y o n genera l  desig n 
guideline s (e.g .  Smit h an d Mosier ,  1986) .  Howeve r  thes e 
guideline s ar e ofte n no t  use d o r  misapplie d becaus e the y ar e 
sometime s overl y genera l  o r  atheoretica l  i n nature .  M a y h e w 
(1992) ,  provide s a  mor e theoretica l  mappin g o f  guideline s 
int o motor ,  cognitive ,  an d perceptua l  areas ,  bu t  ha s n o 
framework  t o comprehensivel y addres s himia n error . 

An effectiv e error-toleran t  desig n mus t  addres s multipl e 
aspect s o f  huma n erro r  t o buil d a  comprehensive ,  multi -
layere d defense .  Thes e aspect s includ e erro r  prevention , 
reduction ,  detection ,  identification ,  an d correction , 
resumptio n o f  norma l  activities ,  an d failur e mitigation .  I n 
thi s tutoria l  w e wil l  describ e a  framework  fo r  mappin g 
betwee n erro r  taxonomies ,  cognitiv e architecture s an d 
desig n guidelines ,  an d presen t  a  task-analyti c techniqu e fo r 
applyin g th e framewor k i n a  practica l  way . 

Understandin g th e psychologica l  factor s tha t  affec t  thes e 
area s i s essentia l  fo r  goo d design .  Likewise ,  understandin g 
practica l  implication s o f  applie d psycholog y m a y lea d t o 
furthe r  theoretica l  advance s i n th e field. 
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Bayes ia n M o d e l i n g o f  M e m o r y a n d Percep t io n 

R i c h a r d M .  Shiffri n 

Abstrac t 

I present a framework for modeling memory, retrieval, and perception, and their 

interactions .  Th e model s ar e inspire d b y Bayesia n inductio n t o determin e optima l 

decisions ,  i n th e fac e o f  a  memor y syste m wit h inherentl y nois y storag e an d retrieval .  Th e 

startin g poin t  fo r  thi s wor k wa s th e Retrievin g Effectivel y from  Memor y ( R E M )  mode l 

fo r  episodi c recognitio n (Shiffri n &  Steyvers ,  1997) .  Th e genera l  framework  describes : 

1)  th e storag e o f  episodi c traces ,  th e accumulatio n o f  thes e int o knowledg e (e.g . 

lexical/semanti c trace s i n th e cas e o f  words) ,  an d th e change s i n knowledg e cause d b y 

leaming ;  2 )  th e retrieva l  o f  informatio n from  episodi c memor y an d genera l  knowledge ;  3 ) 

decision s concernin g storage ,  retrieva l  an d responding .  I  giv e example s o f  application s t o 

episodi c recognition ,  an d cue d an d free  recall ,  perceptua l  identificatio n (naming ,  yes-n o 

and force d choice) ,  lexica l  decision ,  an d long-ter m an d short-ter m priming ,  an d briefl y 

conside r  extension s t o episodi c categorizatio n an d retrieva l  o f  conten t  from  genera l 

knowledge . 
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Rumelhar t  Symposium :  Honorin g Richar d Shiffri n 

Susan Dumai s (sduinais@niicrosoft.com ) 
Microsof t  Research ,  Microsof t  Corporatio n 

One Microsof t  Way ,  Redmond ,  W A 9803 3 U S A 

Wilson S. Geisler (geisler@psy.utexas.edu) 
Departmen t  o f  Psychology ,  Universit y o f  Texa s 

Mezes Hall. ,  Austin ,  T X 7871 2 U S A 

Jeroe n Raa i jmaker s (raaijmakers@psy.uva.iii ) 
Departmen t  o f  Psychology ,  Universit y o f  Amsterda m 

Roetersstraa t  15 ,  101 8 W B Amsterdam ,  Th e Netherland s 

Mark Steyvers (msteyver@psych.stanford.edu) 
Dept .  o f  Cognitiv e Sciences ,  Universit y o f  Californi a 
315 1 Socia l  Science s Plaza ,  Irvine ,  C A 9269 7 U S A 

Thi s symposiu m honor s Ric h Shiffrin' s contribution s t o 
cognitiv e science .  Fou r  forme r  student s wil l  presen t 
highlight s o f  thei r  curren t  wor k shape d i n variou s way s b y 
thei r  mentor . 

Data-Driven Approaches to Information 

Acces s ( S u s a n D u m a i s ) 

Severa l  line s o f  researc h tha t  ar e motivate d b y th e practica l 
proble m o f  helpin g user s find  an d manag e informatio n i n 
externa l  dat a sources ,  mos t  notabl y computers ,  wil l  b e 
described .  Th e applicatio n area s include :  informatio n 
retrieval ,  tex t  categorization ,  an d questio n answering .  A 
c o m m on them e i n al l  thes e effort s i s th e analysi s o f  th e 
statistica l  propertie s o f  word s i n larg e volume s o f  rea l  worl d 
texts .  Simpl e statistica l  analyse s an d machin e learnin g 
algorithm s ar e use d t o solv e practica l  informatio n acces s 
problems .  I n additio n thes e sam e statistica l  propertie s o f 
object s i n th e worl d constrai n huma n performance .  Thu s 
solution s t o practica l  problem s ca n she d ligh t  o n huma n 
knowledg e representatio n an d reasoning . 

A Bayesian Approach to the Evolution of 

Perceptua l  S y s t e m s ( W .  S .  Geisle r  a n d R .  L . 

Diehl ) 

Perceptua l  an d cognitiv e systems ,  includin g th e 
developmenta l  an d learnin g mechanism s tha t  shap e the m 
durin g th e lifespan ,  ar e th e resul t  o f  evolutio n b y natura l 
selection .  Ye t  historicall y mos t  approache s t o th e stud y o f 
perceptio n an d cognitio n acknowledg e onl y implicitl y th e 
rol e o f  natura l  selection .  W e propos e a  Bayesia n theoretica l 
framewor k tha t  make s explici t  th e relationshi p betwee n th e 
statistica l  propertie s o f  th e environment ,  th e evolvin g 
genome,  an d th e desig n o f  perceptua l  an d cognitiv e systems . 
The propose d ftamework  gre w ou t  o f  recen t  application s o f 
Bayesia n statistica l  decisio n theor y i n perceptio n an d 
cognitio n an d recen t  effort s t o measur e th e statistica l 
propertie s o f  natura l  environments ;  however ,  th e Bayesia n 
framework  encompasse s man y o f  th e mos t  importan t 
insight s o f  previou s theoretica l  approache s i n perceptio n 
and cognition .  W e first  summariz e th e forma l  Bayesia n 
framework  an d sho w ho w i t  ca n b e use d t o formulat e an d 
tes t  specifi c  hypothese s abou t  th e desig n o f  perceptua l  an d 

cognitiv e systems .  W e the n describ e th e connection s 
betwee n th e Bayesia n framework  an d othe r  theoretica l 
approaches . 

SAM as a General Theory for Memory 

(Jeroe n G .  W .  Raaijmakers ) 

The SA M theor y fo r  memor y retrieva l  wil l  b e briefl y 
reviewed .  We sho w ho w th e theor y (includin g th e 
extensio n propose d b y Mensin k &  Raaijmakers ,  1988 , 
1989)  may b e use d t o provid e a  ne w mode l  fo r  spacin g an d 
repetitio n effects .  Th e riesultin g mode l  ca n b e see n a s a 
mathematica l  formulatio n o f  th e Component-Level s theor y 
propose d b y Glenber g (1979) .  I t  i s  assume d tha t  o n a 
secon d presentatio n o f  a n ite m informatio n i s adde d t o a n 
existin g trac e i f  th e episodi c memor y imag e correspondin g 
t o tha t  ite m i s retrieved .  I f  i t  i s  no t  retrieved ,  a  n e w imag e i s 
stored .  I t  i s  shovr a tha t  th e mode l  predict s man y standar d 
findings  includin g findings  tha t  wer e though t  t o b e 
inconsisten t  wit h th e Component-Level s theory .  Thi s 
applicatio n demonstrate s h o w S A M m a y b e use d t o provid e 
quantitativ e formulation s fo r  verba l  theories ,  makin g i t 
easie r  t o examin e th e exac t  prediction s o f  suc h theories . 

Inferring Causal Structure from Intervention 

( M a r k Steyvers ) 

Informatio n abou t  th e structur e o f  a  causa l  syste m ca n com e 
i n th e for m o f  observationa l  dat a -  rando m sample s o f  th e 
system' s autonomou s behavio r  -  o r  interventiona l  dat a -
sample s conditione d o n th e particula r  value s o f  on e o r  mor e 
variable s tha t  hav e bee n experimentall y manipulated .  Her e 
we stud y people' s abilit y t o infe r  causa l  structur e from 
intervention ,  an d t o choos e informativ e intervention s o n th e 
basi s o f  purel y observationa l  data .  W e develo p 
computationa l  model s o f  h o w peopl e infe r  causa l  structur e 
from  dat a an d ho w the y pla n interventio n experiments , 
base d o n th e representationa l  framework  o f  causa l  Bayesia n 
network s an d th e inferentia l  principle s o f  optima l  Bayesia n 
decision-makin g an d maximizin g expecte d informatio n 
gain .  Thes e analyse s sugges t  tha t  peopl e ca n mak e rationa l 
causa l  inferences ,  subjec t  t o certai n processin g constraint s 
and representationa l  assumption s tha t  m a y var y acros s 
participants . 
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Cognitiv e Scienc e a s tli e Engin e o f  Innovation : 

Beyon d Human-Compu te r  Interactio n 

Stuart Card (card@parc.com) 
Infonnatio n Science s an d Technologie s Laboratory ,  Xero x P A R C 

333 3 Coyot e Hil l  Roa d 
Pal o Alto ,  C A 9430 4 U S A 

Abs t rac t 

Successfu l  science s usuall y spaw n successfu l  application s 
and applicatio n disciplines ;  i n fact ,  on e i s suspiciou s o f  a 
scienc e tha t  can' t  clai m practica l  results .  Th e n a v e vie w i s 
tha t  result s fro m th e scienc e ar e "applied "  t o problems ,  a s i n 
an "applie d cognitiv e psychology, "  fo r  example .  Th e trut h i s 
more comple x i n genera l  an d i t  i s  particularl y mor e comple x 
fo r  cognitiv e science .  N e w advance s i n technolog y ar e 
amplifyin g stil l  furthe r  th e huma n rol e o f  informavor e an d 
th e nee d fo r  cognitiv e engineerin g an d inventio n o f 
cognitiv e product s an d governmen t  activities .  Th e abilit y  t o 
meet  thes e i s a  tes t  o f  a  cognitiv e engineerin g disciplin e an d 
of  th e supportin g science s themselves .  I  a m goin g t o sugges t 
some principle s fo r  organizin g bot h cognitiv e scienc e an d 
th e practica l  innovatio n aroun d i t  b y reflectin g o n wha t  w e 
hav e learne d abou t  usin g cognitiv e psycholog y i n himian -
computc r  interaction .  I  wil l  us e thi s analysi s t o sugges t  a  se t 
of  initiative s n o w withi n reac h o f  th e cognitiv e scienc e 
commimity . 

A b o u t  S tuar t  C a r d 

Stuar t  Car d i s a  Xero x Researc h Fello w an d th e manage r  o f 
th e Use r  Interfac e Researc h grou p a t  th e Xero x Pal o Alt o 
Researc h Center .  Wit h Alle n Newel l  an d T o m Mora n fro m 
C M U,  h e founde d a n effor t  t o develo p model s o f  h u m a n 
performanc e tha t  coul d b e use d i n informatio n syste m 
design .  Hi s thesi s a t  C M U wa s th e firs t  thesi s specificall y i n 
th e ne w specialt y o f  human-compute r  interaction .  Hi s stud y 
of  inpu t  device s le d t o th e Pitt' s  L a w characterizatio n o f  th e 
mouse an d wa s a n importan t  facto r  leadin g t o th e mouse' s 
commercia l  introduction . 

He an d hi s grou p hav e develope d a  numbe r  o f  theorie s o f 
human-machin e interaction ,  includin g tn e Mode l  H u m a n 
Processor ,  th e G O MS theor y o f  use r  interaction ,  an d 
informatio n foragin g theory .  The y hav e develope d n e w 
paradigm s o f  human-machin e interaction ,  includin g th e 
R o o ms workspac e manage r  an d th e Informatio n Visualizer . 
The wor k ha s resulte d i n nin e Xero x product s an d th e 
foundin g o f  Inxigh t  Software ,  Inc . 

Car d i s a  co-autho r  o f  th e book ,  "Th e Psycholog y o f 
Human-Compute r  Interaction" ,  a  co-edito r  o f  th e book , 
" H u m a n Performanc e Model s fo r  Computer-Aide d 
Engineering" ,  an d ha s serve d o n man y editoria l  boards .  H e 
receive d hi s A.B .  i n Physic s fro m Oberli n Colleg e an d hi s 
Ph.D .  i n Psycholog y from  Carnegi e Mellon ,  wher e h e 
pursue d a n interdisciplinar y progra m i n psychology , 
artificia l  inteUigence ,  an d compute r  science .  Hi s mos t  recen t 
book ,  "Reading s i n Infomratio n Visualization" ,  co-writte n 
and edite d wit h Joc k Mackinla y an d Be n Schneiderman , 
was publishe d i n Januar y 1999 . 
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Steerin g th e Reverberation s o f  Technolog y Chang e o n Field s o f  Practice : 

L a ws tha t  Gover n Cognitiv e W o r k 

David D. Woods (woods.2@osu.edu) 
Institut e fo r  Ergonomic s 

The Ohi o Sut e Universit y 
1971 Nei l  Av e 

Columbus ,  O H 4321 0 U S A 

N ow al l  scientifi c  predictio n consist s i n discoverin g 
i n th e dat a o f  th e distan t  pas t  an d o f  th e immediat e 
past  (whic h w e incorrectl y cal l  th e present) ,  law s o r 
formulae  whic h appl y als o t o th e fuhire ,  s o tha t  i f  w e 
act  i n accordanc e wit h thos e law s ou r  behavio r  wil l  b e 
appropriat e t o th e futur e whe n i t  become s tfie  present . 

Craik .  1947.P.5 9 

Abstrac t 

Research on cognitive work in context has abstracted a set of 
conuno n pattern s abou t  cognitiv e wor k an d abou t  th e 
relationshi p o f  peopl e an d computes .  I  offe r  fou r  funilie s o f 
Laws tha t  Gover n Cognitiv e Wor k plu s Norfoer t  s  Contras t  a s 
a synthesi s o f  thes e finding s t o guid e futur e developmen t  o f 
human-compute r  cooperation .  Thes e Law s ar e on e pron g o f  a 
genera l  strateg y t o avoi d repeat s o f  pas t  "automatio n 
surprises" . 

1.  Pattern s o f  Reverbera t ion s 

Observationa l  studie s o f  cognitiv e wor k i n contex t  hav e 
buil t  a  bod y o f  wor k tha t  describe s ho w technolog y an d 
organizationa l  chang e transform s wor k i n systems .  Point s o f 
technolog y chang e pus h cycle s o f  transformatio n an d 
adaptatio n (e.g. ,  Carrol l  s  task-artifac t  cycle ;  Carrol l  an d 
Rosson ,  1992 ;  Winogra d an d Flores ,  1987 ;  Florcs ,  Graves , 
Hartfield ,  an d Winograd ,  1988) .  Th e revie w o f  th e impac t  o f 
n e w technolog y i n on e operationa l  worl d effectivel y 
summarize s th e genera l  patter n (Cordesma n an d Wagner , 
1996 ,  p.25) : 

Much of Ae equipment deployed ... was designed to ease the 
burde n o n th e operator ,  reduc e fatigue ,  an d simplif y th e task s 
involve d i n operations .  Instead ,  thes e advance s wer e use d t o 
demand mor e from  th e operator .  Almos t  withou t  exception , 
technolog y di d no t  mee t  th e goa l  o f  unencumberin g th e 
personne l  operatin g th e equipmen t 
.. .  system s ofte n require d exceptiona l  himia n expertise , 
commitment ,  an d endurance . 

ther e i s a  natura l  synerg y betwee n tactics ,  technology ,  an d 
human factor s .. .  effectiv e leader s wil l  exploi t  ever y ne w 
advanc e t o th e limit .  A s a  result ,  virtuall y ever y advanc e i n 
ergonomic s wa s exploite d t o as k personne l  t o d o more ,  d o i t 
faste r  an d d o i t  i n mor e comple x ways . 
.. .  on e ver y rea l  lesso n i s tha t  ne w tactic s an d technolog y 
simpl y resul t  i n alterin g th e patter n o f  hiuna n stres s t o achiev e 
a ne w intensit y an d temp o o f  operations ,  [edite d t o rephras e 
domai n referent s generically ] 

Thi s statemen t  coul d hav e com e fro m studie s o f  th e impac t 
of  technologica l  an d organizationa l  chang e i n healt h car e o r 
ai r  traffi c  managemen t  o r  man y othe r  area s undergoin g 
chang e toda y (se e Billings ,  1997 ,  an d Sarte r  an d Amalberti , 
2000 ,  fo r  th e cas e o f  cockpi t  automation) .  Overall ,  th e 
studie s sho w tha t  whe n blac k bo x ne w technolog y (an d 
accompanyin g organizationa l  change )  hit s a n ongoin g fiel d 
of  practic e th e patter n o f  reverberatio n include s (Wood s an d 
Dekkcr ,  2000) : 
•  N e w capabilities ,  whic h increas e demand s an d creat e 

ne w complexitie s suc h a s increase d couplin g acros s 
part s o f  th e syste m an d highe r  temp o o f  operations , 

•  N e w complexitie s whe n technologica l  possibilitie s ar e 
use d clumsily , 

•  Adaptation s b y practitioner s t o exploi t  capabilitie s o r 
workaroun d complexitie s becaus e the y ar e responsibl e 
t o mee t  operationa l  goals , 

•  Th e complexitie s an d adaptation s ar c surprising , 
unintende d sid e effect s o f  th e desig n intent , 

•  Failure s occasionall y brea k throug h thes e adaptation s 
becaus e o f  th e inheren t  demand s o r  becaus e th e 
adaptation s ar e incomplete ,  poor ,  o r  brittle , 

•  Th e adaptation s b y practitioner s hid e th e complexitie s 
fro m designer s an d reviewer s after-the-fac t  wh o judg e 
failure s t o b e du e t o huma n error . 

The patter n illustrate s a  mor e genera l  la w o f  adaptiv e 
system s tha t  ha s bee n note d b y man y researcher s (e.g. , 
Rasmussen ,  1986 ;  Hirschhom ,  1997 ) 

The la w o f  stretche d systems : 
ever y syste m i s stretche d t o operat e a t  it s  capacity ;  a s 
soo n a s ther e i s som e improvement ,  fo r  exampl e i n th e 
for m o f  ne w technology ,  i t  wil l  b e exploite d t o achiev e a 
ne w intensit y an d temp o o f  activity . 
Under  pressur e fro m performanc e an d efficienc y 

demands ,  advance s ar e consume d t o as k operationa l 
personne l  t o d o more ,  d o i t  faste r  o r  d o i t  i n mor e comple x 
ways (se e N A S A s  Mar s Climat e Orbite r  Misha p 
Investigatio n Boar d report ,  2000 ,  fo r  a  example) . 

2. Watcliing People Engineer Cognitive Work: 

C l a i m s a n d M y t h s 

Peopl e a s advocate s fo r  investmen t  i n an d adoptio n o f  ne w 
technolog y mak e claim s abou t  ho w thes e change s wil l  affec t 
cognitiv e wor k an d th e processe s an d product s o f  practice . 
Claim s abou t  th e futur e o f  practic e i f  objects-to-be-realize d 
ar e deploye d represen t  hypothese s abou t  th e dynamic s o f 
people ,  technolog y an d wor k (Woods ,  1998) .  Observation s 
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at  point s o f  technolog y chang e fin d tha t  thes e hypothese s 
ca n b e an d ar e ofle n quit e wron g a  kin d o f  secon d orde r 
automatio n surpris e (Sarter ,  Woods ,  an d Bilhngs ,  1997) . 
Envisionin g th e futur e o f  operations ,  give n th e dynami c an d 
adaptiv e natur e o f  th e process ,  i s quit e fragile . 

What  pattern s emerg e fro m observation s o f  peopl e 
engineerin g cognitiv e wor k o r  o f  peopl e s  claim s abou t  h o w 
variou s advances-in-proces s wil l  enabl e th e re-engineerin g 
of  cognitiv e work ? Remarkabl y consistently ,  w e observ e 
over-simplification s (Feltovic h e t  al. ,  1997 )  tha t  clai m th e 
introductio n o f  ne w technolog y an d system s int o a  field  o f 
practic e substitute s on e agen t  fo r  another ,  essentially , 
compute r  capabilitie s a s substitut e fo r  errati c huma n 
performance .  Yes ,  th e claim s o f  oppositio n o f  huma n an d 
machin e com e cloake d i n differen t  an d ofte n quit e 
sophisticate d forms ,  ye t  underneat h inter-substitutabilit y  o r 
Fitt s Lis t  remain s th e cor e peopl e an d machine s ar e o r 
can b e equivalen t  s o tha t  ne w technolog y (wit h th e right 
capabilities )  ca n b e introduce d a s a  simpl e substitutio n o f 
machine s fo r  peopl e preservin g th e syste m thoug h 
improvin g th e results .  Thi s oversimplificatio n fallac y i s s o 
persisten t  i t  i s  bes t  understoo d a s a  cultura l  myt h th e 
Substitutio n Myt h (Wood s an d Tinapple ,  1999) . 

The myt h create s difficultie s becaus e i t  i s  wrong , 
empiricall y addin g o r  expandin g th e machin e s  rol e 
change s th e cooperativ e architectur e an d change s huma n 
roles ,  introduce s capabilitie s an d complexitie s tha t  ar e par t 
of  multipl e adaptiv e cycle s a s h u m a n actor s an d 
stakeholder s jostl e i n th e pursui t  o f  thei r  goals .  Bu t 
moreover ,  th e myt h i s unproductiv e a s i t  lock s u s int o 
cumbersom e tria l  an d erro r  processe s o f  development , 
block s understandin g th e demand s o f  cognitiv e wor k i n 
contex t  an d h o w peopl e i n variou s role s an d group s adap t  t o 
thos e demands ,  an d chaimel s energ y awa y fro m processe s o f 
innovatin g us e fro m th e continuall y expandin g powe r  o f 
machin e informatio n processing . 

H ow ca n w e bette r  calibrat e an d groun d claim s abou t  th e 
futur e o f  cognitiv e wor k t o avoi d pas t  cycle s wher e chang e 
exacerbate d clums y us e o f  technolog y an d limite d 
adaptation s fro m peopl e responsibl e t o mee t  syste m goals ? 
One possibl e tacti c i s t o develo p generalization s o r  law s 
tha t  gover n cognitiv e wor k b y an y cognitiv e agen t  o r  an y se t 
of  cognitiv e agent s fro m th e empirica l  base .  Suc h Law s 
coul d serv e a s a  guid e t o enhanc e th e us e informatio n 
processin g technolog y i n a  practice—centere d R & D proces s 
(Woods an d Christofferesen ,  i n press) . 

3. Predicting and Steering Change in Cognitive 

Work 

Base d o n pattern s abou t  cognitiv e wor k an d abou t  th e 
relationshi p o f  peopl e an d computer s abstracte d fro m 
researc h o n cognitiv e wor k i n context ,  I  offe r  fou r  familie s 
of  Law s tha t  Gover n Cognitiv e W o r k a s a  synthesi s t o guid e 
futur e developmen t  o f  human-compute r  cooperatio n (th e 
approac h i s a  deliberat e pla y of f  Conan t  s  197 6 law s o f 
informatio n tha t  gover n systems) .  I  als o offe r  Norber t  s 
Contras t  (Wiener ,  1950 )  a s a n alternativ e conceptio n o f  th e 
relationshi p betwee n peopl e an d computers .  Th e curren t 
draf t  se t  o f  Law s i s availabl e fro m th e author . 

Thes e law s ar e buil t  o n a  foundatio n o f  agent -
environmen t  mutuality .  Agents '  activitie s ar e understandabl e 
onl y i n relationshi p t o th e propertie s o f  th e environmen t 
withi n whic h the y functio n an d a n environmen t  i s 
understoo d i n term s o f  wha t  i t  demand s an d afford s t o 
potentia l  actor s i n tha t  world .  Eac h i s mutuall y adapte d t o 
th e other . 

The Law s fal l  int o fou r  familie s plu s Norbert' s  Contrast . 
First ,  L a w s o f  Adaptatio n buil d o n origina l  insight s o f 
cybernetic s an d contro l  (Ashby ,  1957 ;  Conant ,  1976) .  Th e 
drivin g forc e her e i s h o w cognitiv e system s adap t  t o th e 
potentia l  fo r  surpris e i n th e world s o f  work ,  i.e. ,  th e 
foundationa l  sloga n fo r  Cognitiv e System s Engineerin g 
fro m Jen s Rasmusse n adaptation s directe d a t  copin g wit h 
complexit y an d surpris e (Rasmusse n an d Lind ,  1981 ; 
Woods,  1988 ;  W o o d s an d Christofferscn ,  i n press) . 

Laws o f  Model s ar e concerne d wit h h o w w e understan d 
and represen t  th e processe s w e contro l  an d th e agent s w e 
interac t  with .  Th e drivin g forc e her e i s th e myster y o f  h o w 
expertis e i s tune d t o th e future ,  while ,  paradoxically ,  th e 
dat a availabl e i s abou t  th e past . 

Laws o f  Collaboratio n addres s h o w cognitiv e wor k i s 
distribute d ove r  multipl e agent s an d artifacts .  Th e drivin g 
forc e her e i s th e fac t  tha t  cognitiv e wori c alway s occur s i n 
th e contex t  o f  multipl e partie s an d interest s a s moment s o f 
privat e cognitio n punctuat e flow s o f  interactio n an d 
coordination .  Th e ide a tha t  cognitio n i s fundamentall y 
socia l  an d interactive ,  no t  private ,  radicall y shif ^  th e basi s 
fo r  analyzin g an d designin g cognitiv e wo r k an d 
reconsiderin g th e relationshi p betwee n peopl e an d 
computers . 

Quit e surprisingly ,  Law s o f  Responsibilit y  ar e th e fourt h 
family ,  drivin g h o m e th e poin t  tha t  i n cognitio n a t  work , 
whateve r  th e artifact s an d howeve r  autonomou s tha t  ar e 
unde r  som e conditions ,  peopl e create ,  operate ,  an d modif y 
thes e artifact s i n huma n system s fo r  huma n purposes . 

Fifth ,  base d o n thes e Laws ,  Norbert' s  Contras t  goe s 
behin d ou r  fascinatio n wit h increasin g th e powe r  o f  th e 
compute r  t o remin d u s o f  th e limit s o f  litera l  minde d agent s 
and th e uniqu e competence s o f  huma n cognitio n t o handl e 
th e tradeoff s an d dilemma s o f  a  changing ,  finite  resource , 
uncertai n worl d (Wiener ,  1950) . 

Norber t  s  Contras t 
Artificia l  agent s ar e litera l  m inde d an d 
discormecte d fro m th e world ,  whil e huma n agent s 
ar e contex t  sensitiv e an d hav e a  stak e i n outcomes . 

The ke y i s peopl e an d computer s star t  fro m differen t 
opposit e point s an d ten d t o fal l  bac k o r  defaul t  t o thos e 
point s withou t  th e continue d investmen t  o f  effor t  an d energ y 
fro m outsid e th e system . 

Each o f  thes e familie s o f  Law s an d Norbert' s  Contras t  i s 
quit e surprisin g eve n shockin g give n conventiona l  belief s 
abou t  cognition ,  organizations ,  an d computers .  Th e Law s 
allow s u s t o se e pas t  thes e conventiona l  belief s t o re -
conside r  relationship s acros s people ,  computers ,  th e goal s o f 
variou s stakeholder s an d th e complexitie s an d variation s i n 
th e world s o f  huma n activit y a s w e envisio n an d creat e th e 
futur e o f  operations . 

Laws tha t  Gover n Cognitiv e W o r k hav e a n od d quality — 
the y appea r  optional .  Designer s o f  system s tha t  perfor m 
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cognitiv e wor k d o no t  hav e t o follo w them .  I n fact ,  w e 
notic e thes e law s throug h th e consequence s tha t  hav e 
followe d repeatedl y whe n desig n break s the m i n varyin g 
episode s o f  technolog y change .  Th e statement s ar e law-lik e 
i n tha t  the y captur e regularitie s o f  contro l  an d adaptatio n o f 
cognitiv e work ,  an d the y determin e th e dynami c response , 
resilience ,  stabilit y  o r  instabilit y  o f  th e distribute d cognitiv e 
syste m i n question .  Whil e developer s ma y fin d followin g 
th e law s optional ,  wha t  i s no t  optiona l  i s  th e consequence s 
tha t  accru e predictabl y from  breakin g thes e laws , 
consequence s tha t  bloc k achievin g th e performanc e goal s 
developer s an d paractitioners ,  technologist s an d 
stakeholder s set . 

Respec t  fo r  th e Law s i s essential ,  fo r  i n th e final  analysis : 
i n design ,  w e eithe r  hobbl e o r  suppor t  peopl e s 
natura l  abiUt y t o expres s form s o f  expertise . 
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Abstrac t 

We explore current research on how complex visualizations 
ar e perceived ,  comprehended ,  used ,  an d taught . 

Introduction 

H o w d o peopl e perceive ,  comprehend ,  an d us e comple x 
visualizations ,  an d whe n ar e the y needed ? M a n y domain s 
(meteorology ,  scientifi c  visualization ,  stoc k marke t 
analyses )  dea l  wit h ver y comple x dat a tha t  mus t  b e 
displaye d an d use d i n nove l  ways .  Unfortunately ,  ver y littl e 
i s know n abou t  h o w thes e comple x display s ar e used ,  h o w 
t o bes t  displa y comple x graphica l  information ,  o r  h o w t o 
desig n goo d comple x visualization s fo r  teachin g purposes . 
Thi s symposiu m wil l  examine : 
•  h o w peopl e understan d an d us e comple x visualizations ; 
•  h o w peopl e gai n expertis e i n usin g comple x 

visualizations ; 
•  h o w t o teac h comple x domain s b y usin g graph s an d 

visualizations ; 
•  h o w t o visualiz e uncertaint y acros s man y variables ; 
•  w h y a  visualizatio n i s har d o r  eas y t o use ;  an d 
•  h o w curren t  model s o f  grap h comprehensio n scal e u p t o 

mor e complexity . 

Building Qualitative Mental Models 
Gre g Trafto n 

How do people use a complex visualization? Most current 
theorie s predic t  a  straightforwar d proces s o f  readin g of f 
specifi c  information ,  typicall y a t  th e reques t  o f  a n 
experimenter .  M a n y comple x domains ,  howeve r  (man y 
area s o f  scientifi c  visualization ,  meteorology ,  etc. )  nee d t o 
deal  wit h multi-dimensiona l  dat a wit h comple x interaction s 
and anomalies . 

I  wil l  presen t  severa l  recen t  studie s tha t  sho w tha t 
whil e expert s mostl y confor m t o th e standar d model s o f 
grap h comprehension ,  ther e ar e som e glarin g hole s i n 
curren t  theories .  Specifically ,  expert s d o mor e tha n simpl y 

rea d of f  information .  First ,  the y extrac t  primaril y 
qualitativ e informatio n fro m comple x visualization s (e.g. , 
"Th e win d i s fas t  ove r  Sa n Diego" )  eve n whe n quantitativ e 
informatio n i s  availabl e an d neede d later .  Wit h thi s 
qualitativ e information ,  the y buil d a  comple x menta l 
representatio n (whic h w e cal l  a  qualitativ e menta l  model ,  o r 
Q M M)  t o reaso n with . 

I  wil l  presen t  dat a tha t  show s h o w expert s buil d 
thes e comple x menta l  structure s b y lookin g a t  comple x 
visualizations .  I  wil l  als o presen t  evidenc e fro m eye -
trackin g an d protoco l  studie s o f  expert s an d novice s 
workin g i n thei r  ovr a domain ,  showin g h o w novice s see m t o 
confor m t o th e standar d grap h comprehensio n model s whil e 
expert s d o not . 

The Role of Prior Knowledge in Complex Data 
Comprehensio n 

Prit i  Sha h &  Eri c G .  Freedma n 

People are increasingly faced with the task of interpreting 
complex'multivariat e quantitativ e dat a sets .  Unfortunately , 
much researc h o n grap h interpretatio n ha s focuse d o n h o w 
novic e (colleg e undergraduate )  viewer s us e c o m m o n 
formats *  (e.g. ,  ba r  an d lin e graphs )  fo r  simpl e task s (e.g. , 
rea d a  dat a poin t  o r  describ e a  trend )  an d spars e (2- 3 
variable s an d fe w dat a points )  an d meaningles s (axe s 
labele d x  an d y )  data. '  I n ou r  presentation ,  w e argu e tha t 
model s base d o n thi s researc h m a y no t  scal e u p t o accoun t 
fo r  mor e comple x dat a interpretation ,  whic h differ s i n 
severa l  ke y features .  Comple x dat a interpretatio n usuall y 
refer s t o task s involvin g man y variables ,  comple x 
interaction s betwee n th e variables ,  an d a  larg e numbe r  o f 
dat a points .  Complexit y extend s beyon d simpl y dat a 
complexity ,  however .  Dealin g wit h comple x dat a coincide s 
wit h comple x task s (e.g. ,  makin g decision s o r  explainin g 
data )  rathe r  tha n fac t  retrieval. *  Comple x dat a als o involve s 
th e extensiv e us e o f  prio r  knowledg e an d viewer s wit h dat a 
interpretatio n skill s  (expert s us e comple x data ,  no t 
novices). '  Finally ,  comple x dat a i s ofte n presente d vi a 
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specialize d display s tha t  sometime s incorporat e animatio n 
and interactivity .  Model s o f  comple x dat a interpretatio n thu s 
requir e considerin g dat a complexity ,  domai n knowledge , 
grap h readin g skills ,  an d displa y characteristics . 

I n a  numbe r  o f  recen t  studie s w e conside r  h o w 
thes e factor s pla y a  rol e i n viewers '  interpretations .  Ou r 
result s sugges t  tha t  domai n knowledg e an d dat a 
interpretatio n slcill s  influenc e viewers '  comprehensio n an d 
use o f  comple x data .  I n addition ,  domai n knowledg e an d 
dat a interpretatio n skill s  interac t  wit h dat a complexit y an d 
displa y characteristics .  Specifically ,  prio r  knowledg e 
reduce s complexit y i n tw o ways: '  expert s kno w wha t  t o loo k 
fo r  an d als o h o w t o retriev e tha t  informatio n fro m comple x 
displays. "  Second ,  prio r  knowledg e reduce s th e influenc e 
displa y characteristic s o n viewers '  comprehensio n o f  data . 
Third ,  prio r  knowledg e help s viewer s integrat e dat a an d 
theor y an d understan d implication s o f  th e data. '  Finally , 
displa y characteristic s suc h a s interactivit y an d visua l  cue s 
als o reduc e cognitiv e complexity . 

We describ e a  mode l  o f  grap h comprehensio n 
base d o n thes e results .  B y incorporatin g th e interactio n o f 
to p d o w n factor s (e.g. ,  domai n knowledge )  an d th e botto m 
up influenc e o f  displa y characteristics ,  ou r  mode l  build s o n 
prio r  model s bu t  provide s a  mor e comprehensiv e descriptio n 
of  comple x dat a interpretation . 

Visualizing Uncertain Information 
Susan Kirschenbau m 

There are many qualities that make visualizations complex. 
Perhap s th e mos t  clear-cu t  definitio n i s th e multi-variabl e 
visualization .  Th e variable s m a y b e incompatibl e o r  difficul t 
t o displa y i n a  singl e visualization .  Fo r  example ,  t o displa y 
(i n suppor t  o f  maneuve r  decisions )  th e course ,  speed ,  range , 
depth ,  time ,  an d relativ e motio n (ho w tw o movin g object s 
relat e t o on e another )  o f  submarine s movin g throug h th e 
soun d field  tha t  i s th e ocea n require s multipl e comple x 
visualizations .  Weathe r  forecaster s hav e simila r  problems . 
The visualization s ca n b e eithe r  graph s or ,  mor e often ,  geo -
reference d displays . 

Visualization s o f  thes e situation s woul d b e 
comple x eve n withou t  th e adde d proble m o f  uncertainty . 
However ,  th e submarin e worl d i s characterize d b y th e 
extensiv e uncertaint y du e t o limite d measurabl e data , 
indeterminat e algorithmi c solutions ,  an d soun d transmissio n 
characteristic s underwater .  Naturally ,  wit h multipl e 
variable s an d uncertainties ,  ther e ar e m a n y option s fo r 
visualizin g th e problem .  S o m e limi t  th e numbe r  o f 
variables ;  m a n y ignor e o r  discretiz e uncertainty . 
Alternatively ,  ther e ar e man y way s t o visualiz e uncertaint y 
(Pang ,  e t  al. ,  1997) .  Eve n whe n uncertaint y i s no t  displayed , 
decisio n maker s find  way s t o asses s i t  b y multipl e 
comparisons ;  acros s variable s o f  interest ,  an d b y comparin g 
model s wit h predicted ,  modeled ,  o r  measure d data . 

I  wil l  sho w evidenc e fi-om  verba l  protoco l  an d eye -
trackin g dat a o f  h o w decisio n maker s interpre t  uncertaint y 
i n visualization s an d o f  th e impac t  o f  tas k an d expertis e o n 
th e effectivenes s o f  variou s visualizatio n options . 

Designin g representationa l  syitem i  t o itud y comple x 
visua l  cognitio n 

Pete r  C-H .  Chen g 

Representational epistemology is the term I use to 
succinctl y describ e ou r  wor k o n th e natur e cognitio n wit h 
comple x visualizations .  Th e centra l  theoretica l  clai m o f 
representationa l  epistemolog y i s tha t  representationa l 
system s ar e fundamenta l  t o th e highes t  form s o f  h u m a n 
cognition ,  suc h a s proble m solving ,  conceptua l  learnin g an d 
scientifi c  discovery .  I n suc h activitie s th e acquisitio n an d 
transformatio n o f  knowledg e i s essential ,  s o understandin g 
th e natur e o f  th e representation s tha t  codif y tha t  knowledg e 
wil l  b e critical .  Fo r  instance ,  i n th e contex t  o f  conceptua l 
learnin g w e theoriz e tha t  a n effectiv e representatio n wil l 
substantiall y  determine :  wha t  i s  learnt ;  h o w easil y learnin g 
occurs ;  th e natur e o f  th e conceptua l  structure s tha t  develop ; 
th e proble m solvin g procedure s tha t  ar e acquired . 

Ther e ar e five  c o m m o n stage s t o ou r  representa -
tiona l  epistemologica l  studies .  First ,  a  conceptuall y 
demandin g knowledg e rich  domai n i s selected .  Educationa l 
domain s tha t  w e hav e addresse d includ e mechanics , 
electricit y an d probabilit y  theory .  Th e approac h i s als o 
bein g applie d t o th e intensiv e real-worl d proble m o f 
Universit y examinatio n scheduling .  Second ,  th e conten t  an d 
proble m classe s o f  th e domai n ar e analyze d t o revea l  th e 
underlyin g conceptua l  structur e o f  th e knowledge ,  whic h 
include s th e ontologies ,  perspectives ,  scal e levels ,  laws , 
models ,  prototype s an d extrem e case s o f  th e domain .  Third , 
th e existin g domai n representation s ar e examine d t o uncove r 
th e conceptua l  problem s the y cause .  Fourth ,  a  n e w 
diagrammati c syste m i s invente d t o encod e th e inheren t 
conceptua l  structur e o f  th e domain .  Th e nove l  representa -
tion s tha t  w e hav e invente d ar e L a w Encodin g EHagrams , 
L E D.  B y directl y reflectin g th e conceptua l  structur e o f  a 
targe t  domai n i n it s representationa l  structur e a  L E D i s a  re -
codificatio n o f  knowledg e tha t  shoul d suppor t  comprehen -
sion ,  proble m solvin g an d learnin g o f  th e domain .  Th e 
L E Ds ar e o f  sufficien t  novelt y an d potentia l  tha t  paper s 
describin g the m an d thei r  us e hav e bee n accepte d fo r 
publicatio n i n domai n specifi c  journals .  Fifth ,  empirica l 
evaluation s o f  proble m solvin g an d learnin g wit h th e n e w 
L E D compare d t o th e conventiona l  representation s o f  th e 
domai n ar e conducte d i n th e laborator y o r  i n Schools . 

Studie s conducte d i n th e domain s mentione d abov e 
sho w tha t  L E D s improv e proble m solvin g an d conceptua l 
learnin g compare d t o th e conventiona l  domai n rep -
resentations .  B y generalizin g ove r  thes e differen t  domains , 
contrastin g th e variou s L E D s an d th e existin g 
representations ,  w e ar e formulatin g principle s fo r  th e desig n 
of  effectiv e representation s fo r  comple x knowledg e rich 
domains .  T w o classe s ar e posited :  semanti c transparenc y 
principle s tha t  addres s h o w th e underlyin g conceptua l 
structur e o f  a  domai n shoul d b e encode d i n th e inheren t 
structur e o f  th e representation ;  syntacti c plasticit y principle s 
tha t  conside r  h o w a  representatio n shoul d b e structure d t o 
suppor t  efficien t  proble m solving . 
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Nature ' s T u r i n g Tes t 

Symposium Organized by: 

Thomas R .  Ẑ ntal i  (zentall@uky.edu ) 
Departmen t  o f  Psychology ,  Departmen t  o f  Psychology , 

Universit y  o f  Kentucky ,  Lexington ,  K Y 40506-004 4 

Introductio n 
What ,  i f  anything ,  i s specia l  abou t  huma n cognitio n 
and ho w migh t  w e fm d out ? Thi s i s th e cru x o f  th e 
Turin g test .  I n thi s symposiu m w e sugges t  tha t 
identificatio n o f  similaritie s an d difference s betwee n 
humans an d othe r  specie s provide s a n opportunit y t o 
examin e th e Turin g Tes t  ftom  a  differen t  perspective . 
Our  goa l  i s t o sho w tha t  th e rang e o f  conceptua l 
learnin g i n nonhuma n animal s include s severa l  o f  th e 
of  th e majo r  categorie s traditionall y attribute d t o 
humans alone .  Understandin g concep t  learnin g i n 
animal s othe r  tha n human s provide s no t  onl y a  mor e 
inclusiv e vie w o f  concep t  learning ,  bu t  als o provide s 
a mor e objectiv e perspectiv e from  whic h t o 
understan d th e processe s involve d i n suc h learning . 

Perceptual Classes 
Edwar d A .  Wasserman ,  Departmen t  o f  Psychology , 
The Universit y o f  Iowa ,  Iow a City ,  l A 52242-140 7 

The most fundamental form of concept learning 
involve s classificatio n accordin g t o th e perceptua l 
attribute s o f  object s (i.e. ,  th e feature s tha t  the y share) . 
Ther e i s clea r  evidenc e tha t  pigeon s ca n sor t  comple x 
stimul i  int o basi c classe s an d tha t  th e basi s fo r  suc h 
sortin g i s simila r  t o tha t  use d b y human s (Bhatt , 
Wasserman,  Reynolds ,  &  Knauss ,  1988) . 

Superordinate Classes 
Thomas R .  Zentall ,  Departmen t  o f  Psychology , 
Universit y o f  Kentucky ,  Lexington ,  K Y 4050 6 

At a more advanced level, animals have been shown 
t o b e capabl e o f  formin g "superordinate "  classe s o r 
functiona l  equivalences .  I n a  matching-to-sampl e 
task ,  pigeon s tha t  hav e learne d t o assig n severa l 
arbitrar y sample s t o a  commo n compariso n stimulu s 
can b e show n t o develo p emergen t  relation s amon g 
thos e samples ;  late r  reassignmen t  o f  on e o r  mor e o f 
thos e sample s t o a  ne w compariso n result s i n th e 
untraine d reassignmen t  o f  th e othe r  member s o f  th e 
superordinat e clas s (Urcuioli ,  Zentall ,  Jackson-Smith , 
& Steim ,  1989 ;  Wasserman ,  DeVoider ,  &  Coppage , 
1992) . 

Relationa l  Classe s 
Roger  K .  R .  Thompson ,  Mar y J o Rattermann ,  an d 
Anthon y P .  Chemero ,  Whitel y Psycholog y 
Laboratories ,  Frankli n &  Marshal l  College , 
Lancaste r  P A 17604-300 3 

We will present a series of results concerning the 
cognitiv e abilitie s o f  children ,  chimpanzees ,  an d 
monkeys .  B y combinin g thes e result s wit h researc h 
on pigeon s (discusse d b y Wasserma n an d Zental l  i n 
thi s Symposium )  an d carefiill y  designe d simulations , 
we wil l  demonstrat e ho w comparativ e method s ca n 
be use d t o identif y specialized ,  i f  no t  unique ,  huma n 
cognitiv e abilities .  Specifically ,  w e addres s th e rol e 
of  symboli c representatio n an d th e rol e o f  socia l 
factor s i n shapin g th e expressio n o f  abstrac t  relationa l 
and analogica l  cognitiv e abilities . 
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T h e A M B R Mode l  Compariso n Project : 

R o u n d II I  — Modelin g Categor y Learnin g 

Session Organizers: Kevin A. Gluck (kevin.gluck(g).williams.af.mil) 
Ai r  Forc e Researc h Laborator y 

603 0 S .  Ken t  St ,  Mesa ,  A Z 8521 2 U S A 

Richar d W .  P e w fpewtgjbbn.com' ) 
B BN Technologie s 

10 Moulto n St. ,  Cambridge ,  M A 0213 8 U S A 

The goa l  o f  th e Agent-base d Modelin g an d Behavio r 
Representatio n ( A M B R )  Mode l  Compariso n Projec t  i s t o 
advanc e th e stat e o f  th e ar t  i n cognitiv e modeling .  I t  i s 
organize d a s a  scrie s o f  mode l  comparisons ,  moderate d b y a 
tea m from  B B N Technologies .  I n eac h comparison ,  a 
challengin g behaviora l  phenomeno n i s chose n fo r  study . 
Dat a ar e collecte d from  human s performin g th e task . 
Cognitiv e model s representin g differen t  modelin g 
architecture s ar e created ,  ru n o n th e task ,  an d the n compare d 
t o th e collecte d data .  Th e curren t  effor t  focuse s o n model s 
of  categor y learnin g i n a  dynamic ,  dual-tas k environment . 
Model  comparison s suc h a s this ,  especiall y wit h directl y 
comparabl e huma n dat a ar e rare .  Whil e model s o f  categor y 
learnin g ar e commonplace ,  th e fac t  tha t  thes e ar e model s o f 
integrativ e performance ,  no t  jus t  model s o f  categor y 
learnin g i n isolation ,  make s thi s se t  o f  presentation s unique . 

Experiment Design and Comparison of Human 

and Mode l  Dat a 

Davi d Dille r  (ddiller(5).bbn.com ) 
Yvett e Tenne y (ytennev@,bbn.com' ) 

B BN Technologie s 

This experiment involved a classic concept learning task 
embedded i n a n ai r  traffi c  contro l  situation .  Subject s ha d t o 
lear n t o mak e correc t  decision s t o accep t  o r  rejec t  altitud e 
chang e requests ,  base d o n thre e bi-variat e propertie s o f  th e 
aircraf t  (percen t  fiie l  remaining ,  aircraf t  size ,  an d turbulenc e 
level) .  A  nove l  featur e o f  th e experimen t  wa s th e additio n o f 
multi-taskin g t o thi s concep t  learnin g paradigm .  I n additio n 
t o th e altitud e chang e request s (th e concep t  learnin g task) , 
th e participan t  ha d t o hand-of f  a  numbe r  o f  aircraf t  t o 
adjoinin g controller s (secondar y task) . 

The desig n consiste d o f  9  conditions ,  define d b y 3 
categor y structure s an d 3  workloa d levels .  Th e thre e 
categor y structures ,  borrowe d from  Shepard ,  Hovland ,  an d 
Jenkin s (1961) ,  were :  singl e attribut e relevan t  (Typ e I) ,  a 
single-attribut e rul e plu s exception s (Typ e III) ,  an d n o rul e 
(Typ e VI) .  Th e thre e workloa d level s consiste d o f  0 ,  12 ,  o r 
16 require d handoffs ,  i n additio n t o th e 1 6 altitud e requests . 
I t  wa s expecte d tha t  bot h categor y structur e an d workloa d 
leve l  woiU d affec t  performance .  Ther e wer e 8  scenarios ,  o r 
trials ,  lastin g te n minute s each .  On e hou r  o f  trainin g o n th e 
mechanic s o f  th e task s precede d th e trials . 

Ninet y human s an d fou r  differen t  huma n performanc e 
model s describe d i n subsequen t  abstract s wer e ru n throug h 
th e scenarios .  Th e interface ,  consistin g o f  a  rada r  scree n 

wit h movin g aircraf t  an d actio n buttons ,  wa s designe d t o 
accommodat e bot h human s an d models .  Human s wer e 
randoml y assigne d t o on e conditio n (te n pe r  condition) .  Th e 
model s wer e ru n on e o r  mor e time s i n eac h condition . 

Al l  o f  th e modeler s wer e give n th e huma n learnin g dat a 
as soo n a s the y wer e collected ,  an d whil e th e model s wer e 
stil l  unde r  development .  I t  wa s expected ,  therefore ,  tha t  the y 
woul d fit  th e dat a fairl y  well .  However ,  a  transfe r  tes t  (fo r 
whic h th e modeler s wer e no t  give n th e huma n dat a i n 
advance )  provide s a n opportunit y t o tes t  th e generalizabilit y 
of  th e model s predictions . 

Result s fo r  bot h human s an d model s wil l  b e presente d o n 
th e effect s o f  categor y structur e an d workloa d ove r  trials . 
H u m an dat a an d mode l  dat a ar e availabl e fo r  th e followin g 
measures :  learnin g curve s (probabilit y o f  error )  o n th e 
concep t  learnin g task ,  performanc e error s o n th e secondar y 
tas k (misse d an d incorrec t  actions) ,  reactio n tim e o n bot h 
th e concep t  learnin g an d secondar y task ,  sel f  rate d workloa d 
rating s (collecte d from  model s too!) ,  an d self -  report s o n 
rul e discover y an d othe r  strategie s o n th e concep t  tas k 
(human s only) .  Thi s presentatio n wil l  se t  th e stag e fo r  th e 
modeler s t o describ e th e mechanism s an d assumption s tha t 
allo w thei r  model s t o replicat e th e results . 

An EPIC-Soar Model of Concurrent 

Performanc e o n a  Categor y Learnin g an d a 

SimpUfie d A T C Tas k 

Ron S .  Chon g (rchong@gmu.edu ) 
George Maso n Universit y 

Rober t  E .  Wra y fwrav̂ .soartech.com ) 
Soar  Technology ,  Inc . 

During the first phase of the AMBR project, we developed a 
model  o f  a  simplifie d en-rout e ai r  traffi c  contro l  task .  Tha t 
model  wa s buil t  usin g th e EPIC-Soa r  architecture ,  a n 
integratio n o f  th e perceptua l  an d moto r  system s o f  th e EPI C 
architectur e wit h Soar ,  a  learnin g cognitiv e architecture .  Th e 
tas k t o b e modele d fo r  th e curren t  phas e o f  A M B R i s th e 
combinatio n o f  th e sam e A T C tas k wit h a  ne w concep t 
acquisitio n task .  Ou r  approac h t o buildin g th e ne w mode l 
has bee n t o reuse ,  i n a  modula r  fashion ,  previou s Soa r 
model s fo r  th e subtasks .  Th e A T C mode l  i s essentiall y  th e 
same a s tha t  o f  th e previou s A M B R phases .  T o produc e th e 
learnin g behavior ,  w e hav e incorporate d a n existin g proces s 
model  o f  concep t  learnin g calle d S C A (symboli c concep t 
acquisition) .  S C A wa s develope d i n Soa r  an d ha s bee n 
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successfull y use d i n man y Soa r  application s an d model s tha t 
requir e concep t  learning .  Result s o f  th e mode l  wil l  b e 
presented . 

Developing Concept Learning Capabilities in 

th e C O G N E T / i G E N Integrativ e Architectur e 

an d Associate d A M B R A T C Mode l 

Wayne Zachar y (wavn e zacharvtSchiinccom ) 
CHI  Systems ,  Inc . 

A concept learning mechanism has been added to the 
COGNET/iGEN modelin g an d huma n performanc e 
simulatio n system ,  an d th e mode l  develope d i n Round s I 
and 2  o f  th e A M BR mode l  competitio n ha s bee n extende d 
t o ad d th e learnin g task .  Th e learnin g mechanis m develope d 
enable s learnin g o f  th e condition s unde r  whic h a  tas k o r 
goal  shoul d o r  shoul d no t  b e pursued ,  i n additio n t o th e 
curren t  mechanis m o f  evaluatin g a  predefine d boolea n 
expressio n agains t  content s o f  declarativ e memory .  Buildin g 
on th e premis e tha t  concep t  learnin g ca n b e characterize d a s 
hypothesi s testing ,  th e learnin g mechanis m incorporate s a 
metacognitiv e strateg y fo r  hypothesi s generatio n an d a n 
hypothesi s selectio n proces s base d o n memor y fo r  previou s 
exemplar s an d thei r  feedback ,  a s wel l  a s previou s rule s o r 
rul e parameter s tried ,  moderate d b y attentiona l  an d 
forgettin g processes .  Th e integratio n o f  th e learnin g 
mechanis m int o th e C O G N E T / i G E N architectur e an d th e 
extende d A T C mode l  result s wil l  b e presented . 

An Activation-based Theory of Categorization 

Christia n Lebier e (cI-H2).cmu.edu' ) 
Carnegi e Mello n Universit y 

We propose a model of category learning implemented in 
th e A C T - R cognitiv e architectur e (Anderso n &  Lebiere , 
1998) .  A C T - R i s a  hybri d architectur e tha t  combine s a 
symboli c productio n syste m wit h a  subsymboli c activatio n 
calculus .  Ou r  mode l  i s directl y grounde d i n th e constraint s 
provide d b y th e architecture ,  especiall y it s  declarativ e 
memory retrieva l  mechanism .  Generalizatio n t o ne w 
instance s i s produce d b y a  similarity-base d partia l  matchin g 
mechanis m tha t  operate s a t  th e subsymboli c level .  A 
number  o f  latenc y prediction s tha t  ha d previousl y bee n 
explaine d i n term s o f  a  rando m wal k proces s aris e from  a n 
aggregat e retrieva l  mechanis m calle d blending .  Thes e 
subsymboli c mechanism s provid e man y o f  th e advantage s 
of  connectionis t  system s whil e preservin g inspectabilit y a t 
th e symboli c level .  Th e categor y learnin g mode l  wa s adde d 
i n a  modula r  fashio n t o th e existin g A T C mode l  fro m 
previou s A M B R rounds . 

Concept Learning: Knowing and Reasoning in 

th e D C O G Architectur e 

Rober t  G .  Egglesto n (robert.eggleston@,wpafb.afmil ) 
Ai r  Forc e Researc h Laborator y 

Katherin e L .  McCreigh t  (kate(a).n-spaceanalvsis.com ) 
N-Spac e Analysi s 

D C OG i s a n emergin g architectur e o f  cognition .  I t  treat s 
cognitiv e behavio r  i n term s o f  organize d stat e change s tha t 
occu r  acros s a  se t  o f  subsystems .  Concep t  learnin g ma y b e 
achieve d i n th e architectur e eithe r  b y emergen t  knowing , 
derive d from  low-leve l  feature-base d recognition ,  o r  b y 
higher-leve l  reasonin g usin g mor e abstrac t  feature-derive d 
knowledg e tha t  support s hypothesi s formatio n an d testing . 
I n thi s study ,  a  D C O G mode l  wa s use d t o perfor m a 
comple x ai r  traffi c  contro l  tas k tha t  containe d a  concept -
learnin g component .  Th e concept-learnin g subtas k wa s 
patterne d afte r  th e classi c Shepard ,  Hovland ,  an d Jenkin s 
(1961 )  tas k bu t  limite d t o type s 1 ,  3 ,  an d 6 .  Give n th e 
structur e o f  thes e concep t  type s an d th e balance d exempla r 
presentatio n histor y use d i n th e experiment ,  bot h th e 
knowin g an d reasonin g pathway s ar e viabl e fo r  typ e 1 
concepts ;  bu t  onl y th e reasonin g pat h i s viabl e fo r  type s 3 
and 6 .  Bot h th e knowin g an d reasonin g pathway s suppor t 
individualisti c variation s o r  strategie s an d thu s ca n emulat e 
individua l  subjec t  differences .  I n thi s presentation ,  w e 
describ e th e feature-base d concep t  learnin g infrastructur e o f 
D C OG an d discus s it s performanc e o n th e A T C task . 

Symposium Discussant 

Bradle y C .  Lov e (lQV(?@p$y.utexas.edu ) 
Universit y o f  Texa s 

Human category learning takes many forms, yet research in 
categor y learnin g ha s focuse d almos t  exclusivel y o n on e 
narrowl y define d task :  classificatio n learnin g wit h n o 
secondar y task .  Thi s focu s ha s allowe d researcher s t o 
understan d an d explor e thei r  prediction s i n detail ,  bu t  onl y 
withi n a  circumscribe d domain .  Unfortimatcly ,  theoretica l 
progres s (a s wel l  a s practica l  application )  als o demand s th e 
testin g o f  boundar y conditions .  I n man y cases ,  w e simpl y d o 
not  kno w ho w wel l  ou r  theorie s o f  learnin g generaliz e 
acros s tas k situation s an d inductio n tasks .  Th e wor k 
presente d i n thi s symposiu m i s a n importan t  ste p toward s 
developin g mor e genera l  theorie s o f  learnin g tha t  ca n mak e 
contac t  wit h huma n performanc e outsid e th e laboratory . 
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Overv ie w 

Inquir y i s on e o f  th e oldes t  area s o f  researc h i n cognitiv e 
science ,  an d on e o f  th e mos t  interdisciplinary ,  drawin g upo n 
socia l  an d cognitiv e psychology ,  compute r  science , 
philosophy ,  an d educationa l  research .  I t  als o demonstrate s 
ho w cognitiv e scienc e ca n flouris h a t  th e intersectio n o f 
theor y an d practice ,  wit h findings from  on e informing , 
constraining ,  an d validatin g th e other .  Ther e ar e obstacle s t o 
full y  realizin g thi s integration ,  however .  Difference s i n 
population ,  setting ,  methodology ,  an d epistemolog y hav e 
resulte d i n a  patchwori c o f  idea s tha t  w e hav e no t  quilte d 
togethe r  int o a  functiona l  unit . 

Lookin g a t  thi s landscape ,  severa l  question s emerg e 
tha t  reflec t  th e piecemea l  natur e o f  thi s research .  W e ten d t o 
be ambiguou s abou t  wha t  i t  mean s t o conduc t  a n inquiry , 
and abou t  wh y a  goo d inquir y i s a  goo d inquiry ,  definin g i t 
primaril y i n term s o f  th e particula r  tas k a t  hand .  W e d o no t 
reall y loio w whic h feature s o f  inquir y ar e specifi c  t o a 
certai n environment ,  goal ,  o r  population ,  an d whic h feature s 
ar e domain-general .  Perhap s o f  particula r  importanc e t o 
thos e o f  u s wit h educationa l  interests ,  w e ar e no t  alway s i n 
agreemen t  regardin g wha t  effec t  researc h i n inquir y ha s i n 
establishin g standards ,  curricula ,  testing ,  an d assessment , 
influencin g wha t  i t  mean s t o b e "rational, "  "clear-thinking, " 
and "educated. " 

Our  goa l  i s  t o ge t  a t  thes e question s an d issue s b y 
bringin g togethe r  multipl e thread s o f  researc h an d makin g a 
concerte d effor t  t o outlin e area s o f  consensu s an d dissent . 
Limitin g ourselve s t o th e subare a o f  computer-assiste d 
inquir y abou t  scientifi c  matters ,  eac h o f  u s wil l  summariz e 
withi n an d acros s ou r  ow n program s o f  research .  Together , 
we cove r  a  variet y o f  methodologie s an d settings ,  from 
experimenta l  psycholog y i n laboratories ,  t o desig n 
experiment s i n classrooms ,  t o ethnograph y i n onlin e 
communities .  W e wil l  attemp t  t o synthesiz e answer s t o a  se t 
of  question s inspire d b y th e interpla y o f  theor y an d practice : 

1.  Th e Natur e o f  Inquiry .  Wha t  i s inquiry ? Wha t  doe s 
effectiv e inquir y loo k like ,  wha t  doe s i t  require ,  an d 
what  doe s i t  produce ? 

2.  Technology ,  Inquir y &  Situate d Cognition .  H o w i s 
th e for m an d functio n o f  inquir y facilitate d and/o r 
impede d b y th e environment ? Whic h processe s ar e 
generalizable ? Whic h ar e embedde d i n th e particulars ? 

3.  Educationa l  Implications .  Wha t  ar e th e implication s 
of  theor y fo r  educationa l  practice ,  an d vic e versa ? 
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S y m p o s i u m :  N e w M o d e l s o f  Connectionis t  L a n g u a g e Acquisitio n 

Ping Li (pIi@riclimond.edu) 
Departmen t  o f  Psychology ,  Universit y  o f  Richmon d 

Richmond ,  V A 2317 3 US A 

Brian MacWhinney (niacw@cniu.edu) 
Departmen t  o f  Psychology ,  Carnegi e Mello n Universit y 

Pittsburgh ,  P A 1521 3 U S A 

Connectionis t  modelin g o f  languag e acquisitio n ha s 
attracte d stron g researc h interest s i n th e pas t  decade s sinc e 
Rumelhar t  &  McClelland' s (1986 )  pioneerin g mode l  o f  th e 
acquisitio n o f  th e Englis h pas t  tense .  Significan t  progresse s 
hav e bee n mad e i n thi s domain ,  a s reflecte d i n Elma n e t  al . 
(1996) ,  MacWhinne y (1999) ,  an d mor e recentl y i n Quinla n 
(2002) .  I n thi s symposium ,  w e propos e t o integrat e curren t 
connectionis t  developmenta l  researc h relate d t o language . 
We presen t  t o CogSc i  200 2 a  variet y o f  n e w model s i n 
connectionis t  languag e acquisition ,  includin g a n S R N mode l 
of  generalizatio n (Elman) ,  a  self-organizin g mode l  o f 
categorica l  representatio n (Li ,  Farkas ,  &  MacWhitmey) ,  an d 
an encode r  networ k o f  concep t  acquisitio n (Shultz) . 

I n th e firs t  tal k entitle d "Goin g beyon d th e input :  th e 
proble m o f  generalizatio n from  spars e data" ,  Elma n wil l 
discus s th e issu e o f  h o w childre n for m generalization s give n 
th e input s availabl e t o them .  Althoug h i n quantitativ e term s 
childre n hea r  a n enormou s amount ,  tha t  inpu t  provide s onl y 
a ver y spars e representatio n o f  th e language .  Give n th e 
presenc e o f  numerou s gap s i n th e input ,  h o w i s a  chil d t o 
k n o w whe n a  ga p i s  accidenta l  an d whe n a  ga p i s 
systematic ? Severa l  connectionis t  simulation s sugges t  th e 
kind s o f  constraint s o n inductio n tha t  m a y explai n th e 
pattern s o f  bot h under -  an d over-generalizatio n tha t  ar e 
observe d i n children . 

I n th e secon d tal k entitle d "Th e origi n o f  categorica l 
representatio n o f  languag e i n th e brain" ,  Li ,  Farkas ,  an d 
MacWhinne y wil l  star t  b y considerin g th e "brai n centers "  o f 
language ,  area s i n th e brai n tha t  respon d t o differen t 
linguisti c categorie s (e.g. ,  noun s an d verbs) .  A  workin g 
hypothesi s underlyin g "brai n centers "  i s  tha t  differen t 
linguisti c categorie s ar e subserve d b y differen t  neura l 
substrates .  Thi s stud y examine s th e emergenc e o f 
categorica l  representatio n fro m a  developmenta l 
connectionis t  perspective .  I t  argue s tha t  localize d linguisti c 
representation s aris e a s a  fimctio n o f  th e brain' s 
organizatio n an d reorganizatio n i n respons e t o 
characteristic s o f  th e environmen t  i n learnin g an d 
development .  A  self-organizin g neura l  networ k i s use d t o 
explor e th e high-dimensiona l  spac e o f  variou s linguisti c 
categories ,  analyzin g realisti c natura l  languag e data .  Th e 
model  effectivel y capture s suc h difference s i n languag e use . 

I n th e thir d tal k entitle d "Acquisitio n o f  cris p an d fiizz y 
concepts" ,  Shult z wil l  discus s concep t  acquisitio n b y neura l 
networks .  Cris p concept s posses s suc h rigid  boundarie s tha t 
instance s o f  on e concep t  ar e rarel y confuse d wit h anothe r 

concept .  I n contrast ,  fuzz y concept s hav e vagu e boundaries , 
leadin g t o frequent  misclassifications .  Th e featur e value s o f 
fuzz y concept s ar e considere d probabilisti c i n tha t  the y 
occu r  i n instance s wit h les s tha n certai n probabilities .  Thi s 
generate s well-know n typicalit y an d prototyp e effects ,  wit h 
some instance s considere d bette r  exemplar s o f  a  fiizz y 
concep t  tha n other s are .  Althoug h neura l  networ k model s 
provid e a n adequat e accoun t  o f  fuzz y concepts ,  the y are , 
accordin g t o some ,  incapabl e o f  accountin g fo r  th e 
acquisitio n an d representatio n o f  cris p concept s a s in ,  e.g. , 
kinshi p terms .  Simulation s wit h encode r  network s sho w tha t 
thi s vie w i s fundamentall y incorrect :  encode r  network s ca n 
accoun t  fo r  a  wid e range  o f  phenomen a associate d wit h 
concept s alon g th e crisp-fiizz y continuum .  Representationa l 
crispnes s i n thes e network s i s affecte d b y isolatio n o f  th e 
concep t  i n semanti c featur e spac e an d dispersio n o f  it s 
example s aroun d a  prototype .  Fuzzie r  concept s ar e 
characterize d b y residenc e i n a  relativel y crowde d regio n o f 
featur e spac e an d b y relativel y widel y disperse d examples ; 
crispe r  concept s ar e characterize d b y residenc e i n a 
relativel y isolate d regio n o f  featur e spac e an d b y relativel y 
limite d dispersio n o f  examples .  Moreover ,  th e presenc e o f 
defmin g feature s immimize s thes e network s agains t  th e 
norma l  Juzzyin g effect s o f  conceptua l  crowdin g an d exampl e 
dispersion .  Simulation s als o reveale d th e familia r 
developmenta l  shif t  from  characteristi c t o definin g features . 

Li  wil l  giv e a n overvie w a t  th e beginnin g o f  th e 
symposium ,  an d MacWhinne y wil l  provid e a n integrativ e 
discussio n a t  th e end .  Eac h tal k i s schedule d fo r  2 5 minutes , 
includin g discussio n an d question s from  th e audience . 
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Th e participant s i n a  join t  activit y mus t  wor k har d t o 
maintai n coordination .  Fo r  complicate d and/o r  nove l 
activities ,  eve n mor e tal k i s neede d t o proceed .  Ove r  time , 
fo r  recurren t  cooperativ e behaviors ,  th e participant s wil l 
organiz e thei r  tal k a s a  mean s o f  organizin g thei r  actions . 
For  recurren t  activities ,  a  sig n m a y b e introduce d a t  th e 
scen e t o fi x  a  recurren t  proble m o f  coordinatio n b y 
providin g som e organizationa l  structur e (e.g. ,  a  stoplight) . 
We wil l  refe r  t o permanen t  structur e designe d an d 
implemente d prio r  t o a  cooperativ e activit y b y a  non -
participan t  tha t  mediate s an d organize s th e activit y a s a 
coordinatin g representation .  Th e mai n wor k o f  thi s tal k i s 
t o explor e th e ramification s of ,  an d methodolog y for , 
introducin g coordinatin g representation s int o same-tim e / 
different-plac e computer-mediate d cooperativ e activities . 
Groupwar e system s ar e computer-base d system s tha t 
suppor t  group s o f  peopl e engage d i n a  c o m m o n tas k (o r 
goal )  an d tha t  provid e a n interfac e t o share d environment s 
(Elli s e t  al ,  1991) .  Groupwar e facilitate s communication , 
coordination ,  an d collaboratio n o f  grou p effort .  Buildin g a 
groupwar e syste m require s a  detaile d analysi s o f  th e wor k 
enviroimien t  i n whic h i t  wil l  b e deploye d an d extensiv e 
wor k o n designin g bot h th e interfac e a s i t  present s itsel f  t o 
th e individua l  use r  an d th e mediate d interactio n amon g th e 
users . 
Withi n th e literatur e o n C S C W,  th e developmen t  o f 
technolog y tha t  support s onlin e communicatio n ha s bee n a 
cor e researc h issue .  Fo r  synchronou s communication ,  th e 
canonica l  exampl e i s t o conver t  a n everyda y tas k o f  severa l 
actor s engage d i n plannin g ou t  som e kin d o f  activit y i n front 
o f  a  whiteboar d int o a  tas k tha t  coul d b e computer -
mediated .  Give n th e share d workspace ,  tw o issue s o f 
interes t  ar e h o w th e participant s i n suc h a n activit y organiz e 
thei r  talk ,  an d h o w the y organiz e thei r  task . 
Where a  share d virtua l  whiteboar d i s a n externa l  medi a tha t 
ca n b e use d t o suppor t  al l  kind s o f  socia l  interaction ,  a 
coordinatin g representatio n i s on e kin d o f  conten t  realize d 
i n a n externa l  media .  I t  i s  specificall y designe d fo r  a 
particula r  contex t  an d i t  addresse s a  proble m o f  coordinatio n 
tha t  emerge s i n th e performanc e o f  a  recurrin g cooperativ e 
activit y acros s session s o f  cooperation .  Fo r  som e 
applications ,  general-purpos e tool s tha t  suppor t 
communicatio n an d coordination ,  lik e th e whiteboard ,  wil l 
suffice .  Bu t  fo r  task s tha t  occu r  ove r  extende d period s o f 
time ,  th e introductio n o f  a  coordinatin g representatio n wil l 
potentiall y  improv e th e interactio n amon g th e participant s 
durin g th e recurren t  problemati c area s o f  join t  behavior . 
Thi s schem e leverage s th e use r  s  participatio n t o hel p mak e 
th e syste m tailor-made . 

Figur e 1  show s th e basi c methodolog y w e propos e fo r 
tailor-makin g a  groupwar e system .  A  groupwar e syste m i s 
develope d providin g general-purpos e coordinatio n tool s t o 
suppor t  th e user s activity .  I n som e case s ther e ar e difficul t 
problem s i n coordinatio n tha t  confron t  th e user s durin g th e 
norma l  cours e o f  thei r  mediate d behavior s an d thes e 
proble m area s ar e no t  easil y o r  efficientl y resolve d usin g 
genera l  tools .  I n thes e case s a  pilo t  stud y i s performed ,  an d a 
discours e analysi s i s m a d e t o identif y secondar y structur e 
develope d b y th e participant s t o organiz e thei r  tal k s o a s t o 
organiz e behavior .  Base d o n thi s analysis ,  a  secon d versio n 
of  th e syste m i s  constructe d tha t  include s coordinatin g 
representation s t o suppor t  use r  activity . 
I n th e first  par t  o f  th e tal k I  wil l  la y ou t  th e cognitiv e 
foundatio n fo r  thi s approac h t o buildin g tailor-mad e 
groupwar e systems .  I n th e secon d par t  o f  th e talk ,  I  wil l 
presen t  a  methodology ,  focusin g o n issue s an d method s o f 
discours e analysis .  Dat a an d evidenc e fo r  thi s tal k ar e 
draw n from  bot h prio r  an d existin g wor k (an d studies )  a t 
Brandeis .  Th e example s w e dra w o n com e from  th e dat a w e 
hav e collecte d from  experiment s w e hav e performe d usin g 
th e VesselWorl d system ,  demonstrate d a t  C S C W 2000 . 

1.  Buil d a  bas e syste m tha t  include s 
general-purpos e coordinatio n tool s 
onl y (e.g. ,  whiteboard ,  textua l  chat ) 

Sometime s thi s  i s enoug h 
2.  Perfor m pilo t  stud y wit h bas e syste m 
3.  Analyz e dat a t o discove r  recurren t 

problem s o f  coordinatio n an d wha t 
secondar y structure s ar e devise d t o 
organiz e thos e behaviors . 

4.  Rebuil d syste m usin g coordinatin g 
representation s suggeste d b y analysis . 

Figur e 1 :  Basi c Methodolog y 
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Aviatio n accident s ar e a  rar e event .  However ,  whe n the y 
do occur ,  th e caus e i s attribute d t o "huma n error "  ove r  6 0 % 
of  th e tim e (Nationa l  Transportatio n Safet y Board ,  1994) . 
Thi s suggest s tha t  th e greates t  increment s i n safet y ca n b e 
gaine d b y improvin g huma n performance .  Indeed ,  th e 
typica l  respons e t o a n acciden t  investigatio n i s  change s t o 
operatin g procedure s tha t  pilot s follo w i n th e cockpit . 
However ,  i n thes e situations ,  th e change s ar e mad e i n 
respons e t o on e specifi c  event ,  whic h doe s no t  allo w 
researcher s t o pinpoin t  th e mor e genera l  cause s o f  errors . 
Further ,  thi s approac h i s no t  suite d t o understandin g th e 
proces s o f  pilot-syste m interactio n tha t  result s i n th e errors . 
Thi s make s i t  impossibl e t o kno w h o w t o desig n 
intervention s suc h a s trainin g (Boehm-Davis ,  Holt , 
Hansberger ,  &  Seamster ,  1999) ,  h o w t o redesig n 
instruments ,  displays ,  o r  software ,  o r  ho w t o asses s th e 
effect s o f  th e intervention . 

I n thi s researc h project ,  w e too k a n alternativ e approac h 
by developin g a  computationa l  mode l  o f  th e cognitiv e 
processe s underlyin g pilo t  performanc e whil e flyin g a 
descen t  i n a n automate d cockpit .  Th e computationa l  mode l 
was buil t  from  a  cognitiv e tas k analysi s couple d wit h 
empirica l  performanc e data .  Th e cognitiv e tas k analysi s o f 
thes e phase s wa s develope d usin g N G O M SL (Natura l 
Languag e G O M S,  se e Kieras ,  1997) .  Thi s informatio n wa s 
combine d wit h ey e trackin g dat a take n from  pilot s 
interactin g wit h a  low-fidelit y deskto p simulato r  o f  a  747 -
40 0 aircraf t  cockpi t  (Die z e t  al. ,  2001 )  t o infor m ou r  desig n 
decision s abou t  wha t  informatio n pilot s ar e acquirin g from 
th e fligh t  dec k whil e workin g wit h automate d systems .  I t 
als o forme d th e basi s o f  a  workin g computationa l  cognitiv e 
model ,  buil t  usin g th e A C T - R cognitiv e architectur e 
(Anderso n &  Lebiere ,  1998) . 

The computationa l  mode l  wa s use d t o fl y  th e sam e 
descen t  tha t  ou r  pilot s ha d flow n o n th e deskto p simulator . 
Observation s o f  th e problem s encountere d b y th e mode l  i n 
flyin g th e simulato r  suggeste d a  numbe r  o f  intervention s 
tha t  migh t  mitigat e erro r  i n th e cockpit .  T w o o f  thes e 
intervention s wer e selecte d fo r  empirica l  testing .  First , 
model  run s an d ey e trac k dat a bot h suggeste d tha t  th e 
pilots/mode l  wer e ofte n unawar e o f  change s i n automatio n 
mode tha t  wer e drive n b y th e softwar e rathe r  tha n th e pilo t 
(i.e. ,  uncommande d mod e changes) .  A  potentia l  interventio n 
develope d fo r  thi s proble m i s a  chim e tha t  ring s i n th e 
cockpi t  t o indicat e tha t  th e fligh t  managemen t  syste m ha s 
autonomousl y change d th e fligh t  mode .  W e believ e tha t  thi s 

interventio n wil l  dra w attentio n t o mod e change s tha t  ca n 
the n b e diagnose d an d understood . 

Second ,  whe n th e mode l  wa s interrupted ,  i t  ofte n wa s 
unabl e t o remembe r  th e goa l  tha t  i t  wa s tryin g t o achieve ; 
thus ,  th e mode l  wa s unabl e t o continu e flying .  Fo r  thi s 
problem ,  ne w annunciation s hav e bee n develope d fo r 
displa y i n th e cockpi t  t o captur e th e goa l  th e automate d 
fligh t  syste m i s tryin g t o achieve .  W e believ e tha t  thi s goal -
oriente d displa y wil l  provid e guidanc e t o th e pilo t  abou t 
what  th e fligh t  managemen t  syste m i s doing ,  whic h ca n hel p 
pilot s reconstruc t  thei r  interrupte d goal . 

Empirica l  dat a collecte d from  commercia l  pilot s usin g th e 
modifie d fligh t  managemen t  syste m o n th e deskto p 
simulato r  suggest s tha t  thes e intervention s wil l  b e usefu l  i n 
reducin g thes e specifi c  error s i n th e coclq>it .  Furthe r  wor k 
remain s t o determin e th e mor e genera l  benefit s o f  thes e 
interventions . 
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We argu e tha t  consciou s intention s ar e centra l  t o th e 
cognitiv e contro l  o f  activity ,  i n contras t  t o th e vie w tha t  th e 
e}q>erienc e o f  consciou s contro l  i s a n illusio n (Wegne r  & 
Wheatley ,  1999) .  W e sugges t  tha t  instantiatin g a  goa l  t o 
for m a  consciou s intentio n serve s th e information-processin g 
functio n o f  establishin g a  procedura l  fram e o f  referenc e tha t 
organize s menta l  activity .  Informatio n tha t  specifie s th e 
origi n o f  thi s fram e o f  referenc e simultaneousl y specifie s th e 
consciou s agent ,  th e "I "  w h o perform s th e action .  Thi s 
cospecificatio n hypothesi s i s par t  o f  a  mor e genera l  theor y o f 
consciousnes s (Carlson ,  1997) .  W e briefl y describ e thi s 
hypothesi s an d it s theoretica l  basis ,  an d conside r  severa l 
empirica l  prediction s an d result s bearin g o n thos e 
predictions . 

Theory and Hypotheses 

Th e cospecificatio n hypothesi s suggest s tha t  th e conten t  o f 
a consciou s intentio n represent s th e sel f  a s achievin g a n 
outcom e b y performin g a n operatio n o n a n object .  Fo r 
example ,  a  consciou s intentio n t o ad d tw o digit s represent s 
th e sel f  a s performin g a  calculatio n o n particula r  token s o f 
thos e digits .  Activatin g thi s representatio n serve s t o initiat e a 
procedur e t o whic h th e digi t  token s ar e assimilated ,  an d t o 
establis h a  subjectiv e ''poin t  o f  view "  fro m whic h th e digit s 
ar e considered .  Th e representatio n o f  a n outcom e tha t 
satisfie s a  consciou s intentio n wil l  thu s b e structurall y ver y 
simila r  t o th e representatio n o f  th e intention .  Thi s 
descriptio n parallel s th e representatio n o f  goal s i n A C T - R 
(Anderso n &  Lcbiere ,  1998) ,  i n whic h operand s an d result s 
complet e slot s i n th e goa l  representation . 

Our  researc h ha s considere d severa l  implication s o f  thi s 
hypothesi s fo r  th e information-processin g dynamic s o f  goal -
drive n cognition .  First ,  goa l  instantiatio n mus t  preced e 
effectiv e consideratio n o f  object s t o b e processe d 
(operands) .  Second ,  th e availabilit y  o f  informatio n 
specifyin g goal s shoul d constrai n th e tempora l  coordinatio n 
of  processe s suc h a s managin g workin g m e m o r y an d pickin g 
up informatio n fi-om  th e environment .  Third ,  failure s o f 
coordinatio n (e.g. ,  placekeepin g errors )  shoul d b e reduce d 
b y activitie s o r  informatio n tha t  increas e th e spatia l  an d 
tempora l  precisio n wit h whic h th e actin g sel f  i s  specified . 
Fourth ,  th e nee d t o updat e th e sel f  s  spatia l  an d tempora l 
locatio n an d orientatio n shoul d constrai n th e strategie s 
availabl e fo r  organizin g sequentia l  activities ;  fo r  example , 
activatin g a n intentio n directe d towar d appropriat e object s 
m ay depen d o n updatin g one' s perspectiv e o n th e prio r  step . 
Fifth ,  th e constructio n o f  expUcitl y  retrievabl e episodi c 
memorie s shoul d b e associate d wit h goa l  instantiatio n 

becaus e i t  involve s "takin g note "  o f  th e sel f  a s a  spatia l  an d 
tempora l  marker . 

E m p i r i c a l  Resu l t s 

We hav e examine d eac h o f  thes e implications ,  usin g 
experimenta l  paradigm s tha t  examin e skille d performanc e o f 
menta l  sequence s i n whic h th e environmenta l  availabilit y  o f 
informatio n i s constrained .  Fo r  example ,  i n a  numbe r  o f 
studie s participant s solve d cascaded ,  multiple-ste p 
arithmeti c o r  spatia l  pat h problem s i n whic h th e outcom e o f 
eac h ste p serve d a s a  startin g poin t  fo r  th e nex t  step .  Thes e 
studie s provid e suppor t  fo r  th e firs t  an d secon d prediction s 
outline d above .  Unde r  tempora l  constramts ,  individual s ca n 
effectivel y coordinat e informatio n picku p an d cognitiv e 
processe s -  a  proces s w e cal l  tempora l  tunin g -  onl y whe n 
informatio n specifyin g upcomin g goal s i s available , 
allowin g thos e goal s t o b e instantiate d a s intentions . 

I n anothe r  serie s o f  studies ,  w e examine d th e us e o f 
externalizin g strategie s suc h a s pointin g tha t  serv e t o suppor t 
tempora l  coordination .  I n thes e experiments ,  participant s 
performe d simpl e task s suc h a s countin g unde r  varyin g 
tempora l  an d strateg y constraints .  Th e result s sugges t  tha t 
externalizin g strategie s ca n serv e bot h t o enhanc e th e 
individuatio n o f  object s t o b e processe d (coordinatio n 
betwee n steps )  an d t o reduc e intention-outcom e confusion s 
(coordinatio n withi n steps) . 

We conside r  thes e an d othe r  result s i n relatio n t o th e 
hypothese s sketche d above . 

Conclusions 

I n general ,  thes e studie s provid e suppor t  fo r  th e 
prediction s derive d fro m th e cospecificatio n hypothesis . 
However ,  som e prediction s hav e bee n disconfirme d i n way s 
tha t  sugges t  furthe r  hypothese s abou t  th e constraint s o n 
explici t  goa l  instantiation .  Fo r  example ,  neithe r  procedura l 
nor  explici t  declarativ e knowledg e o f  operato r  sequence s 
allow s th e tempora l  ninin g observe d whe n operator s ar e 
specifie d b y displaye d information .  W e conside r  th e 
implication s o f  thes e successe s an d failure s fo r  th e genera l 
theor y o f  consciousnes s describe d i n Carlso n (1997) . 
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I n orde r  t o collaborat e effectivel y on e need s t o kno w 
many thing s abou t  one' s collaborators :  W h o ar e they ? Wha t 
do the y know ? Wha t  d o the y expect ? Wha t  d o the y wan t  t o 
do? Wha t  ar e the y doin g now ? Wha t  tool s ar e the y using ? 
To wha t  othe r  resource s d o the y hav e access ? Wha t  ar e the y 
thinkin g about ? Wha t  ar e the y plannin g t o d o i n th e nea r 
future ? Wha t  criteri a wil l  the y us e t o evaluat e join t 
outcomes ? 

I n ordinar y face-to-fac e communication ,  peopl e wor k t o 
establis h an d maintai n a  share d backgroun d o f 
understandin g calle d c o m m o n groun d (Clark ,  1996) . 
Conversationa l  interactio n involve s continua l  testin g fo r 
evidenc e o f  c o m m o n ground ,  an d coordinate d effor t  t o 
enhanc e commo n ground .  Fo r  example ,  i f  a n interlocuto r 
fail s t o respon d t o a  request ,  on e migh t  restat e presuppose d 
information ,  poin t  t o a  relevan t  object ,  reques t 
acknowledgement ,  o r  otherwis e remediate .  Conuno n groun d 
i s unproblemati c i n face-to-fac e interaction s becaus e suc h a 
wid e variet y o f  situationa l  element s contribut e t o it ,  an d th e 
wor k tha t  peopl e d o t o maintai n c o m m o n groun d i s s o wel l 
integrate d int o habit s an d convention s o f  interaction . 

W h en peopl e wor k collaboratively ,  bu t  no t  face-to-face , 
many interactio n resource s ar e disrupte d (Tang ,  1991) :  field 
of  vie w i s reduced ,  th e possibilit y t o us e gestur e i s limited , 
facia l  expression s ar e eliminate d o r  constrained ,  auditor y 
cue s ar e diminished ,  tool s an d artifact s canno t  b e a s easil y 
shared ,  exchange d informatio n i s  delaye d o r  decouple d b y 
second s o r  eve n minutes ,  an d collaborator s ma y b e i n 
differen t  tim e zone s o r  differen t  cultures .  I n remot e 
collaboratio n i t  i s  difficul t  t o conve y o r  discer n successfu l 
comprehension ,  curren t  focu s o f  attention ,  o r  concomitan t 
attitude s an d affect .  I t  i s  difficul t  t o repai r  o r  remediat e 
miscommunications .  Thi s transform s th e maintenanc e o f 
conuno n groun d int o a  significan t  task ,  whic h i s  itsel f 
problematic :  Peopl e ar e accustome d t o takin g c o m m o n 
groun d fo r  granted ,  a s a  backgroun d task .  The y d o no t  wan t 
t o spen d attentio n an d effor t  o n it . 

Thes e issue s hav e mad e awarenes s an  increasingl y 
prominen t  issu e i n th e desig n o f  use r  interface s fo r 
computer-supporte d collaboration .  Investigator s hav e 
explore d numerou s use r  interfac e tool s t o hel p collaborator s 
establis h an d maintai n conuno n groun d b y supportin g thei r 
mutua l  awarenes s o f  on e another .  Prio r  researc h ha s focuse d 
on socia l  cnvarenes s (o f  th e presenc e o f  one' s collaborators ) 
and actio n awarenes s (o f  wha t  collaborator s ar e doin g o r 
what  the y hav e recentl y  done) .  Tool s investigate d includ e 
vide o tunnel s (fo r  socia l  awareness )  an d rada r  view s (fo r 
actio n awareness) . 

To effectivel y coordinat e comple x projects ,  collaborator s 
need t o b e awar e o f  on e anothe r  beyon d mer e presenc e an d 

individua l  actions .  W e ar e developin g th e concep t  o f  activit y 
awarenes s (Carrol l  e t  al. ,  2002) .  Activitie s ar e longe r  ter m 
endeavor s directe d a t  meaningfu l  goal s lik e "designin g th e 
layou t  o f  a  tow n park" .  Longe r  ter m activit y entail s top -
down goa l  decomposition ,  nonlinea r  developmen t  o f 
partially-ordere d pla n fragments ,  interleavin g o f  planning , 
acting ,  an d evaluation ,  an d opportunisti c pla n revision .  I t 
involve s coordinatin g an d carryin g ou t  differen t  type s o f 
tas k components ,  suc h a s assignin g roles ,  makin g decisions , 
negotiating ,  prioritizing ,  an d s o forth .  Thes e component s 
must  b e understoo d an d pursue d i n th e contex t  o f  th e overal l 
purpos e o f  a  share d activity ,  di e goal s an d requirement s fo r 
completin g it ,  an d ho w individua l  task s fit  int o th e group' s 
overal l  plan . 

Contemporar y use r  interface s suppor t  collaborativ e 
awarenes s throug h explici t  notifications—request s fo r  chat , 
emai l  alerts .  However ,  explici t  messagin g i s problemati c fo r 
supportin g activit y awareness :  Activitie s ar e multifacete d 
and continuing ,  no t  simpl e an d ephemera l  lik e presenc e an d 
action .  Thus ,  notificatio n message s fo r  activit y awarenes s 
must  b e meticulou s an d persistent .  Bu t  creatin g suc h 
notification s i s  itsel f  a  significan t  task .  I t  compel s a 
disciplin e o f  explicitl y  externalizin g an d broadcastin g one' s 
goal s an d plans ,  somethin g peopl e perceiv e a s bot h tediou s 
and invasiv e (Grudin ,  1994) . 

Our  wor k i s  pursuin g th e strateg y o f  supportin g activit y 
awarenes s b y designin g workspac e view s tha t  embe d 
activit y awarenes s documents .  On e exampl e i s a  timelin e 
vie w o f  a  share d file  syste m tha t  incorporate s deadline , 
activ e task ,  an d versio n documents .  I n suc h an  environment , 
collaborator s woul d directly ,  bu t  incidentally ,  understan d 
th e statu s o f  a  share d activit y a s the y participat e i n it . 
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T wo view s currentl y dominat e theorie s o f  objec t 
function .  Accordin g t o th e affordance s view ,  functio n 
arise s fro m a n object' s structur e an d us e th e object' s 
desig n histor y i s relativel y unimportant .  Accordin g t o 
th e historica l  view ,  functio n reflect s th e intentio n o f  a n 
object' s creato r  structur e an d us e ar e relativel y 
unimportant .  A  n e w view ,  th e H IP E theory ,  integrate s 
th e affordanc e an d historica l  views ,  proposin g tha t 
functio n cumulativel y require s history ,  goals ,  structure , 
and us e t o b e complet e (Barsalou ,  Sloman ,  &  Chaigneau , 
i n press ;  als o se e Chaignea u &  Barsalou ,  i n press ; 
Chaigneau ,  Barsalou ,  &  Zamani ,  2002) . 

Thre e experiment s i n Chaignea u (2002 )  teste d th e 
H I P E theory .  I n each ,  participant s rea d scenario s tha t 
describe d a n artifact' s  desig n histor y an d physica l 
structure ,  alon g wit h a n agent' s goa l  an d actua l  use . 
Afte r  readin g a  scenario ,  participant s eithe r  rate d h o w 
ĵ propriat e a  nam e wa s fo r  th e objec t  ("mop") ,  h o w wel l 
th e scenari o illustrate d a  category' s functio n (mop) ,  o r 
h o w likel y th e scenari o wa s t o caus e th e functiona l 
outcom e (soppin g u p spille d liquid) .  I n th e baselin e 
scenarios ,  al l  fou r  component s wer e intact .  I n th e critica l 
scenarios ,  on e o r  mor e component s wer e compromised . 
Desig n histor y coul d b e accidenta l  instea d o f  intentional ; 
th e goa l  t o us e th e objec t  fo r  it s functio n coul d b e absent ; 
th e physica l  structur e coul d b e insufficient ;  th e actio n 
coul d b e insufficient . 

As predicted ,  Experimen t  I  foim d tha t  compromisin g 
eac h componen t  reduce d a n object' s functionalit y relativ e 
t o baseline ,  consisten t  wit h HIPE' s predictio n tha t  al l  fou r 
component s ar e cumulativel y necessar y fo r  a  complet e 
function .  However ,  compromisin g structur e an d use 
generall y produce d th e larges t  decrements ,  consisten t 
wit h th e affordance s view .  Furthermore ,  desig n histor y 
was mor e importan t  fo r  namin g tha n fo r  functio n an d 
causalit y judgments ,  consisten t  wit h th e causa l  lin k 
betwee n histor y an d namin g i n historica l  theories . 

Experimen t  2  teste d th e historica l  view' s assumptio n 
tha t  desig n histor y i s causall y sufficien t  fo r  fimction .  I f 
so ,  the n compromisin g an y othe r  componen t  afte r 
compromisin g histor y shoul d hav e n o effect . 
Compromisin g goals ,  however ,  produce d a n additiona l 
decrement ,  consisten t  wit h HIPE' s cumulativ e view . 

Experimen t  3  explore d th e findin g i n recen t 
experiment s tha t  histor y i s mor e importan t  tha n structur e 
and us e i n namin g (e.g. ,  Gelma n &  Bloom ,  2000 ;  Mata n 

& Carey ,  2001) .  I n thes e studies ,  however ,  th e scenario s 
lacke d sufficien t  detai l  abou t  structur e an d us e t o deriv e 
affordances ,  thereb y leavin g histor y a s th e mos t 
informativ e factor .  W h e n sufficien t  informatio n wa s 
provide d s o tha t  participant s coul d deriv e affordances , 
histor y becam e m u c h les s importan t  fo r  namin g tha n 
structur e an d use . 

Overall ,  thes e thre e experiment s suppor t  thre e 
conclusions .  First ,  functio n i s a  cumulativ e construct . 
Second ,  affordance s ar e mor e centra l  t o thi s construc t 
tha n history ,  althoug h bot h ar e cumulativel y important . 
Third ,  histor y i s particularl y importan t  fo r  naming ,  an d 
les s s o fo r  understandin g functio n conceptuall y an d 
reasonin g abou t  i t  causally . 
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Middl e an d hig h schoo l  student s encounte r  numerou s 
scientifi c an d "everyday "  processe s i n thei r  curriculum . 
S o me o f  thes e processe s (e.g. ,  electricity ,  hea t  flow ,  natura l 
selection )  see m particularl y troublesom e fo r  the m t o lear n 
wdt h dee p understanding .  O n e reaso n fo r  thi s difficult y i s 
tha t  student s ofte n posses s alternativ e conception s (o r 
misconceptions )  tha t  ar e naTv e an d scientificall y incorrect . 
Thes e misconception s ar e extremel y robus t  an d resistan t  t o 
instruction ,  therefor e preventin g student s fi-om  acquirin g th e 
correc t  understanding . 

Thi s pape r  provide s a  conceptua l  analysi s tha t  explain s 
w hy ther e i s a  barrie r  i n understandin g thes e processe s an d 
what  ca n b e don e t o overcom e it .  Th e analysi s essentiall y 
suggest s tha t  thes e often-misunderstoo d concept s ar e bi -
leve l  processe s i n whic h th e globa l  leve l  patter n emerge s 
from  th e collectiv e individua l  actions/interaction s a t  th e 
micr o level .  Thus ,  th e explanator y mechanis m tha t  causall y 
relate s th e micr o an d th e macr o level s i s a n emergen t  one . 
Students ,  however ,  intuitivel y misrepresen t  a n emergen t 
mechanis m a s a  kin d o f  a  non-emergen t  (o r  direct ,  fo r  lac k 
of  a  bette r  term )  causa l  mechanism . 

T wo type s o f  feature s o f  th e underlyin g explanator y 
mechanism s o f  emergen t  causa l  an d direc t  causa l  processe s 
ar e identified .  O n e typ e o f  feature ,  show n i n Tabl e 1 , 
describe s th e natur e o f  th e behavio r  o f  th e individual s a t  th e 
micr o level .  Th e behavio r  (i.e. ,  th e actions/interactions )  o f 
th e individual s o f  a n emergen t  causa l  proces s sugges t  tha t 
thei r  actions/interaction s mus t  b e considere d a s a  collection , 
wherea s th e behavio r  o f  th e individual s o f  a  direc t  causa l 
proces s sugges t  tha t  thei r  actions/interaction s ca n b e 
partitione d int o distinc t  classes .  Thus ,  thi s se t  o f  si x 
feature s ca n serv e th e purpos e o f  helpin g student s recogniz e 
when i t  i s  appropriat e t o conside r  a  se t  o f 
actions/interaction s collectivel y rathe r  tha n distinctively . 

Table 1: Sk features of the actions/interactions (A/I) of 
individual s i n a  collectio n versu s classes . 

Emerjzen t  (Collection ) 

•  S a m e kin d o f  A/ I 
•  Rando m A/ I 
•  Co-occu r  o r  paralle l 
•  Independen t  A/ I 
•  Unifor m statu s 
•  Ongoing ,  continuou s 

Non-Emergen t  (Classes ) 

•  Differen t  kin d o f  A/ I 
•  Fixe d A/ I 
•  Sequentia l  o r  linea r 
•  Dependen t  A/ I 
•  Uniqu e o r  centra l  statu s 
•  Bounded ,  terminatin g 

Th e secon d se t  o f  five  features ,  show n i n Tabl e 2 , 
describe s th e relationshi p betwee n th e micr o an d th e macr o 
levels .  Thes e bi-leve l  relationa l  feature s ar e th e one s tha t 
student s ca n appea l  t o i n explainin g th e causa l  relationshi p 
betwee n th e levels .  Thes e tw o set s o f  features ,  together , 
provid e a  preliminar y specificatio n o f  emergen t  causa l  an d 
direc t  causa l  schemas .  Th e clai m i s tha t  student s us e thei r 
direc t  causa l  schem a t o interpre t  processe s wit h a n emergen t 
explanator y mechanism ,  an d therefor e misunderstan d them . 

Table 2: Five features relating the micro individual and 
macr o aggregat e level . 

Emergen t 

• Indirect 
•  Al l  individual s 
•  Loca l  &  decentralize d 
•  Disjoin t 
•  Collectiv e summin g withi n 

eac h instanc e o f  tim e 

Non-Emergen t 

• Direct 
•  S o m e o f  th e individual s 
•  Goal-directe d &  intentiona l 
•  Correspondin g 
•  Cumulativ e summin g 

acros s tim e 

Severa l  reason s ca n b e postulate d fo r  w h y student s 
commi t  suc h misattributions .  First ,  thes e 1 1 features ,  bein g 
mutuall y exclusive ,  sugges t  tha t  emergen t  causa l  an d direc t 
causa l  processe s m a y b e ontologicall y distinct ;  therefore , 
repairin g suc h misconception s require s a  radica l  conceptua l 
shift .  Second ,  student s m a y no t  eve n realiz e tha t  the y hav e 
misrepresente d a n emergen t  kin d o f  causa l  proces s a s a 
direc t  kind .  Withou t  suc h awareness ,  the y lac k th e 
motivatio n t o see k way s o f  re-representin g emergen t 
processe s correctly .  Third ,  student s m a y altogethe r  lac k a n 
emergen t  schema .  Withou t  suc h a  schema ,  student s canno t 
correctl y conceptualiz e a n emergen t  process .  Finally , 
peopl e i n genera l  migh t  hav e a  natura l  predispositio n t o 
interpre t  al l  event s a s a  direc t  causa l  kind . 

Th e implicatio n o f  thi s analysi s i s tha t  teachin g student s 
an emergen t  schem a o f  th e underlyin g explanator y 
mechanis m m a y allo w the m t o discriminat e a n emergen t 
kin d o f  causa l  proces s from  a  non-emergen t  kind ,  whic h 
the n m a y lea d t o improvement s i n thei r  understandin g o f 
emergen t  concept s acros s variou s disciplines . 
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Despit e recen t  advances ,  th e Fundamenta l  Parado x o f 
Though t  Experiment s continue s t o challeng e us :  H o w ca n 
finding s tha t  carr y convictio n resu U from a  ne w experimen t 
conducte d entirel y withi n th e head ? Th e dat a bas e fo r  thi s 
stud y come s from  te n professor s an d advance d graduat e 
student s i n scientifi c  fields  w h o wer e recorde d whil e 
thinkin g alou d abou t  th e followin g sprin g problem : 

A weigh t  i s hun g o n a  spring .  Th e origina l  sprin g i s 
replace d wit h a  sprin g mad e o f  th e sam e kin d o f  wire , 
wit h th e sam e numbe r  o f  coils ,  bu t  wit h coil s tha t  ar e 
twic e a s wid e i n diameter .  Wil l  th e sprin g stretc h from 
it s natura l  lengt h more ,  less ,  o r  th e sam e amoun t  unde r 
th e sam e weight ? (Assum e th e mas s o f  th e sprin g i s 
negligible. )  W h y d o yo u thin k so ? 

Clemen t  (1989 )  documente d analogies .  Aha !  insight s an d 
cyclica l  mode l  evaluatio n an d revisio n processe s i n thes e 
protocols .  Workin g from  thes e transcripts ,  a  variet y o f 
imteste d though t  experiment s (i n th e broa d sense )  hav e als o 
bee n identified ,  characterize d a s th e ac t  o f  makin g a 
predictio n fo r  a n untested ,  concrete ,  bu t  absen t  situatio n (th e 
experiment") .  Aspect s o f  th e experimen t  mus t  b e ne w an d 

unteste d i n th e sens e tha t  th e subjec t  i s  no t  informe d abou t 
it s behavior .  I n a  cas e stud y o f  on e subject ,  S2 ,  whethe r  th e 
sprin g wir e i s bendin g o r  twistin g eventuall y become s a 
centra l  issue .  Textbook s tel l  u s tha t  i t  i s  twisting ,  wherea s 
many subject s assum e bending .  S 2 examine d wha t  th e 
effec t  o f  twistin g woul d b e i n th e followin g Elementa l 
unteste d though t  experimen t  use d t o mak e a  predictio n fo r 
th e bas e o f  a n analog y t o shor t  an d lon g rod s bein g twisted : 

(1 )  I f  I  hav e a  longe r  (raise s hand s apar t  ove r  table )  ro d 
and I  pu t  a  twis t  o n i t  (move s right  han d a s i f  twistin g 
something) ,  i t  seem s t o me—again ,  physica l  intuition -
tha t  i t  wil l  twis t  more... I  thin k I  trus t  tha t  intuition .  I' m 
imaginin g holdin g somethin g tha t  ha s a  certai n 
twistynes s t o it ,  a-an d twistin g it .  N o w I' m confirmin g 
(move s right  han d clos e t o lef t  hand ,  )  that. .  A s 
(repeat s motion )  I  brin g m y han d u p close r  an d close r  t o 
th e origina l  plac e wher e I  hol d it ,  I  realiz e ver y clearl y 
tha t  i t  wil l  ge t  harde r  an d harde r  t o twist . 

Bol d typ e abov e identifie s example s o f  (bot h kinestheti c an d 
other )  imagery-relate d observatio n categories :  persona l 
actio n projections ,  depictiv e han d motions ,  an d dynami c 
imager y reports ,  i n tha t  order .  Non e ar e infallibl e indicator s 
on thei r  own ,  bu t  togethe r  the y ar e mos t  plausibl y explaine d 
usin g a  framewor k tha t  include s flexible  perceptua l  moto r 
schema s tha t  generat e an d ru n imagisti c simulations ,  vi a th e 

extende d applicatio n o f  a  schem a outsid e o f  it s norma l 
domain ,  implici t  knowledge ,  o r  spatia l  reasonin g (Clement , 
1994) .  On e ca n poin t  t o suc h source s a s potentia l  origin s o f 
convictio n i n TEs ,  t o hel p u s begi n t o explai n th e 
fundamenta l  paradox .  The y ca n als o explai n th e 
effectivenes s o f  th e extrem e cas e a t  th e en d o f  th e transcrip t 
abov e a s a n exampl e o f  imager y enhancement ,  a 
phenomeno n difficul t  t o explai n i n othe r  way s (ibid.) . 

A secon d concep t  o f  T E i n a  narrowe r  sens e tha t  I  hav e 
foun d usefu l  i s  wha t  I  cal l  a n evaluativ e Gedanke n 
experiment. -  Thi s i s a  specia l  kin d o f  unteste d T E designe d 
or  selecte d b y th e subjec t  t o hel p evaluat e a  concept ,  mode l 
or  theory .  A n exampl e i s th e cas e o f  a  sprin g mad e o f  a 
verticall y oriente d ban d o f  materia l  (th e reade r  migh t 
imagin e th e meta l  unwoun d from  a  coffe e can ,  reshape d t o 
m a ke a  spring ,  say ,  3  wide. )  Th e subjec t  imagine d tha t 
suc h a  sprin g woul d stil l  b e quit e stretchabl e eve n thoug h i t 
canno t  ben d i n th e up-dow n direction ,  challengin g th e 

necessit y o f  bendin g a s no t  particularl y relevan t  a t  al l 
I n thi s typ e o f  evaluator y Gedanke n experimen t  h e design s a 
specia l  cas e wher e th e bendin g mode l  yield s a  prediction , 
(n o stretch )  bu t  wher e h e als o ha s som e othe r  independen t 
sourc e o f  informatio n tha t  ca n evaluat e tha t  prediction . 

I  believ e bot h th e broa d an d narro w concept s o f  TE s a s 
clarifie d her e ar e usefiil ,  an d bot h ca n b e analyze d i n thin k 
alou d protocols .  Th e broa d concep t  i s  appropriat e fo r 
expressin g th e fundamenta l  paradox .  Th e narrowe r  concep t 
of  a n evaluator y Gedanke n experimen t  encompasse s som e 
famou s TE s i n th e histor y o f  science ,  impressiv e i n tha t  the y 
ca n eve n contribut e t o eliminatin g a n establishe d theory . 
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Describin g th e positio n o f  object s i n spac e necessitate s a 
mappin g betwee n th e spatia l  representation(s) ,  compute d b y 
th e visua l  system ,  an d th e languag e processin g system . 
However ,  i t  turn s ou t  tha t  spatia l  descriptio n i s influence d 
not  onl y b y wher e object s ar e i n space ,  bu t  als o b y th e 
fiinctions  tha t  object s afford ,  an d th e ftinctional  relation s 
betwee n objects .  Fo r  example ,  th e prepositio n a t  i n th e 
woman i s  a t  he r  des k indicate s no t  onl y tha t  th e woma n i s i n 
clos e proximit y t o th e des k ( a topological-geometri c 
relation) ,  bu t  tha t  sh e i s likel y t o b e workin g ther e (a n extra -
geometri c functiona l  relation) .  Indeed ,  ther e i s  muc h 
empirica l  wor k showin g tha t  meanin g o f  spatia l  preposition s 
acros s a  rang e o f  language s involve s th e instantiatio n o f 
bot h geometri c an d extra-geometri c factor s (e.g. ,  Carlson -
Radvansk y &  Radvansky ,  1996 ;  Coventry ,  Prat-Sal a & 
Richards ,  2001) .  However ,  ho w geometri c an d extra -
geometri c constraint s combin e i s a n ope n question .  Regie r 
and Carlso n (2001 )  presen t  a  computationa l  account ,  th e 
attentiona l  vecto r  su m (AVS )  model ,  whic h ground s th e 
prepositio n abov e i n a  mechanis m analogou s t o populatio n 
vecto r  code s i n th e neura l  mode l  o f  Georgopolou s e l  a l 
(1986) .  However ,  Regie r  an d Carlso n dea l  onl y wit h 
geometri c computation s ove r  th e visua l  scene . 

We presen t  a  ne w computationa l  mode l  whic h 
attempt s t o dea l  wit h th e spatia l  preposition s in ,  on ,  over , 
under ,  abov e an d belo w an d extend s processin g o f  th e visua l 
scen e t o includ e ftinctional  factor s parasiti c  upo n objec t 
knowledge .  On e possibilit y  i s tha t  objec t  knowledg e ca n b e 
used a s a  means  o f  weightin g part s o f  geometri c processing , 
as i s suggeste d b y Regier ,  Carlso n an d Corriga n (i n press) . 
I n contrast ,  Coventr y an d Garro d (i n press )  sugges t  tha t 
separat e geometri c an d extra-geometri c processe s ar e 
operationa l  i n parallel ,  an d com e togethe r  i n a  situatio n 
model .  Ou r  approac h introduce s cognitive-functiona l 
constraint s b y extendin g Ullma n s  (1984 )  notio n o f  visua l 
routine s t o includ e operation s o n dynami c rathe r  tha n stati c 
visua l  inpu t  (cf .  Cavanag h e l  al ,  2001) .  W e us e 
neuropsychologically-i n spire d implementation s o f 
connectionis t  model s (c f  Regier ,  1996) .  Base d o n evidenc e 
of  motio n an d spatial-frequenc y processin g i n area s VI-V4 , 
th e M T ,  an d interaction s from  region s implicate d i n object -
recognition ,  suc h a s th e I T corte x (Edelman ,  1999) ,  w e 
construc t  a  mode l  whic h migh t  accoun t  fo r  extra-geometri c 
and geometri c factor s i n on e computationa l  system . 
Developmenta l  account s o f  a n infan t  s  understandin g o f 
concept s suc h a s geometr y (spatia l  relations) ,  dynamic s (e.g . 
gravity ,  containmen t  an d objec t  constancy) ,  an d objec t 
individuatio n an d identificatio n constrai n th e trainin g o f 

relevan t  part s o f  ou r  model .  T o giv e a n example ,  th e 
containin g par t  o f  a  mu g i s usuall y take n t o b e th e par t  th e 
liqui d i s poure d into ,  an d no t  th e semi-circula r  handle .  B y 
watchin g interaction s betwee n mug s an d liquids ,  w e 

induc e a  dynami c visua l  routin e ,  an d a  representatio n o f 
th e objec t  ove r  time .  Thes e routine s an d representation s ca n 
the n b e deploye d i n futur e processing ,  fo r  example ,  t o 
generaliz e t o simila r  object s i n th e absenc e o f  functiona l 
interactions .  Initia l  result s sho w tha t  th e computationa l 
model  perform s similarl y t o referenc e daU ,  obtaine d fro m 
new experimenta l  dat a o n spatia l  prepositio n comprehensio n 
tasks . 
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A functiona l  syste m act s upo n itsel f  an d a n environmen t  i n 
orde r  t o achiev e internall y specifie d objectives .  A  syste m i s 
define d a s functionall y comple x i f  fou r  condition s ar e met . 
Th e firs t  i s  tha t  th e syste m ca n perfor m m a n y differen t 
behaviours .  Th e secon d i s  tha t  th e syste m ha s multipl e 
potentiall y  conflictin g objectives .  Th e thir d i s tha t  a  hig h 
degre e o f  interactio n i s require d betwee n larg e volume s o f 
informatio n derive d fro m curren t  an d pas t  environmenta l 
and interna l  syste m conditions ,  fixtm  pas t  behaviours ,  an d 
fix)m  syste m objective s i n orde r  t o determin e appropriat e 
behaviou r  a t  an y poin t  i n time .  Th e fourt h i s tha t  limite d 
tim e i s availabl e betwee n whe n a n environmenta l  conditio n 
occur s an d w h e n a  behavioura l  respons e mus t  b e completed . 

By thi s definition ,  electroni c imag e processin g system s 
ar e fimctionall y trivia l  (althoug h difficul t  t o design) .  Th e 
vas t  majorit y o f  informatio n technolog y application s ar e 
ver y simpl e functionally .  Functionall y comple x electroni c 
system s ar e thos e whic h contro l  larg e physica l  system s wit h 
no huma n interventio n excep t  a s user s o f  service s provided . 
Suc h physica l  system s includ e aircraf t  simulator s an d 
telecommunication s networks .  Th e correspondin g electroni c 
contro l  system s hav e million s o f  line s o f  softwar e cod e 
designe d b y hundred s o f  engineers .  Brain s ar e biologica l 
example s o f  functionall y comple x systems . 

Experienc e wit h functionall y comple x electroni c system s 
demonstrate s th e nee d fo r  syste m architecture s whic h mak e 
effectiv e us e o f  resources ,  allo w functiona l  change s withou t 
sid e effects ,  an d permi t  identificatio n an d repai r  o f  failur e 
conditions .  Analogou s need s exis t  fo r  biologica l  brains . 
Thes e need s forc e an y syste m whic h perform s a  sufficientl y 
comple x combinatio n o f  fimction s int o a  modula r  hierarch y 
define d b y th e requiremen t  tha t  module s o n eac h leve l  ar e 
roughl y equa l  an d informatio n exchang e betwee n module s 
i s minimize d a s fa r  a s possibl e (Cowar d 2000 ;  2001) .  I n 
addition ,  carefu l  attentio n mus t  b e pai d t o maintainin g th e 
contex t  fo r  suc h informatio n exchange .  Module s withi n 
suc h a  hierarch y wil l  no t  i n genera l  correspon d wit h obviou s 
syste m features ,  bu t  ca n b e use d t o relat e hig h leve l  syste m 
fimction s t o detaile d operation s dow n t o th e devic e level . 

T wo type s o f  informatio n exchang e ar e possibl e betwee n 
modules .  A n unambiguou s informatio n exchang e indicate s 
tha t  th e currentl y appropriat e syste m behaviou r  i s withi n a 
specifie d se t  o f  possibl e behaviour s wit h 1 0 0 % confidence , 
and ca n therefor e b e interprete d a s a n instruction .  A 
partiall y  ambiguou s informatio n exchang e indicate s tha t 
appropriat e syste m behaviou r  i s probabl y withi n a  specifie d 
set  o f  possibl e behaviours ,  an d ca n therefor e b e interprete d 
as a  recommendatio n (Cowar d 2001) . 

Th e requiremen t  t o suppor t  unambiguou s context s force s 
a syste m int o th e memory ,  processin g for m o f  th e vo n 
N e u m a nn (o r  instruction )  architectur e ubiquitou s i n 

functionall y comple x electroni c systems .  However ,  heuristi c 
definitio n o f  fimctionalit y  (i.e .  learning )  i s impractica l  wit h 
unambiguou s informatio n exchange . 

The requiremen t  t o suppor t  meaningfu l  althoug h partiall y 
ambiguou s context s force s a  syste m int o th e clustering , 
competitio n for m calle d th e recommendatio n architecture . 
Heuristi c defmitio n o f  fimctionalit y i s  possible ,  wit h 
clusterin g defmin g an d detectin g informatio n combination s 
i n syste m input s an d competitio n associatin g differen t  set s 
of  combination s wit h differen t  behaviours .  However ,  th e 
requiremen t  t o maintai n context s i s a  sever e constrain t  o n 
bot h physica l  for m an d devic e algorithm s (Cowar d 2000 ; 
2001) . 

A n implemente d electroni c versio n o f  a  syste m wit h th e 
reconunendatio n architectur e ha s demonstrate d tha t  learnin g 
i s possibl e i n suc h a  system ,  an d tha t  learnin g ca n procee d 
wit h minima l  effect s o n prio r  learning .  Ther e ar e a  wid e 
rang e o f  similaritie s betwee n th e structur e an d 
phenomenolog y o f  th e implemente d syste m an d tha t  o f  th e 
m a m m al  brai n (Cowar d 2001) . 

The corte x wit h colunm s an d area s resemble s th e 
clusterin g subsyste m o f  th e recommendatio n architecture , 
and th e thalamus ,  basa l  gangli a an d cerebellu m resembl e th e 
require d competitio n subsystems .  R E M slee p resemble s th e 
require d proces s t o ensur e globa l  minimizatio n o f 
informatio n exchange .  Th e phenomenologie s o f  implici t  an d 
explici t  m e m o r y resembl e th e differen t  type s o f  change s t o 
informatio n recordin g i n clusterin g an d competitio n 
(Cowar d 1999) .  Th e m e m o r y deficit s introduce d b y damag e 
indicat e tha t  th e hippocampu s manage s resourc e assignmen t 
withi n th e corte x (Cowar d 1990) . 

I t  i s  conclude d tha t  natura l  pressure s hav e force d m a m m al 
brain s int o th e recommendatio n architectur e form ,  an d tha t 
thi s architectura l  for m ca n b e use d t o understan d th e 
relationship s betwee n cognitiv e processe s an d physiology . 
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A stud y i s presente d aimin g t o contribut e t o th e 
integratio n o f  th e informatio n processing ,  th e 
differential ,  an d th e developmcnto l  modellin g o f 
th e min d int o a  comprehensiv e theory .  Thi s i s a 
longitudina l  stud y whic h investigate d th e relation s 
betwee n processin g efficiency ,  workin g m e m o r y 
and proble m solvin g from  th e ag e o f  8  t o 1 6 years . 
Thi s stud y involve d 11 3 participants ,  almos t 
equall y draw n amon g 8- ,  10- ,  12- ,  an d 14-yea r 
old s a t  th e firs t  testing :  thes e participant s wer e 
teste d fo r  tw o mor e time s space d on e yea r  apart . 
Thes e participant s wer e teste d individuall y wit h a 
larg e arra y o f  task s addresse d t o processin g 
efficienc y (tha t  is ,  spee d o f  processin g an d 
inhibition) ,  workin g m e m o r y (tha t  is , 
phonologica l  storage ,  visua l  storage ,  an d th e 
centra l  executiv e o f  workin g memory) ,  an d 
thinkin g (tha t  is ,  quantitative ,  spatial ,  an d verba l 
reasoning) . 

Confirmator y facto r  analysi s validate d th e 
presenc e o f  al l  o f  th e abov e dimension s an d 
indicate d tha t  the y ar e organize d i n a  three -
stratu m hierarchy .  Th e first  stratu m include d al l  o f 
th e individua l  dimension s mentione d above . 
Thes e dimension s ar e organized ,  a t  th e secon d 
stratum ,  i n thre e constructs ,  namel y processin g 
efficiency ,  workin g memory ,  an d proble m 
solving .  Finally ,  al l  second-orde r  construct s ar e 
strongl y relate d t o a  diird-orde r  genera l  factor . 
Thi s structur e i s stabl e i n time. 

Structura l  equatio n modellin g indicate d tha t 
th e variou s dimension s ar e interrelate d i n a  cascad e 
fashio n s o tha t  mor e fundamenta l  dimension s ar e 
par t  o f  mor e comple x dimensions .  Tha t  is ,  spee d o f 
processin g prove d t o b e th e mos t  importan t  aspec t 
of  processin g efficienc y an d i t  i s  strongl y relatei d t o 
th e conditio n o f  inhibition ,  indicatin g tha t  th e mor e 
efficien t  on e i s i n stimulu s encodin g an d 
identification ,  th e mor e efficien t  on e i s i n 
inhibition .  I n turn ,  processin g efficienc y i s strongl y 
relate d t o th e conditio n o f  executiv e processe s i n 
workin g memory ,  which ,  i n turn ,  ar e relate d t o th e 
conditio n o f  th e tw o modality-specifi c  store s 
(phonologica l  an d visual) .  Finally ,  thinkin g wa s 
relate d t o bot h processin g efficienc y an d workin g 
memory,  th e centra l  executiv e i n particular . 

Thes e findings  provid e onl y partia l  suppor t  t o 
th e basi c position s i n psychometri c theorizin g 

concernin g th e rol e o f  th e component s o f 
processin g capacit y i n th e fiinctioning  o f  thinking . 
Specifically ,  non e o f  thes e component s alon e i s th e 
crucia l  facto r  i n th e fiinctioning  o f  thinking . 
Rather ,  the y additivel y contribut e t o it s 
fiinctioning.  Moreover ,  a  considerabl e amoun t  o f 
varianc e i n differen t  domain s o f  thinkin g remain s 
unexplaine d b y thes e genera l  factors .  Therefore , 
any theor y o f  intelligenc e mus t  b e abl e t o accoun t 
fo r  th e organizatio n an d fiinctioning  o f  thes e 
domains . 

Al l  dimension s appeare d t o chang e 
systematicall y wit h time .  Growt h modellin g 
suggeste d tha t  ther e wer e significan t  individua l 
difference s i n attainmen t  i n eac h o f  thes e 
dimensions .  Moreover ,  developmen t  affecte d 
differenti y eac h o f  the m a s wel l  a s  thei r 
interrelation .  Mixtur e growt h modellin g suggeste d 
tha t  ther e wer e fou r  type s o f  developin g persons , 
eac h bein g define d b y a  differen t  combinatio n o f 
performanc e alon g thes e dimensions .  S o m e type s 
wer e mor e efficien t  an d stabl e developer s tha n 
others .  Thes e analyse s indicate d tha t  processin g 
efficienc y i s a  facto r  tha t  explain s developmenta l 
difference s i n proble m solvin g wherea s workin g 
m e m o ry explain s individua l  differences .  Modelin g 
b y logisti c equation s uncovere d th e rate s an d for m 
of  chang e i n th e variou s dimension s an d thei r 
reciproca l  interaction s durin g development .  A 
developmenta l  mode l  i s propose d t o accoun t  fo r 
thes e findings. 
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B a c k g r o u n d 

Thi s researc h examine s th e rol e o f  comprehension-base d 
cognitiv e processe s i n th e acquisitio n o f  skill s  i n real-tim e 
dynami c tas k environments .  A  theoretically-base d mode l  o f 
pilo t  instrumen t  flight  ( A D A P T )  i s  use d a s th e studen t 
model  componen t  (VanLehn ,  1988 )  o f  a n intelligen t  too l  fo r 
trainin g real-tim e comple x tas k performance .  A D A P T i s a 
computationa l  mode l  o f  action-plannin g wit h a n architectur e 
base d upo n Kintsch' s (1994 ;  1998 )  construction-integratio n 
theor y o f  comprehension .  ADAPT' s learnin g mechanism s 
ar e use d t o mode l  instrumen t  fligh t  skil l  acquisitio n (Doane , 
Sohn,  McNamara ,  &  Adams ,  2000 )  an d t o selec t 
instruction s intende d t o optimiz e pilo t  performance . 

I n previou s research ,  rigorou s test s o f  ADAPT ' s 
predictiv e validit y compare d performanc e o f  individua l 
pilot s t o tha t  o f  thei r  respectiv e model s (Doan e &  Sohn , 
2000 ;  Doane ,  2001 ;  Soh n &  Doane ,  2002) .  Individua l  pilot s 
wer e aske d t o execut e a  serie s o f  fligh t  maneuver s usin g a 
fligh t  simulator ,  an d thei r  ey e fixation s an d contro l 
movement s wer e recorde d i n a  time-synche d database . 
Model s o f  th e 2 5 individua l  pilot s wer e constructe d an d 
use d t o simulat e pilo t  executio n o f  th e sam e flight 
maneuvers .  Th e time-synche d ey e flxations  an d contro l 
movement s o f  individua l  pilot s an d thei r  respectiv e model s 
wer e compared .  Th e result s sugges t  tha t  th e mode l  explain s 
and predict s a  significan t  portio n o f  pilo t  visua l  attentio n 
and contro l  movement s durin g flight  a s a  functio n o f 
pilotin g expertise . 

Current Research 

Curren t  researc h i s focuse d o n incorporatin g A D A P T int o a 
prototyp e trainin g syste m tha t  ca n identif y trainin g 
opportunities .  I n th e trainin g system ,  huma n pilot s 
accomplis h flight  maneuver s usin g a  graphica l  flight 
simulator .  Thei r  ey e movement s ar e tracke d b y a n A S L 
oculomete r  an d thei r  contro l  movement s an d flight 
performanc e ar e recorde d b y flight  simulato r  software .  Th e 
flight  simulato r  an d oculomete r  dat a ar e time-synched , 
passe d t o th e A D A P T mode l  fo r  analysis ,  an d the n A D A P T 
select s instruction s tha t  optimiz e pilo t  comprehensio n o f 
thei r  curren t  tas k environment . 

Of  particula r  interes t  fo r  cognitiv e scienc e i s ho w 
A D A PT use s performanc e dat a t o mak e inference s abou t 
individua l  pilo t  knowledge ,  skill ,  an d focu s o f  attention ,  an d 
th e abilit y  o f  th e mode l  t o ru n simulation s i n real-tim e t o 
predic t  futur e pilo t  action s an d t o selec t  instruction s tha t 

optimiz e ftiture  performance .  Instruction s wil l  b e delivere d 
t o pilot s vi a agent s tha t  us e verba l  (e.g. ,  voic e instruction s 
vi a earphones )  a s wel l  a s nonverba l  form s o f 
communication .  Th e majo r  challeng e wil l  b e t o accomplis h 
thi s goa l  withou t  disruptin g pilo t  performance .  W e wil l 
measur e subjec t  respons e t o instructio n an d th e tim e cours e 
of  thei r  learnin g an d relat e thes e bac k t o th e a  prior i 
individua l  difference s i n pilo t  performanc e 

Thi s researc h wil l  mak e a  theoretica l  contributio n t o ou r 
understandin g o f  th e rol e o f  comprehension-base d cognitiv e 
processe s i n real-tim e comple x an d dynami c tas k 
performance .  I t  wil l  als o mak e practica l  contribution s t o 
trainin g technologie s tha t  ca n b e use d t o augmen t  th e 
acquisitio n o f  comple x tas k performanc e skills . 
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We hav e bee n developin g learnin g environment s wit h 
animate d conversationa l  agents .  Th e agent s manag e a 
mixed-initiativ e dialo g betwee n th e learne r  an d th e compute r 
syste m eithe r  b y a  direc t  conversationa l  interactio n o r  b y 
servin g a s a  navigationa l  guid e o n a  we b site .  T w o o f  th e 
system s simulat e huma n tutor s b y (a )  presentin g difficul t 
question s tha t  requir e dee p reasoning ,  (b )  attemptin g t o 
comprehen d th e learner' s type d input ,  (c )  formulatin g dialo g 
act s tha t  ar e sensitiv e t o th e learner' s contributions ,  an d (d ) 
speakin g t o th e studen t  wit h th e animate d agent .  AutoTuto r 
teache s compute r  literac y wherea s Why/AutoTuto r  teache s 
conceptua l  physic s (Graesser ,  VanLehn ,  Rose ,  Jordan ,  & 
Harter ,  2001) .  Th e H u m a n Us e Regulator y Affair s Adviso r 
( H U R A A)  teache s officer s i n th e militar y abou t  th e ethica l 
use o f  huma n subject s o n a  we b sit e wit h a  searc h facilit y 
tha t  accesse s document s throug h question s pose d i n natura l 
language . 

Al l  thre e system s hav e use d Laten t  Semanti c Analysi s 
(LSA )  a s it s primar y representatio n o f  worl d knowledge . 
L S A i s a  statistica l  techniqu e tha t  compresse s a  larg e corpu s 
text s int o a  spac e o f  100-50 0 dimension s (Landauer ,  Foltz , 
& Laham ,  1998) .  Th e K-dimensiona l  spac e i s use d whe n 
evaluatin g th e similarit y betwee n an y tw o bag s o f  words , 
wit h value s rangin g from  0  t o 1 .  Fro m th e standpoin t  o f 
AutoTuto r  an d Why/AutoTutor ,  on e ba g o f  word s i s th e se t 
of  assertion s tha t  a  studen t  expresse s withi n a  dialo g turn ; 
th e othe r  ba g o f  word s i s th e conten t  o f  th e curriculu m scrip t 

fo r  a  particula r  topic .  Fro m th e standpoin t  o f  H U R A A,  on e 
bag o f  word s i s th e learner' s quer y i n natura l  languag e an d 
th e othe r  i s a  paragrap h i n th e docimien t  space .  L S A ha s 
generall y bee n successfu l  i n evaluatin g th e qualit y o f  studen t 
explanations ,  i n evaluatin g th e qualit y o f  studen t  assertion s 
i n tutoria l  dialog ,  an d i n th e retrieva l  o f  document s from 
natura l  languag e queries .  Successe s an d failure s o f  L S A ar e 
identifie d i n thes e thre e learnin g environments . 
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One approac h t o limitin g th e consequence s o f  error-pron e 
human performanc e i s t o automat e a s muc h a s possibl e i n a 
system .  However ,  accident s an d near-misse s hav e occurre d 
when automatio n fail s  t o perfor m a s desired ,  an d th e peopl e 
"supervising "  th e automatio n hav e troubl e determinin g th e 
stat e o f  th e automation ,  th e stat e o f  th e underlyin g proces s 
bein g controlled ,  o r  ttie  implication s o f  ho w change s t o th e 
stat e o r  t o th e automatio n parameter s wil l  affec t  overal l 
performance .  Othe r  classi c problem s wit h automatio n 
includ e los s o f  huma n skil l  a s task s becom e automate d an d 
brittlenes s (th e automatio n work s wel l  fo r  th e situation s fo r 
whic h i t  i s  designe d bu t  ca n otherwis e giv e u p contro l  o r 
attemp t  a  solutio n tha t  i s  completel y inappropriate) . 

Often ,  muc h effor t  goe s int o th e desig n o f  computerize d 
algorithms ,  bu t  relativel y littl e effor t  i s  pu t  int o th e use r 
interface .  T o desig n explicitl y  fo r  mixed-initiativ e 
interaction ,  on e need s t o desig n a  syste m wher e bot h th e 
automatio n an d th e huma n operato r  hav e th e capabilit y  t o 
guid e o r  perhap s eve n tak e ove r  contro l  o f  th e syste m bein g 
controlle d an d tha t  bot h th e huma n an d th e automatio n eac h 
has th e informatio n an d communicatio n mean s necessar y t o 
make his/her ,  o r  it s  ow n "judgments "  abou t  th e situatio n an d 
t o guid e an d perliap s critiqu e th e other' s behavior .  Clearly , 
due t o th e well-know n difference s betwee n informatio n 
systems '  an d humans '  strengths ,  weaknesses ,  an d mean s to : 
1)  sens e information ,  2 )  mak e judgments ,  an d 3 )  execut e 
actions ,  bot h th e type s o f  informatio n require d an d th e 
means fo r  gadierin g an d communicatin g tha t  informatio n 
wil l  necessaril y  b e differen t  fo r  eac h typ e o f  agent .  Recen t 
researc h ha s suggeste d certai n strategie s fo r  safe r 
automatio n desig n (assumin g human s mus t  monito r  o r  guid e 
th e automation' s behavior) .  Thes e are : 
1.  Interactivit y (allo w human s t o generat e alternativ e 

automate d an d manua l  solutions ,  wit h th e automatio n 
providin g a  compariso n acros s al l  thes e solutions ) 
(Guerlain ,  2000) . 

2.  Includ e user-initiate d notificatio n an d critiquing .  User -
initiate d notificatio n (Guerlai n &  Bullemer ,  1996 )  allow s 
th e huma n operato r  t o se t  u p temporary ,  context -
sensitiv e "monitors "  an d t o defin e wh o t o b e notifie d 
(perso n o r  system )  an d wha t  t o d o whe n suc h condition s 
ar e met .  Thes e alert s ca n b e process-specific ,  temporal , 
or  a  combinatio n o f  th e two .  User-initiate d notificatio n 
can b e turne d int o a  critiquin g strateg y (Fischer ,  Lemke , 
Mastaglio ,  &  Morch ,  1990 ;  Guerlai n e t  al. ,  1999 ; 
Silverman ,  1992 )  whe n thes e type s o f  context-sensitiv e 
alert s ar e programme d i n a t  desig n tim e (e.g. ,  no t  b y th e 
operator ,  bu t  b y th e enginee r  o r  knowledg e expert) ,  an d 
ar e designe d t o b e mor e generi c an d continuou s monitor s 

fo r  fault y o r  importan t  condition s tha t  ar e i n genera l  rare , 
but  woul d requir e operato r  o r  automatio n attention . 

3.  V k BPprQpriftt t  rcprgsgntatJQ n ftiding  an d vygrkspqp e 
navigatio n techniques ,  t o minimiz e error s an d difficultie s 
a??9<?ift̂C< l  wit h ĝ <;g??iv e cognitiv e î ĝratig n an d U ) 
maximiz e effectiv e decisio n making .  Th e goa l  o f 
representatio n aidin g i s t o represen t  relevan t  domain , 
task ,  an d syste m constraint s throug h visua l  propertie s o f 
th e display ,  an d thu s encourag e peopl e t o perceiv e thes e 
relationship s wit h littl e cognitiv e effort .  Workspac e 
management  refer s t o th e windo w manipulation , 
command input ,  an d navigatio n activitie s require d whe n 
workin g wit h computer-base d systems(Guerlain , 
Jamieson ,  Bullemer ,  &  Blair ,  2002) . 

These techniques have been successfully applied across 
divers e domains ,  suc h a s petrochemical ,  medical ,  an d 
military .  Thes e solutio n strategie s ar e b y n o mean s 
foolproof ,  bu t  the y ar e a s generi c a s th e proble m o f  ho w t o 
desig n fo r  safet y whe n human s an d automate d agent s ar e 
involved . 
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Thi s pape r  argue s tha t  (1 )  implici t  memor y i s base d 
on statistica l  learning ;  (2 )  phonologica l  learnin g o f  wor d 
form s i s base d o n implici t  memory ,  an d therefor e tha t  (3 ) 
phonologica l  learnin g o f  wor d form s i s statistica l  learn -
ing . 

Implicit memory as statistical learning 

A theoretica l  analysi s o f  tw o ke y implici t  memor y phe -
nomena,  skil l  learnin g an d repetitio n priming ,  show s tha t 
a numbe r  o f  apparen t  dissociation s betwee n the m ar e 
misleadin g (Gupt a &  Cohen ,  2002) .  First ,  i t  ca n b e 
shown tha t  th e fac t  tha t  skil l  learnin g bu t  no t  repetitio n 
primin g follow s th e powe r  la w o f  practic e follow s fro m 
th e mathematica l  definition s o f  thes e constructs ,  an d tha t 
thi s dissociatio n i s therefor e artifactual .  Second ,  i t  ca n 
be show n tha t  th e presenc e o r  absenc e o f  correlation s be -
twee n thes e phenomen a i s als o artifactual ,  an d als o fol -
low s from  thei r  definitions .  Behaviora l  dissociation s be -
twee n thes e phenomen a therefor e canno t  b e regarde d a s 
evidenc e o f  a  processin g dissociatio n betwee n them .  Fur -
ther ,  a  statistica l  learnin g base d computationa l  mode l  ca n 
be show n t o accoun t  fo r  specifi c  empirica l  data ,  exhibit -
in g a  classi c profil e o f  skil l  learnin g an d repetitio n prim -
ing ,  a s wel l  a s a  numbe r  o f  apparen t  dissociation s be -
twee n thes e phenomen a (Gupt a &  Cohen ,  2002) .  Thes e 
theoretica l  an d computationa l  analyse s provid e comple -
mentar y evidenc e tha t  skil l  learnin g an d repetitio n prim -
in g ar e aspect s o f  a  singl e underlyin g mechanis m tha t 
support s implici t  memory .  Th e computationa l  simula -
tion s sugges t  tha t  thi s mechanis m ha s th e characteristic s 
of  statistica l  learning . 

Phonological learning as implicit memory 

The hypothesi s tha t  phonologica l  learnin g o f  wor d form s 
i s base d o n implici t  memor y predict s tha t  implici t  mem-
or y task s employin g nonword s (i.e. ,  nove l  phonologica l 
wor d forms )  shoul d yiel d a  typica l  profil e o f  skil l  learn -
in g an d repetitio n primin g (e.g .  Gupt a &  Dell ,  1999) . 
A typica l  multiple-repetitio n implici t  memor y tas k wa s 
devise d i n whic h participant s wer e presente d wit h non -
words .  Som e o f  th e nonword s i n eac h bloc k o f  stimul i 
appeare d onl y onc e durin g th e experimen t  whil e othe r 
nonword s appeare d i n ever y block .  Participant s wer e 
simpl y require d t o repea t  eac h stimulu s a s soo n a s i t  wa s 
presented .  Performanc e function s wer e ver y simila r  t o 

thos e i n standar d implici t  memor y tasks ,  exhibitin g clas -
si c skil l  learnin g an d repetitio n priming .  Thes e finding s 
sugges t  tha t  implici t  memor y play s a  rol e i n th e learnin g 
of  phonologica l  forms ,  whic h i n tur n suggest s a  rol e fo r 
statistica l  mechanism s i n phonologica l  learning . 

Furthe r  evidenc e o f  th e rol e o f  distributiona l  statis -
tic s i n phonologica l  learnin g come s from  a  secon d ma -
nipulatio n i n th e study .  I f  distributiona l  statistic s pla y a 
rol e i n th e learnin g o f  phonologica l  wor d forms ,  the n a 
wor d form' s frequency-weighted  neighborhoo d densit y 
(N )  shoul d impac t  repetitio n priming .  T o tes t  thi s hy -
pothesis ,  hal f  o f  th e nonwor d stimul i  ha d a  hig h N  an d 
hal f  a  lo w N .  Neighborhoo d densit y wa s foun d t o hav e a 
significan t  impac t  o n learnin g o f  th e nonwords . 

Phonological learning as statistical learning 

The effect s o f  neighborhoo d densit y provid e ne w evi -
denc e tha t  phonologica l  learnin g i s affecte d b y th e dis -
tributiona l  statistic s o f  th e environment .  Th e presenc e 
of  classi c skil l  learnin g an d repetitio n primin g effect s 
i n nonwor d repetitio n provide s complementar y evidenc e 
regardin g th e natur e o f  th e underlyin g learning ,  suggest -
in g i t  i s  base d o n implici t  memory .  Th e theoretica l  an d 
computationa l  analyse s sugges t  tha t  implici t  memor y i s 
base d o n statistica l  learnin g mechanisms .  Togethe r  th e 
presen t  result s provid e ne w evidenc e tha t  learnin g nove l 
phonologica l  form s i s base d o n statistica l  mechanisms . 
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Recen t  advance s i n compute r  technolog y an d graphic s 
hav e mad e i t  possbl e t o produc e powerfu l  visualization s o f 
scientifi c  phenomen a an d mor e abstrac t  information .  Ther e 
i s currentl y muc h excitemen t  abou t  th e powe r  o f  thes e 
compute r  visualization s i n activitie s suc h a s scientifi c 
discovery ,  searc h o f  informatio n spaces ,  an d educatio n (e.g. , 
Card ,  Mackinla y &  Schneiderman .  1999 ;  Gordi n &  Pea , 
1995) . 

In this presentation I will define a visualization, very 
broadly ,  a s an y visual-spatia l  displa y i n whic h informatio n 
i s communicate d b y th e spatia l  arrangemen t  o f  element s i n 
th e representation .  Compute r  visualization s ar e ofte n 
dynamic .  Howeve r  stati c graphs ,  diagram s an d map s ar e 
als o example s o f  visualizations .  Visualization s ofte n depic t 
physica l  phenomen a tha t  ar e spatia l  i n nature ,  suc h a s th e 
developmen t  o f  a  thunderstor m The y ca n als o depic t  mor e 
abstrac t  phenomena ,  suc h a s th e flo w o f  informatio n i n a 
compute r  progra m o r  th e organizatio n o f  informatio n o n th e 
worl d wid e web .  A  visualization s ca n exis t  bot h internally , 
i n th e min d o f  a n individua l  (a s a  menta l  image )  o r  a s a n 
artifac t  printe d o n pape r  o r  show n o n a  compute r  monito r 
tha t  ca n b e viewe d b y a n individual . 

Whereas our ability to internally visualize has 
probabl y no t  change d significantl y i n recen t  history , 
technolog y ha s significantl y improve d ou r  abilit y  t o creat e 
externa l  visualizations .  I t  i s  probabl y no t  surprisin g 
therefor e tha t  curren t  researc h o n th e rol e o f  visualizatio n i n 
thinkin g focuse s o n externa l  visualizations .  Cognitiv e 
scientist s hav e mad e importan t  contribution s t o researc h o n 
externa l  visualization s (e.g. ,  Larki n &  Simon ,  1987 ;  Scaif e 
& Rogers ,  1996) .  Ther e ha s als o bee n a n importan t  traditio n 
of  researc h o n interna l  visualizatio n withi n cognitiv e 
psycholog y (e.g .  Kosslyn ,  1994) .  However ,  psychologica l 
researc h o n interna l  visualizatio n ha s bee n mor e concerne d 
wit h th e natur e o f  th e imager y syste m tha n i n it s rol e i n 
thinkin g an d reasonin g 

The purpose of this paper is to explore possible 
relationship s betwee n interna l  an d externa l  visualization s 
and thei r  rol e i n thinkin g an d reasoning .  On e possibilit y  i s 
tha t  externa l  visualization s ca n substitut e fo r  interna l 
visualizations .  Thi s vie w assume s tha t  on e perso n ca n creat e 
an externa l  visualizatio n o f  phenomenon ,  a  secon d perso n 
ca n vie w tha t  visualization ,  an d a s a  resul t  th e secon d 
perso n wil l  hav e th e sam e interna l  represenatio n a s th e 
perso n w h o create d th e visualization .  I f  thi s wer e true ,  a n 
externa l  visualizatio n coul d ac t  a s a  "prosthetic "  fo r  peopl e 
wit h poo r  spatia l  visualizatio n abililities .  A  secon d 

possibilit y  i s  tha t  externa l  visualization s augmen t  interna l 
visualizations ,  tha t  is ,  provid e informatio n o r  insight s tha t 
ar e additiona l  t o thos e tha t  ca n b e provide d b y interna l 
visualizations .  Fo r  example ,  a n externa l  visualizatio n migh t 
sho w a  mor e comple x proces s tha n ca n b e internall y 
visualize d withi n th e limite d capacit y o f  visual-spatia l 
workin g memory .  A  thir d possibilit y  i s  tha t  th e abilit y  t o 
internall y visualiz e migh t  b e a  requiremen t  fo r 
comprehendin g an d usin g externa l  visualizations .  I n thi s 
case ,  gainin g insigh t  fro m a  vi s ualizatio n woul d depen d o n 
th e sam e skill s  a s internall y visualizing .  A  fourt h possibilit y 
i s  tha t  viewin g externa l  visualization s enhance s th e 
developmen t  o f  interna l  visualizatio n abilities .  Thes e 
possibilitie s ar e no t  mutuall y exclusive . 

This paper will be informed by my research on mental 
animatio n o f  stati c diagram s (Hegarty ,  1992 )  an d o n 
learnin g fro m animate d display s (Hegarty ,  Narayana n & 
Freitas ,  2002) .  I t  wil l  discus s implication s fo r  educatio n an d 
training . 
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Hol t  (2001 )  propose d developin g Scientifi c  Informatio n 
System s t o construc t  an d validat e theor y concernin g 
comple x multi-perso n systems .  Hol t  describe d a  proces s o f 
successiv e cycle s o f  theor y refmemen t  usin g informatio n i n 
databases .  Holt ,  Boehm-Davis ,  an d Beaubie n (2001 ) 
discusse d th e developmen t  o f  theor y fo r  describin g cre w 
performanc e i n th e aviatio n domai n b y statisticall y 
analyzin g performanc e measures .  Thes e inductive ,  theory -
buildin g approache s requir e goo d dat a an d analyses . 
Unfortunately ,  obtainin g goo d qualit y measure s ma y b e 
difficul t  i n domain s suc h a s aviatio n whic h ar e complex , 
dynamic ,  an d multi-perso n (Holt ,  Johnson ,  &  Goldsmith , 
1997 ;  Holt ,  Hansberger ,  &  Boehm-Davis ,  i n press) . 

An alternativ e approac h i s t o carefull y exten d theor y from 
a fiel d closel y relate d t o th e focu s o f  researc h an d 
subsequentl y validat e it .  Thi s stud y wa s focuse d o n aviatio n 
cre w performanc e usin g fligh t  dec k automatio n durin g th e 
descen t  phas e o f  flight .  Th e theor y tha t  wa s extende d t o thi s 
domai n wa s th e A C T - R 4. 0 cognitiv e architectur e 
(Anderso n &  Lebiere ,  1998) .  Th e A C T - R architectur e wa s 
extende d t o describ e th e highl y procedura l  natur e o f  cre w 
performanc e i n thi s contex t  (e.g .  checklists .  Standar d 
Operatin g Procedure ,  etc.) .  Th e initia l  developmen t  o f  thi s 
model  focuse d o n a n A C T - R mode l  o f  th e Pilo t  Flyin g (PF ) 
who ha d t o receiv e directive s from  Ai r  Traffi c  Contro l 
(ATC) ,  decid e o n ho w t o us e th e automatio n t o achiev e 
flight  goals ,  an d monito r  th e succes s o r  failur e o f  actions . 

Based o n lesson s learne d from  thi s initia l  effort ,  th e 
approac h wa s extende d t o constructin g a  cre w mode l  wit h a 
simulate d P F an d Pilo t  No t  Flyin g (PNF) .  Thes e cre w 
members wer e simulate d b y separat e A C T - R model s base d 
on a  cognitiv e tas k analysi s o f  th e dutie s fo r  eac h person . 
The simulate d tas k scenari o wa s th e tim e perio d jus t  befor e 
and afte r  To p o f  Descen t  ( T O D )  i n th e descen t  phas e o f 
flight.  Th e P N F task s include d verificatio n an d 
programmin g o f  th e Fligh t  Managemen t  Syste m ( F M S ) 
compute r  a s wel l  a s gatherin g appropriat e informatio n fo r 
completio n o f  th e flight.  Th e P F monitor s an d flies  th e 
aircraf t  excep t  fo r  require d briefing s an d responses . 

Require d aspect s o f  cre w interactio n suc h a s cre w 
communicatio n (e.g .  briefings ,  acknowledgments )  wer e 
implemente d b y a  communicatio n lin k betwee n th e P F an d 
P NF simulation s usin g a  multi-mode l  extensio n o f  ACT-R . 
Simulate d communication s involve d goals ,  specifi c  actions , 
or  situationa l  fact s an d features . 

The linke d P F an d P N F model s wer e evaluate d b y 
manipulatin g th e simulate d expertis e o f  th e crew .  Expertis e 

was simulate d b y changin g A C T - R parameter s an d 
structures .  Specifically ,  highe r  expertis e wa s simulate d b y 
combination s o f  hig h strengt h o f  associativ e link s fo r 
procedura l  behavior ,  highe r  workin g memor y capacity ,  an d 
cognitiv e strategie s suc h a s th e systemati c reactivatio n o f 
goal s cue d b y externa l  stimul i  suc h a s a  checklist . 

One advantag e o f  usin g th e cognitiv e architectur e wa s 
tha t  a  complet e profil e o f  cognitio n an d performanc e coul d 
be measure d fo r  eac h simulatio n run .  Mode l  performanc e 
measure s includ e tota l  tim e fo r  al l  tasks ,  averag e tim e fo r 
eac h task ,  checklis t  step s skipped ,  repeated ,  o r  performe d 
out-of-order ,  automatio n programmin g delayed ,  skipped ,  o r 
incorrect ,  an d th e omissio n o f  require d communications . 

Qualitativ e result s suc h a s ste p skipping ,  repetition ,  an d 
intrusio n o f  incorrec t  step s wer e observe d a t  lowe r  level s o f 
simulate d expertise .  Emergen t  result s include d cre w 
miscommunication ,  differentia l  situatio n awareness ,  an d 
forgettin g relevan t  goal s unde r  certai n condition s o f  delay s 
and interruptions .  Th e precis e profil e o f  performanc e 
difference s fo r  differen t  level s o f  cre w expertis e ca n b e use d 
t o develo p assessmen t  items ,  strategies ,  an d guideline s fo r 
assessin g performanc e o f  conunercia l  crews . 
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Promotin g Transfe r  throug h Case-Base d Reasoning :  Ritual s an d Practice s i n th e 

Learnin g b y Desig n Classroo m an d Evidenc e o f  Transfe r 
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Our  goa l  i n educatio n i s t o hel p student s lear n conten t  an d 
skill s  i n way s tha t  allo w the m t o us e wha t  the y ar e learnin g 
i n ne w an d nove l  situations .  W e wan t  the m t o lear n fo r 
transfer .  Th e cognitiv e literatur e focuse s o n th e cognition , 

or  individua l  reasoning ,  neede d t o lear n fo r  transfe r  (see , 
e.g. ,  Bransfor d e t  al. ,  1999) .  Th e socio-cultura l  literatur e 
focuse s o n th e socia l  interaction s tha t  ar e importan t  fo r 
learnin g skill s  an d practice s i n suc h a  wa y tha t  the y ca n b e 
performe d i n ne w an d differen t  context s (e.g. .  Lav e & 
Wenger ,  1991) .  Bot h agre e th e buildin g block s fo r  engagin g 
i n skill s  an d participatin g i n practice s i n a n exper t  wa y ar e 
develope d ove r  tim e an d i n stage s an d requir e a  variet y o f 
experience s an d reflectio n o n them .  Th e computationa l 
model s o f  cognitio n tha t  com e ou t  o f  case-base d reasonin g 
(CBR;  Kolodner ,  1993 )  allow s u s t o redefin e transfe r  a s 
spontaneou s remindin g an d us e o f  previou s experienc e i n 
reasonin g abou t  a  ne w situatio n (Kolodne r  e t  al. ,  2002) . 
Thi s interpretatio n o f  transfe r  suggest s practice s fo r  th e 
classroo m tha t  ca n promot e transfe r  (Kolodner ,  1997) . 

We v e designe d a  project-base d inquir y approac h t o 
scienc e learnin g fo r  middl e schoo l  calle d Learnin g b y 
Design "  (LBD" ;  Hmel o e t  al. ,  2000 ;  Kolodne r  e t  al. , 
1998 ,  2002) ,  base d o n thes e principles .  We'v e identifie d 
many o f  th e affordance s an d potentia l  affordance s fo r 
transfe r  tha t  projec t  an d problem-solvin g activitie s provide , 
and we'v e designe d classroo m rituals  an d practice s tha t  hel p 
teacher s an d student s identif y thos e affordance s an d ac t  o n 
them .  I n scienc e education ,  ther e i s a  nee d fo r  student s t o 
lear n no t  onl y conten t  bu t  als o th e skill s an d practice s o f 
scientist s — from  measurin g an d observin g t o interpretatio n 
of  dat a t o justifyin g wit h evidenc e an d explainin g causall y 
t o communicatin g wit h others ,  plannin g investigativ e 
activities ,  an d applyin g wha t  s  bee n learned .  L B D focuse s 
on helpin g student s lear n thi s ful l  se t  o f  objectives . 

C BR tell s u s tha t  productiv e learnin g from  experienc e 
require s timel y feedbac k o n on e s  experiences ,  interpretin g 
tha t  feedbac k an d explainin g what  happene d i n ligh t  o f 
one s  goal s an d intentions ,  makin g connection s betwee n 
one s  goals ,  plans ,  an d explanations ,  an d havin g th e chanc e 
t o tr y again .  I t  emphasize s th e iterativ e natur e o f  learnin g 
and th e centralit y o f  explanation .  L B D s  activit y structure s 
and sequencin g provid e bot h affordance s an d scaffoldin g fo r 
suc h reasoning .  Student s lear n withi n th e contex t  o f  desig n 
challenge s tha t  requir e iterativ e tria l  an d refinemen t  fo r 
achievement .  I t  i s als o highl y collaborative .  The y engag e i n 
a variet y o f  publi c presentation s (poste r  sessions ,  pin-u p 
sessions ,  an d galler y walks )  wher e the y presen t  thei r  ideas , 
interpretations ,  an d experience s t o thei r  peer s i n a n 
interactiv e forum .  Preparin g fo r  a  sessio n require s makin g 

connection s betwee n on e s  goals ,  plans ,  an d explanations . 
The publi c venu e allow s student s t o ge t  hel p from  thei r 
peer s a t  explainin g thei r  results .  I t  als o provide s student s 
wit h a  variet y o f  example s tha t  ar e the n discusse d wit h 
lesson s tha t  migh t  b e learne d from  th e ful l  se t  extracted .  A s 
the y iterativel y mov e towar d bette r  desig n solutions ,  the y 
iterativel y enhanc e thei r  understanding s o f  concept s an d 
thei r  abilitie s t o engag e i n skill s  an d practices . 

Student s spontaneousl y mak e referenc e t o previou s 
experience s ove r  th e cours e o f  severa l  month s o f  engagin g 
i n L B D activities ,  especiall y wit h respec t  t o carryin g ou t 
skill s an d practices .  Ou r  performanc e assessment s sho w 
spontaneou s remindin g an d us e o f  bot h knowledg e an d 
skills ,  an d L B D student s ar e mor e capabl e tha n compariso n 
student s o f  engagin g a s scientist s an d collaborator s 
(Kolodne r  e t  al. ,  2002) .  W e propos e tha t  studyin g learnin g 
environment s tha t  encourag e th e natura l  us e o f  case-base d 
reasonin g wil l  increas e ou r  understandin g o f  transfer . 
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In t roduct io n 

Earl y researc h o n error s focuse d o n studie s o f  huma n 
reliabilit y i n engineerin g domains .  H u m a n component s 
wer e considere d a s additiona l  element s i n th e system , 
simila r  t o othe r  technica l  components .  Jus t  a s technica l 
safet y i s  improve d throug h th e reductio n o f  technica l 
breakdowns ,  i t  seeme d c o m m o n sens e t o us e a  S3mimetrica l 
rational e t o improv e safet y throug h th e reductio n o f  huma n 
errors .  I n th e las t  fe w years ,  Pate l  an d colleague s hav e 
reporte d a  numbe r  o f  studie s tha t  focuse d o n understandin g 
dynami c decisio n makin g i n hig h velocit y medica l 
environments ,  namel y intensiv e car e an d medica l 
emergenc y unit s (Pate l  an d Arocha ,  2000 ;  Patel ,  Kaufman , 
and Magder ,  1996) .  Thes e an d othe r  studie s hav e identifie d 
th e problem s o f  post-ho c analysi s i n researc h o n erro r 
detectio n an d fault s i n suc h environments ,  tha t  ar e 
characterize d b y hig h level s o f  urgency ,  uncertainty ,  an d 
shifting ,  ill-defined ,  an d competin g goals .  Althoug h suc h 
investigation s int o huma n erro r  sometime s necessitat e a 
post-ho c analysis ,  an d ca n b e ver y informativ e i n 
identificatio n an d reductio n o f  futur e errors ,  suc h 
retrospectiv e analysi s present s severa l  problems . 

Methodology 

The dat a wer e collecte d i n th e cardiothoraci c intensiv e car e 
uni t  a t  a  larg e teachin g hospita l  usin g naturalisti c 
approaches .  Th e method s use d represen t  a n extensio n o f  th e 
information-processing ,  cognitiv e scienc e tradition .  I n 
orde r  t o examin e th e natur e o f  th e interaction s an d 
negotiation s occurrin g withi n th e workflo w o f  th e ICU ,  w e 
performe d approximatel y fou r  month s o f  ethnographi c 
observatio n t o collec t  dat a abou t  th e employee s an d genera l 
workflo w o f  th e ICU .  W e the n shadowe d thre e nurse s fo r 
th e duratio n o f  thei r  12-hou r  shifts .  Durin g shadowing ,  w e 
followe d th e nurs e whereve r  the y went ,  audio-recorde d thei r 
conversation s wit h othe r  IC U tea m members ,  an d too k note s 
i n a  journa l  t o recor d non-verba l  activities .  Th e audio-tape s 
wer e transcribe d fo r  late r  analysis . 

Results 

The dat a provide d u s wit h informatio n abou t  th e dail y 
pattern s o f  communicatio n withi n th e I C U an d insigh t  int o 
th e professiona l  an d socia l  relationship s betwee n staf f 
members i n conductin g dail y activities .  Throug h protoco l 
analysi s o f  th e transcriptions ,  w e wer e abl e t o characteriz e 
specifi c  instance s o f  error s mad e an d circumstance s whic h 

ar e highl y susceptibl e t o suc h errors .  Whil e m a n y error s 
occurred ,  mos t  o f  the m wer e ofte n detecte d an d resolve d 
ver y quickly ,  eithe r  tiirough  (1 )  communicatio n betwee n 
tea m member s o r  (2 )  feedbac k fi-om  th e I C U environment . 
For  instance ,  continue d us e o f  a  sedativ e t o dea l  wit h patien t 
pai n wa s quickl y rejecte d a s a  treatmen t  pla n whe n on e tea m 
member  realize d tha t  i t  wa s contributin g t o live r  failure . 
Whil e on e I C U staf f  member  alon e m a y hav e misse d thi s 
error ,  wit h i t  perhap s leadin g t o a n advers e event ,  th e I C U 
tea m wa s abl e to ,  throug h thei r  interactions ,  identif y th e 
potentia l  fo r  erro r  an d tak e step s t o preven t  it .  A l t h o u ^  thi s 
situatio n wa s manage d wit h erro r  recovery ,  instance s suc h 
as thes e ca n b e misse d an d contribut e collectivel y t o mor e 
seriou s errors . 

Discussion and Conclusion 

We sugges t  tha t  mistake s ar e a n inevitable ,  cognitivel y 
usefu l  phenomeno n tha t  canno t  b e totall y eliminated .  W e 
vie w huma n error s a s product s o f  cognitiv e activit y 
regulate d i n a  broade r  contex t  o f  adaptatio n t o one' s 
environmen t  an d wor k activities .  I n thi s view ,  wher e h u m a n 
activit y i s  see n a s dynami c adaptatio n t o th e wor k 
environment ,  mos t  error s ca n b e considere d a s th e pric e pai d 
fo r  makin g compromise s i n tradin g of f  betwee n variou s 
alternatives .  Unlik e th e popula r  goa l  o f  achievin g flawless 
performanc e (throug h developmen t  o f  error-fi-e e systems) , 
our  stud y argue s fo r  developin g system s tha t  ar e adaptiv e 
enoug h t o allo w fo r  th e specifi c  natur e o f  huma n errors . 
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and Knowledg e Analysi s Technologies ,  L L C 

Laten t  Semanti c Analysi s (LSA )  treat s languag e learnin g 
and representatio n a s a  proble m i n mathematica l 
induction .  I t  cast s th e passage s o f  a  larg e an d 
representativ e tex t  corpu s a s a  syste m o f  simultaneou s 
linea r  equation s i n whic h passag e meanin g equal s th e su m 
of  wor d meanings .  Solutio n b y Singula r  Valu e 
Decompositio n (SVD )  an d dimensio n reductio n produce s 
a high-dimensiona l  vecto r  representin g th e averag e 
contributio n t o passag e meaning s o f  ever y word ,  an d thu s 
of  th e similarit y betwee n an y tw o passages .  L S A 
simulate s biuna n languag e understandin g wit h surprisin g 
fidelity .  Combinin g L S A wit h othe r  statistica l  languag e 
modelin g method s increase s it s practica l  scope .  A  variet y 
of  test s an d application s illustrat e it s power ,  limits ,  an d 
rais e interestin g theoretica l  issues . 

Examples from Previously Published Results 

L S A Improve d I R 10-30 % b y recognizin g document s o f 
simila r  meanin g bu t  differen t  word s (Dumais ,  1991) ; 
powere d automaticall y constructe d cross-languag e 
informatio n retrieva l  (Landaue r  an d Littman ,  1990) ; 
mimicke d th e 10  words /  da y vocabular y acquisitio n rat e 
of  childre n (Landaue r  &  Dumais ,  1997) ,  an d colleg e 
studen t  learnin g o f  psycholog y fro m textbook s (Landauer , 
Folt z &  Laham ,  1998 )  a s measure d b y multiple-choic e 
tests ;  simulate d huma n categorizatio n an d similarit y 
rating s (Laham ,  2000) ,  enable d simulation s o f  predicatio n 
and metaphor .  (W .  Kintsch ,  2001) ;  predicte d paragrap h 
comprehensio n difference s cause d b y variatio n i n S- S 
coherence ;  predicte d whic h text s student s woul d lear n 
most  fro m a s a  functio n o f  thei r  prio r  knowledg e (Rehde r 
et  al. ;  Landauer ,  Folt z &  Laham ,  1998) ;  an d improve d 
summarizin g skill s b y automati c componentia l  feedbac k 
(E .  Kintsc h &  Steinhart ,  2000) . 

New Tests, Advances and Applications 

L S A no w scale s t o ca .  10 0 millio n wor d corpor a b y large r 
compute r  memor y an d ne w algorithms .  System s base d o n 
L S A measur e th e qualit y o f  sentence s writte n t o 
contextuall y defin e a  word ,  r  =  .8 1 wit h exper t  ratings ; 
connec t  b y conceptua l  meanin g eac h o f  a  millio n 
paragraph s o f  a n e-library ;  powe r  collaborativ e learnin g 
environment s tha t  automaticall y aler t  participant s t o 
relevan t  contribution s o f  other s an d asses s contributions ; 
enhanc e technica l  manual s t o improv e learnin g an d spee d 
performance ;  fro m tex t  abou t  tasks ,  occupationa l 
histories ,  etc. ,  hel p guid e caree r  choice ,  fill  jobs ,  an d 
assembl e optima l  teams ;  combine d wit h othe r  statistica l 

languag e models ,  scor e essay s a s accuratel y a s exper t  huma n 
reader s an d provid e componentia l  feedbac k an d plagiaris m 
detection . 

Some Implications, Limitations, and Issues 

Successe s t o dat e disprov e th e povert y o f  th e stimulu s 
argumen t  fo r  lexica l  meanin g an d recas t  th e proble m o f  synta x 
learning ,  bu t  leav e muc h roo m fo r  improvement .  Siz e matters . 
The larges t  tex t  corpor a use d i n thes e application s equal s on e 
student' s readin g throug h hig h school ;  spoke n languag e 
experienc e i s a n orde r  o f  magnitude  greater .  Semanti c atom s 
ar e no t  onl y singl e words ;  idiom s nee d lexicalization .  Synta x 
surel y matters ;  L S A ignore s wor d order .  LSA' s knowledg e 
resemble s intuition ;  peopl e als o us e languag e fo r  logic . 
Relation s t o othe r  inpu t  matter .  Perceptua l  an d intentiona l 
experienc e contribut e t o meanin g representation .  (However , 
whethe r  thes e base s ar e essential ,  mor e fundamenta l  o r 
involv e differen t  representationa l  mechanism s i s a n ope n 
question .  L S A represent s perceptua l  phenomen a vicariously , 
e.g .  colo r  relations .  Demonstration s tha t  peopl e thin k i n othe r 
modes,  o r  tha t  L S A doe s no t  exhaus t  linguisti c meanin g d o no t 
questio n LSA' s validity ,  bu t  cal l  fo r  mor e modeling ,  testing , 
and integration . 

Possible Avenues for Research and Resolution 

Simila r  inductiv e method s hav e bee n applie d i n perceptio n 
(e.g .  b y S .  Edelman ,  1999). ,  openin g a  roa d t o integratin g 
languag e an d perception .  N e w model s wit h learnin g o f 
sententia l  orde r  base d meanin g ar e needed .  Simo n Dennis' s 
ne w unpublishe d mode l  i s  a  seriou s contender . 
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Modelin g th e Developmen t  o f  Lexico n wit h DevLex : 

A Self-Organizin g Neura l  Networ k Mode l  o f  Lexica l  Acquisitio n 

Ping Li & Igor FarluS (pli, ifarkas@richmond.edu) 
Departmen t  o f  Psychology ,  Universit y o f  Richmond ,  Richmond ,  V A 23173 ,  US A 

It  i s  wel l  know n i n developmenta l  psycholinguistic s tha t 
youn g childre n produc e a  significan t  amoun t  o f  speec h 
error s a t  a  certai n stage ,  whic h i s ofte n associate d wit h U -
shape d learnin g (Bowerman ,  1982) .  No t  onl y d o childre n 
sho w error s i n morphologica l  developmen t  (e.g. ,  th e well -
known pas t  tens e errors) ,  the y als o displa y error s i n wor d 
namin g an d i n spontaneou s wor d production .  Variou s 
account s hav e bee n offere d fo r  thes e errors ,  from  th e child' s 
confusio n o f  relate d semanti c fields ,  t o th e child' s semanti c 
reorganization ,  t o th e child' s inabilit y  t o retriev e th e correc t 
item s i n lexica l  memor y durin g production .  I n thi s study ,  w e 
investigat e th e natur e an d origi n o f  thes e error s a s a  functio n 
of  th e organizatio n an d reorganizatio n o f  a  developmenta l 
lexicon ,  usin g DevLe x a s th e basi s o f  ou r  modeling . 

DevLex i s a  self-organizin g neura l  networ k mode l  tha t 
has th e followin g propertie s (Faika 5 &  Li ,  2002) .  Th e mode l 
consist s o f  tw o self-organizin g map s interconnecte d b y 
associativ e links .  Th e tw o map s attemp t  t o captur e th e 
organizatio n o f  wor d meaning s (th e semanti c map )  an d 
wor d pronunciation s (th e phonologica l  map) .  Th e semanti c 
map i s a  dynamicall y growin g networ k tha t  learn s wor d 
representation s derive d from  wor d cooccurrenc e matrice s i n 
child-directe d speech .  I t  organize s wor d representation s 
incrementally ,  addin g ne w unit s t o area s wit h highe r  lexica l 
density .  Semanti c ma p i s connecte d wit h phonologica l  ma p 
tha t  i s  pre-traine d o n th e PatPh o representation s (L i  & 
MacWhinney ,  2002 )  o f  th e 55 0 toddle r  word-lis t  from  th e 
CDI  lexica l  norm s (Dal e &  Fenson ,  1996) .  A t  ever y 
iteratio n durin g simulation ,  th e semanti c an d phonologica l 
representation s o f  word s ar e simultaneousl y presente d t o 
bot h maps .  Throug h self-organizatio n (usin g Kohonen' s 
algorithm) ,  th e networ k form s a n activit y o n th e phono -
logica l  ma p i n respons e t o th e phonologica l  input ,  an d a n 
activit y o n th e semanti c ma p i n respons e t o th e semanti c 
input .  Fo r  ever y wor d bein g presented ,  th e mode l 
simultaneousl y learn s associativ e connection s betwee n th e 
tw o map s throug h Hebbia n learning .  DevLe x i s evaluate d 
wit h respec t  t o it s accurac y i n semanti c representation s an d 
i n production s (vi a associativ e connection s from  semantic s 
t o phonologica l  output) . 

Our  simulatio n result s indicat e tha t  DevLe x i s  abl e t o 
model  an d provid e insight s int o a  rang e o f  phenomen a i n th e 
earl y lexica l  acquisition .  I n particular ,  th e onse t  o f  error s 
(measure d a s numbe r  o f  word s confiise d i n th e network ) 
reflect s a  numbe r  o f  importan t  factor s tha t  gover n lexica l 
development .  (1 )  Th e lexica l  categorie s o f  nouns ,  verbs , 
adjectives ,  an d closed-clas s word s hav e differen t  profile s 
over  th e cours e o f  lexica l  growth ,  an d thei r  relativ e 
proportion ,  typ e frequency,  an d toke n frequency  al l  affec t 
th e kind s o f  error s mad e i n th e network .  Thi s findin g 
confirm s Bate s e t  al' s  (1994 )  argumen t  o n th e importan t  rol e 
tha t  wor d categor y compositio n play s i n lexica l  acquisition . 

(2 )  Numbe r  o f  word s confuse d i n th e semanti c ma p an d i n 
productio n i s directl y relate d t o wor d density ,  measure d a s 
th e amoun t  o f  word s mappe d ont o th e neares t  neighborhoo d 
of  th e targe t  word .  I n addition ,  lexica l  confusio n occur s 
more ofte n fo r  noun s tha n fo r  othe r  wor d categories , 
becaus e o f  a  "noun-bias "  i n th e earl y vocabulary .  Thi s resul t 
shows tha t  th e sourc e o f  children' s namin g error s ma y b e th e 
tigh t  competitio n amon g simila r  neighbor s i n densel y 
populate d region s o f  th e lexicon ,  consisten t  wit h th e vie w 
tha t  wor d densit y ca n predic t  th e spee d an d accurac y i n 
children' s lexica l  acces s (Charles-Luc e &  Luce ,  1990) .  (3 ) 
The rat e o f  vocabular y expansio n influence s th e rat e o f 
lexica l  confusion :  th e mor e relate d word s tha t  th e networ k 
has t o lear n withi n a  give n period ,  th e mor e likel y i t  wil l 
sho w inaccuracie s i n th e semanti c ma p an d i n production . 
Thi s patter n i s  consisten t  wit h th e hypothesi s tha t  rapi d 
increas e i n th e rat e o f  ne w word s predict s th e increas e i n 
children' s namin g error s (Gershkoff-Stow e &  Smith ,  1997) . 
I n sum ,  DevLe x provide s a  ne w coimectionis t  mode l  tha t 
can simulat e a  developmenta l  lexico n an d relat e t o realisti c 
languag e learnin g wit h self-organizin g principles . 
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W h e r e D o Problem-Solvin g Strategie s C o m e F r o m ? 
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Researc h ha s show n tha t  peopl e ofte n generat e problem -
solvin g strategie s i n a  ne w domai n b y processin g exampl e 
solutions .  However ,  thi s approac h presume s th e existenc e o f 
some relate d strategie s fo r  processin g example s i n tha t  ne w 
domain .  Th e questio n the n becomes :  Wher e d o thos e 
strategie s com e from ? A n importan t  aspec t  o f  processin g 
example s i s  knowin g whic h feature s o f  th e exampl e 
problem s ar e structurall y significan t  an d whic h feature s ar e 
superficial .  Indeed ,  m u c h researc h o n expert-novic e 
difference s highlight s experts '  grea t  advantag e i n properl y 
representin g an d categorizin g problem s i n term s o f  dee p 
feature s (e.g. ,  se e Chi ,  Glaser ,  &  Farr ,  1988) .  Bu t  h o w ca n 
proble m solver s ne w t o a  domai n achiev e thi s skill ? I n man y 
domains ,  solver s hav e preconception s o f  whic h feature s ar e 
significan t  an d whic h ar e superficial .  W h e n thes e 
preconception s ar e o n target ,  i.e. ,  th e presumed-significan t 
feature s ar e indee d relevan t  t o th e solution s an d th e 
presumed-superficia l  feature s ar e irrelevant ,  the n learnin g 
b y exampl e ca n procee d effectivel y an d efficiently . 
However ,  whe n solvers '  preconception s d o no t  matc h realit y 
fo r  a  give n domai n — eithe r  becaus e thei r  preconception s 
mis-ma p feature s t o th e significant-superficia l  distinctio n o r 
becaus e thei r  preconception s ar e to o wea k t o enabl e 
encodin g o f  th e relevan t  feature s — the n learnin g i s 
impeded . 

Background Research 

I n previou s work ,  Lovet t  an d Schun n (1999 )  demonstrate d 
tha t  th e sam e tas k wit h differen t  superficia l  feature s coul d 
lea d participant s t o generat e ver y differen t  strategie s and , 
dependin g o n thei r  individua l  strategies ,  achiev e ver y 
differen t  learnin g gains .  Specifically ,  i n on e versio n o f  th e 
task ,  participant s tende d t o encod e thei r  choice s i n term s o f 
a singl e featur e — whethe r  eac h choic e ha d th e sam e colo r 
as th e precedin g stimulu s — wherea s i n th e othe r  versio n o f 
th e task ,  participant s wer e no t  biase d t o an y particula r 
feature .  Tli e experimen t  wa s the n designe d s o bot h tas k 
version s woul d b e bes t  solve d usin g a  c o m m o n ,  structurall y 
importan t  feature ,  an d thi s wa s no t  th e same-colo r  featur e 
salien t  i n versio n 1 .  A s predicted ,  performanc e wa s 
degrade d i n versio n 1 .  Thi s wa s attribute d t o th e difficult y 
— fo r  participant s i n verso n 1  — o f  learnin g t o ignor e a 
preconceived-relevan t  featur e an d havin g t o generat e ne w 
strategie s tha t  di d no t  us e thi s feature .  Lovet t  an d Schun n 
presente d a  proces s model ,  calle d R e C y C L e ,  o f  h o w 
feature s ente r  an d leav e one' s tas k representatio n and ,  hence , 
h o w strateg y set s evolve .  On e predictio n o f  theReCyCL e 
model  i s  tha t  solver s ar e mor e likel y t o chang e thei r 
representatio n whe n thei r  curren t  stsraties '  succes s rate s ar e 
low . 

G o a l s a n d M e t h o d 

The curren t  studie s attemp t  t o replicat e thi s previou s wor k 
unde r  slightl y differen t  condition s an d t o addres s tw o 
additiona l  questions : 

(1 )  What ,  i f  any ,  ar e th e loca l  trigger s fo r  proble m 
solver s t o chang e thei r  representation s an d generat e 
ne w strategies ? 

(2 )  Wha t  i s th e rol e o f  explici t  instructio n (e.g. ,  hints )  i n 
helpin g solver s t o adjus t  thei r  strateg y sets ? 

Question (1) was addressed by asking a subset of 
participant s t o provid e talk-alou d protocol s an d comparin g 
code d occurrence s o f  strategy-generatio n o r  strategy-chang e 
event s t o simila r  profile s a m o n g th e non-protoco l 
participants .  Questio n (2 )  wa s addresse d b y manipulatin g if , 
when,  an d h o w participant s woul d receiv e a  textua l  hin t 
abou t  importan t  feature s t o include/exclud e i n thei r 
representatio n o f  th e task .  Als o varie d i n thi s experimen t 
was th e degre e o f  succes s o f  th e bes t  strategy .  I n particular , 
th e bes t  strategy' s succes s rat e coul d b e increased/decrease d 
by decreasing/increasin g th e overal l  randomnes s o f  th e tas k 
environment .  Thi s manipulatio n is ,  simpl y construed ,  a  tas k 
difficult y manipulation . 

Results 

Regardin g th e first  question ,  result s sugges t  that ,  a t  leas t 
when the y ar e aske d t o tal k aloud ,  participan t  engag e i n a 
considerabl e amoun t  o f  explici t  strateg y (o r  hypothesis ) 
generation .  And ,  whil e participant s ten d t o launc h ane w 
strateg y immediatel y followin g a  problem-solvin g failur e 
rathe r  tha n success ,  thi s i s no t  alway s th e case .  Regardin g 
th e secon d question ,  result s sugges t  that ,  whe n solver s 
misma p feature s (i.e. ,  whe n the y conside r  th e superficia l 
feature s i n a  domai n t o b e significan t  an d vic e versa) ,  a n 
explici t  hin t  ca n hel p proble m solver s mor e quickl y 
incorporat e th e structurall y importan t  tas k feature s i n thei r 
representation s an d strategies .  Eve n wit h suc h hints , 
however ,  performanc e i s  stil l  aide d b y furthe r  problem -
solvin g practice .  Th e instructiona l  implication s o f  thes e 
result s wil l  b e discussed . 
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A perso n face d wit h a  decisio n ofte n obtain s opinion s from 
othe r  sources .  Thes e informatio n source s ma y b e compose d 
of  severa l  individua l  sub-sources .  Th e sub-source s ma y b e 
partiall y  correlate d an d ma y diffe r  i n thei r  leve l  o f  expertise . 

This study asked how decision makers weigh the estimates 
receive d from  differen t  source s whe n thos e source s varie d 
i n thei r  interna l  consistenc y an d individua l  expertise .  W e 
pai d peopl e t o perfor m a  graphica l  decisio n tas k whil e aide d 
by simulate d iiiformatio n sources .  Eac h participan t  observe d 
a graphica l  displa y o f  a  signal-plus-nois e o r  noise-alon e 
even t  an d mad e a n estimat e o f  signa l  likelihood .  Th e 
participan t  the n wa s show n likelihoo d estimate s generate d 
from  tw o simulate d informatio n sources .  Th e participan t 
the n mad e a  yes-n o decisio n abou t  th e occurrenc e o f  signa l 
on tha t  trial .  A  monetar y payof f  wa s contingen t  o n th e 
accurac y o f  thi s yes-n o decision . 

The estimates from each information source consisted of 
likelihoo d rating s generate d b y fou r  sub-sources .  Thus ,  o n 
eac h tria l  th e participan t  wa s show n 8  likelihoo d estimate s 
t o ai d i n he r  decision ,  fou r  estimate s from  informatio n 
sourc e "A "  an d fou r  estimate s from  informatio n sourc e "B" . 
I n orde r  t o estimat e th e decisio n weigh t  tha t  th e participan t 
gav e t o eac h source ,  w e constructe d a  multipl e linea r 
regressio n mode l  tha t  relate d th e participant' s initia l 
estimat e an d eac h source' s averag e estimate ,  t o th e 
participant' s fma l  decision . 

In different conditions of the experiment, we manipulated 
th e overal l  informatio n valu e o f  a  sourc e an d th e leve l  o f 
expertis e an d pair-wis e correlatio n amon g a  source' s sub -
sources .  Sourc e expertis e wa s manipulate d usin g th e 
followin g formul a adapte d fro m Sorki n an d Da i  (1994) : 

smirc t 
ma] . mif^, y 
1- p l  +  p(m-l ) 

th e correlatio n amon g th e sub-sourc e estimates ,  o'j -  i s  th e 
varianc e o f  th e sub-sources '  expertis e an d ̂ j -  i s  th e averag e 
detectio n abilit y  o f  thos e sub-sources . 

For example, one condition tested which of two equal-
informatio n source s (i.e. ,  tw o source s tha t  hav e th e sam e 
overal l  detectio n ability ,  d' )  woul d b e give n th e highe r 
weight :  th e on e whos e fou r  sub-source s ha d partia l  pair -
wis e correlation s an d hig h sub-sourc e d's ,  o r  th e on e whos e 
fou r  sub-source s ha d zer o pair-wis e correlatio n an d lowe r 
sub-sourc e J's .  Th e result s indicate d tha t  participant s gav e a 
significantl y highe r  weigh t  t o th e informatio n sourc e tha t 
had th e highe r  consistenc y an d highe r  componen t  expertise , 
eve n thoug h th e informatio n availabl e fro m th e tw o source s 
was identical .  Thi s bia s wa s mainl y eviden t  o n trial s whe n 
th e aggregat e opinion s o f  th e tw o source s disagreed .  Othe r 
condition s compare d performanc e wit h source s tha t  ha d 
differen t  overal l  informatio n value s a s wel l  a s differen t 
level s o f  sub-sourc e expertise .  I n thes e conditions ,  th e 
participant s tende d t o overweig h th e informatio n from  th e 
source s havin g th e highe r  informatio n valu e an d highe r 
leve l  o f  sub-sourc e expertise .  Thes e biase s reflec t  th e 
participants '  sensitivit y t o across -  an d within-tria l 
difference s i n th e accurac y an d interna l  consistenc y o f 
informatio n sources . 
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Collaborativ e situation s hav e starte d t o serv e a s promisin g 
knowledge-buildin g environments .  Cognitiv e scienc e 
shoul d provid e theoretica l  base s fo r  them ,  b y explainin g 
mechanism s o f  ho w collaboratio n lead s th e participant s t o 
deeper ,  mor e conceptua l  understanding . 

Findings of empirical studies 

Our  previou s studie s (e.g .  Miyake ,  1986 )  indicat e tha t  durin g 
constructiv e interaction ,  1 )  eac h participant' s proble m 
interpretatio n an d solutio n path s ar e base d o n eac h 
individual' s prio r  kitowledge ,  2 )  collaboratio n provide s 
differen t  perspectives ,  throug h bot h others '  comment s an d 
self-criticisms ,  an d 3 )  th e monito r  view s th e task-doin g 
situatio n fro m a  slightl y abstracte d plane ,  whic h contribute s 
t o th e accumulatio n o f  differen t  perspectives . 

To expan d these ,  w e hav e recenti y furthe r  analyze d th e 
collaborativ e proces s o f  solvin g a  simpl e fractio n proble m 
(Shirouzu ,  e t  al ,  2002) .  Th e tas k wa s t o ge t  two-third s o f 
three-fouith s o n a  squar e shee t  o f  origami .  Mor e tha n ninet y 
percen t  o f  tim e th e subjects ,  bot h solo s o r  pairs ,  eithe r  folde d 
or  marke d th e pape r  t o solv e i t  bu t  di d no t  calculate .  W h e n 
aske d t o solv e th e subsequen t  proble m wit h th e orde r  o f 
fiaction s reversed ,  th e solo s kep t  th e sam e strateg y t o solve . 

However ,  mor e tha n sixt y percen t  o f  th e pair s shifte d t o 
th e arithmeti c calculatio n i n thei r  secon d trial .  Th e shif t  wa s 
a gradua l  one ,  involvin g thre e re-interpretations .  Figur e 1 
schematicall y show s th e shif ^  fro m th e lef t  t o right.  Th e mos t 
externall y oriented ,  two-ste p strateg y require s firs t  foldin g 
th e pape r  int o four .  U p o n doin g this ,  on e coul d eithe r  star t 
makin g two-thirds ,  o r  re-interpre t  th e just-complete d 
Aree-fourtfa s a s alread y havin g thre e equal-siz e rectangles , 
wdiic h eliminate s th e physica l  necessit y o f  secon d folding . 
Similarly ,  on e coul d re-inteipre t  th e two-third s o f  th e 
designate d &ree-fourth s a s two-fourth s o f  th e origina l 
square .  Re-interpretin g thi s a s one-hal f  ofte n le d ou r  pair s t o 
realiz e tha t  th e proble m wa s solubl e b y calculation . 

I—• SMMlf l 

Fig .  I  Gradua l  re-inteipretatio n o f  gettin g 2/ 3 o f  3/4 . 
Furthermore ,  i t  wa s th e monito r  w h o re-interpreted ,  fo r  1 0 0 % 
of  tim e fro m leve l  1  t o 2 ,  an d 6 0 % fh) m leve l  2  t o 3 . 

Supporting constructive collaboration 

Base d o n thes e observations ,  w e propos e tha t  th e basi c 
component s o f  constructiv e collaboratio n ar e th e 
externalize d trace s o f  th e task-doer' s cognitiv e working s an d 
thei r  re-interpretation s b y th e monitor ,  i n verba l  forms .  I n 
verbalizin g di e re-interpretation ,  th e monito r  reclaim s th e 

task-doing ,  o n trace s o f  whic h th e previou s task-doe r  ca n 
monito r  t o produc e ye t  anothe r  leve l  o f  abstracte d 
verbalization .  Thi s iterate s an d produce s a  variet y o f 
re-interpretations ,  whic h eac h individua l  ca n us e t o 
restructur e thei r  o w n interna l  knowledge .  Th e sam e pictur e 
shoul d appl y t o inter-grou p collaboration ,  wher e th e 
re-interpretatio n coul d b e accumulate d an d becom e a 
resourc e fo r  furthe r  abstractio n i n th e entir e community . 

Summarizin g th e above ,  fo r  a  collaborativ e situatio n t o 
wor k a s a  learning-enhancin g environment ,  i t  i s  desirabl e tha t 
1)  i t  assure s eac h individual' s conceptua l  foiindation ,  2 )  i t 
entertain s th e rol e exchang e betwee n task-doin g an d 
monitorin g t o hel p produc e differen t  solution s an d thei r 
re-inteipretations ,  al l  slightl y mor e abstrac t  tha n th e previou s 
ones ,  i n roughl y th e orde r  o f  thei r  abstraction ,  3 )  whic h i n 
tur n help s eac h participan t  t o gai n a n abstrac t  perspective . 
Th e socia l  aspec t  o f  collaboratio n appear s t o motivat e th e 
integratio n o f  suc h a  variet y o f  solution s an d interpretations . 
Technological augmentation 

Technolog y ca n augmen t  implementatio n o f  thes e condition s 
by proviin g suppor t  t o enhanc e extemalizatio n an d 
re-interpretation .  T o tak e a  simpl e exan^le ,  th e proces s o f 
readin g ca n b e m a d e visibl e b y havin g subject s plac e card s 
wit h sentence s ont o a  two-dimensiona l  space . 
Video-recordin g o f  firs t  stage s o f  learnin g comple x skill s  ca n 
be cu t  int o segment s an d commente d o n t o identif y necessar y 
steps .  Note s ca n b e shared ,  an d th e m e m os an d linkage s 
a m o ng the m ca n b e store d i n th e chronologica l  orde r  o f  thei r 
production ,  s o tha t  th e productio n proces s itsel f  ca n becom e a 
targe t  fo r  late r  scrutiny .  W e hav e bee n developin g an d 
testin g suc h systems ,  an d th e contex t  t o us e them ,  i n a 
universit y settin g t o teac h cognitiv e scienc e t o 
undergraduate s (Miyake ,  e t  al. ,  2000 ;  2001) .  Us e o f  suc h 
system s inevitabl y change s th e w a y w e teac h an d th e student s 
learn ,  requirin g n e w method s t o asses s th e effect s an d 
providin g u s wit h a  n e w resourc e fo r  fiirthe r  researc h o n 
real-wori d understanding . 
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Learnin g from  worked-ou t  example s i s o f  majo r  importanc e 
fo r  initia l  skil l  acquisitio n i n well-structure d domain s suc h 
as mathematic s an d physics .  However ,  onl y thos e learner s 
w ho activel y explai n th e rational e o f  th e sohitio n stqj s 
presente d i n th e example s t o themselve s profi t  from  thi s 
learnin g metho d ("self-explanatio n effect" ,  Chi ,  Bassok , 
Lewis ,  Reimann ,  &  Glaser ,  1989) .  Unfortunately ,  mos t 
learner s ar e t o b e characterize d a s passiv e o r  superficia l  self -
explainer s (Renkl ,  1997a) .  Fro m a n educationa l  perfective , 
tw o mai n question s arise :  (1 )  H o w ca n productiv e self -
explanation s b e fostered?  (2 )  W h e n shoul d instructio n m o v e 
frx)m  th e self-explanatio n o f  worked-ou t  step s t o actuall y 
solvin g problem s for  heightene d spee d an d skil l  accuracy ? 
Bot h o f  thes e question s wer e addresse d i n a  serie s o f 
experiments . 

Wid i  regar d t o fostain g self-explanations ,  fou r  issue s 
wer e investigated :  (a )  Settin g situationa l  incentives :  Th e 
mai n ide a wa s tha t  i f  mos t  leamer s d o no t  spontaneousl y 
generat e elaborate d self-explanations ,  i t  migh t  b e helpfu l  t o 
put  the m int o th e rol e o f  a  hjto r  fo r  anothe r  learner .  Thi s 
shoul d motivat e the m t o increas e thei r  explanatio n activitie s 
(e.g. ,  Renkl ,  1997b) .  (b )  Trainin g an d prompting :  Self -
explanatio n activitie s ca n b e induce d b y a  trainin g o r  b y 
promptin g self-explanation s a t  worked-ou t  step s (Renk l  & 
Atkinson ,  i n press ;  Renkl ,  A. ,  Stark ,  R. ,  Gruber ,  H. ,  & 
Mandl ,  H. ,  1998) .  (c )  Sî )por t  b y instructiona l  explanations : 
A numbe r  o f  studie s hav e show n tha t  i t  i s  difficul t  t o 
provid e effectiv e instructiona l  explanation s durin g exampl e 
study .  However ,  o n th e othe r  hand ,  relyin g onl y o n self -
explanation s als o ha s som e restriction s (e.g. ,  pronenes s t o 
errors) .  Therefore ,  a  se t  o f  principle s highlightin g h o w t o 
eflFectivel y suppor t  exampl e stud y b y instructiona l 
explanation s wa s develope d an d empiricall y investigate d 
(Renkl ,  i n press) ,  (d )  Structurin g learnin g materials : 
Learnin g material s (i.e. ,  example s an d problems )  ca n b e 
designe d i n orde r  t o induc e activ e an d well-focuse d self -
explanations ,  fo r  example ,  b y givin g th e learne r  th e 
opportunit y o f  problem-solvin g experience s befor e exampl e 
stud y (Stark ,  Gruber ,  Renk l  &  Mandl ,  2000) .  Th e mai n 
finding s o f  a  serie s o f  experiment s o n thes e issue s ca n b e 
summarize d a s follows .  Th e settin g o f  situationa l  incentive s 
has show n no t  t o b e ver y promising .  Th e trainin g an d 
promptin g a s wel l  a s designin g learnin g material s ca n 
substantiall y  foste r  self-explanation s and ,  thereby ,  learnin g 
outcomes .  I n addition ,  well-designe d instructiona l 
explanation s ca n furthe r  enhanc e learning . 

For  structurin g th e transitio n from  exampl e stud y i n earl y 
phase s o f  skil l  acquisitio n t o proble m solvin g i n a  late r 
stage ,  w e develope d a  fadin g rational e b y whic h problem -
solvin g element s ar e successivel y integrate d int o exampl e 
stud y unti l  th e leamer s ar e abl e t o solv e problem s o n thei r 

own.  Th e effectivenes s o f  fadin g ha s bee n show n i n severa l 
experiment s (Renkl ,  Atkinson ,  Staley ,  &  Maier ,  i n press) . 
Presently ,  w e adap t  th e fadin g procedur e t o th e learners ' 
prio r  knowledg e level . 

Base d o n th e result s o f  ou r  experimenta l  research 
program ,  a n instructiona l  mode l  o f  acquirin g skill s  fro m 
example s an d problem s i s  proposed .  I t  i s  argue d tha t 
differen t  learnin g goal s ar e t o b e achieve d i n subsequen t 
stage s o f  skil l  acquisitio n (e.g. ,  understandin g vs . 
automation) .  Therefore ,  instructio n shoul d induc e differen t 
learnin g activitie s diuin g th e cours e o f  skil l  acquisition . 
H o w thes e activitie s ca n b e instructionall y fostere d ca n b e 
derive d fro m ou r  experimenta l  findings . 
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Categorie s ar e crucia l  fo r  a  larg e numbe r  o f  cognitiv e 
activities ,  suc h a s classification ,  inference ,  proble m solving , 
and explanation .  The y provid e a n importan t  mean s fo r 
allowin g u s t o benefi t  fro m pas t  experiences .  Becaus e o f 
thi s importanc e an d involvemen t  acros s a  wid e variet y o f 
intelligen t  activities ,  categor y learnin g ha s lon g bee n a 
centra l  researc h topi c i n cognitiv e science ,  cognitiv e 
psychology ,  an d machin e learning . 

Most  o f  th e researc h o n categor y learnin g ha s focuse d o n 
classificatio n learning ,  ho w t o assig n item s t o categories . 
Althoug h classificatio n i s a n importan t  par t  o f  categor y 
learning ,  i t  i s  clearl y no t  th e onl y part .  I n addition ,  thi s 
near-exclusiv e focu s ma y b e limitin g ou r  understandin g i n 
at  leas t  thre e ways .  First ,  w e lear n categorie s i n man y 
differen t  way s an d ho w w e g o abou t  learnin g categorie s i s 
likel y t o hav e a  larg e influenc e o n wha t  w e learn .  Thus ,  a 
ful l  understandin g o f  categor y learnin g require s examinin g 
multipl e way s o f  categor y learning .  Second ,  th e focu s o n 
classificatio n ha s le d t o findin g a  stron g influenc e o f  featur e 
diagnosticity ,  thos e feature s tha t  distinguis h th e categorie s 
bein g learned .  Althoug h diagnosticit y i s  a n importan t 
influenc e o n categor y representation ,  w e clearl y kno w muc h 
more abou t  categorie s tha n wha t  distinguishe s them . 
However ,  give n tha t  man y item s consis t  o f  a  larg e numbe r 
of  feature s an d relation s tha t  migh t  no t  b e ver y diagnosti c o f 
th e category ,  ho w d o w e determin e wha t  informatio n t o 
includ e o r  no t  t o includ e i n a  categor y representation ? 
Third ,  i n man y case s ou r  knowledg e o f  categorie s doe s no t 
rel y solel y o n observabl e feature s an d relations ,  bu t  o n 
deepe r  underlyin g similaritie s o f  wh y th e categor y member s 
go together .  I t  i s  no t  clea r  ho w classificatio n learnin g 
promote s th e learnin g o f  thi s typ e o f  categor y 
understanding . 

Recently ,  ther e ha s bee n a  variet y o f  researc h examinin g 
th e differen t  way s peopl e lear n an d us e categorie s (fo r 
review s se e Markma n &  Ross ,  2002 ;  Solomon ,  Medin ,  & 
Lynch ,  1999) ,  whic h addresse s thes e limitation s o f  th e focu s 
on classification .  First ,  studie s hav e investigate d ho w 
differen t  way s o f  categor y learnin g migh t  influenc e th e 
representatio n (e.g. ,  Anderson ,  Ross ,  &  Chin-Parker ,  2002 ; 
Yamauchi  &  Maricman ,  1998 ,  2000) .  Second ,  wor k ha s 
examine d ho w nondiagnosti c informatio n relevan t  t o othe r 
uses o f  categorie s migh t  b e learne d whe n th e focu s i s no t  o n 
classificatio n (Chin-Parke r  &  Ross ,  2002a ,  b ;  Ross ,  1997 , 
1999) .  Third ,  researc h ha s begu n t o investigat e th e 
imderstandin g tha t  derive s from  usin g categorie s i n differen t 
ways .  Som e o f  m y wor k ha s examine d categor y learnin g 
durin g proble m solvin g wit h thre e differen t  type s o f 
tasks—decodin g formula s applie d t o code d messages . 

mathematica l  equations ,  an d letter-strin g transformation s 
(e.g. ,  Ross ,  1997 ,  1999 ;  Ros s &  Warren ,  2002) .  Th e result s 
sugges t  tha t  no t  onl y ca n suc h learnin g lea d t o additiona l 
(nondiagnostic )  informatio n i n th e categor y representation , 
but  i t  als o allow s th e learnin g o f  abstrac t  relation s tha t  ma y 
hel p learner s t o understan d th e underlyin g coherenc e amon g 
categor y members .  Fo r  example ,  i n th e decodin g task , 
learner s ar e abl e t o classif y late r  code d message s o n th e 
number  relation s learne d durin g decoding ,  eve n whe n th e 
relation s ar e fairl y  abstrac t  (suc h a s th e differenc e betwee n 
tw o number s bein g les s tha n zero) . 
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Introductio n 

Episodi c memor y (Tulving ,  1995 )  refer s t o ou r  abilit y t o 
remember  event s an d situation s i n ou r  dail y live s an d 
acquir e memorie s o f  specifi c  event s b y readin g a  newspape r 
or  watchin g a  newscast .  Ther e i s a  broa d consensu s tha t  th e 
hippocampa l  syste m (HS )  consistin g o f  th e hippocampa l 
formatio n an d neighborin g cortica l  area s i n th e media l 
tempora l  lob e play s a  critica l  rol e i n th e encodin g an d 
retrieva l  o f  episodi c memorie s (Squire ,  1992 ;  Cohe n & 
Eichenbaum ,  1995 ;  Nade l  &  Moscovitch ,  1997) .  Bu t  ho w 
th e H S subserve s thi s mnemoni c functio n i n concer t  wit h 
cortica l  circuit s i s no t  full y  understood . 

Althoug h a  numbe r  o f  computationa l  model s hav e bee n 
propose d t o explai n ho w th e H S migh t  suppor t  episodi c 
memory function ,  severa l  ke y representationa l  problem s 
hav e remaine d unsolved .  I n particular ,  mos t  existin g model s 
vie w a n ite m i n episodi c memor y a s 2i  featur e vecto r  o r  a s a 
conjunctiv e cod e tha t  bind s togethe r  th e component s o f 
memory,  bu t  a s argue d i n (Shastri ,  2002 ;  2001) ,  suc h a  vie w 
i s inadequat e fo r  encodin g event s an d situations . 

SMRTTI 

S M Rm (Syste m fo r  memorizin g relationa l  Instance s 
fro m transien t  impulses )  i s  a  computationa l  mode l  o f 
episodi c memor y tha t  demonstrate s ho w a  corticall y 
expresse d transien t  patter n o f  activit y representin g a n 
episod e ca n b e transforme d rapidl y int o a  persisten t  an d 
robus t  memor y trac e i n th e H S a s a  resul t  o f  long-ter m 
potentiatio n (Shastri ,  2001 ;  2002) . 

SMRITI  explicate s th e representationa l  requirement s o f 
encodin g event s an d situations ,  propose s a  detaile d neura l 
circui t  tha t  satisfie s thes e requirements ,  an d demonstrate s 
tha t  th e propagatio n o f  a  suitabl e patter n o f  activit y 
encodin g a n even t  ca n lea d t o th e rapi d an d automati c 
formatio n o f  th e requisit e neura l  circui t  withi n th e H S . 

The neura l  circui t  require d fo r  encodin g a n episodi c 
memory trac e i s  fairl y comple x an d idiosyncratic ,  bu t 
SMRTTI  show s tha t  thi s complexit y an d idiosyncras y i s wel l 
matche d b y th e complexit y and  idiosyncras y o f  th e 
architectur e and  loca l  circuitr y o f  th e H S . 

Predictions and Explanations 

SMRITI  predict s (i )  th e functiona l  rol e o f  eac h H S 
componen t  an d som e o f  th e cortica l  area s interactin g wit h 
th e H S ,  (ii )  th e propertie s o f  corticall y expresse d even t 
schemas underlyin g episodi c memories ,  (iii )  th e sort s o f 
memorie s tha t  mus t  persis t  i n th e H S fo r  th e long-term ,  (iv ) 
th e natur e o f  memor y consolidation ,  an d (v )  memor y 
deficit s tha t  woul d resul t  fro m cel l  los s i n differen t  H S 
region s an d cortica l  circuit s encodin g semanti c knowledge . 

SMRTTI  als o offer s biologicall y grounde d explanation s o f 
behaviora l  findings  abou t  huma n memor y suc h a s th e fan -
effec t  (Anderson ,  1974 )  an d th e list-strengt h effec t  (Ratcliff , 
Clark ,  &  Shiffrin ,  1990) .  I t  i s  significan t  tha t  n o attemp t  wa s 
made t o mode l  thes e behaviora l  findings;  th e explanation s 
fo r  thes e phenomen a aris e directl y fi-om  th e biologicall y 
grounde d architectur e an d structur e o f  th e model . 

SMRTTI  make s specifi c  behaviora l  prediction s abou t  th e 
tim e require d fo r  retrievin g memorize d facts .  Fo r  example , 
i t  predict s tha t  th e tim e t o retriev e a  fact ,  wherei n a n entit y 
fills  a  give n role ,  i s  affecte d primaril y b y th e tota l  numbe r  o f 
fact s memorize d i n whic h th e entit y play s th e sam e role ,  an d 
not  b y th e tota l  numbe r  o f  fact s memorize d abou t  tha t 
entity .  Thu s SMRIT I  suggest s a  modifie d for m o f  th e fan -
effect .  SMRTTI  als o predict s tha t  retrieva l  time s o f  fact s 
pertainin g t o populate d even t  schema s ar e qualitativel y 
differen t  fi-om  thos e o f  fact s pertainin g t o unpopulate d ones . 
Here ,  a n even t  schem a i s heavil y (lightly )  populate d i f  man y 
(onl y a  few )  instance s o f  th e schem a hav e bee n memorized . 

Thi s tal k wil l  presen t  a n overvie w o f  SMRTTI ,  an d discus s 
some o f  it s  ke y propertie s an d predictions . 
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D6 j i  V u Al l  O v e r  A g a i n ? 

Zenon I*ylyshyn's (2002) recent return to the fray means 
tha t  a t  leas t  on e thin g ma y b e sai d wit h certaint y abou t  th e 
imager y debate :  Despit e Kosslyn' s (1994 )  clai m t o hav e 
resolve d th e controversy ,  ther e ha s bee n n o progres s a t  all . 
Worse still ,  i f  Pylyshyn' s nul l  hypothesi s i s right ,  w e don' t 
hav e a  viabl e theor y o f  imager y o f  an y kind .  Th e 'taci t 
knowledge '  riva l  t o pictorialism ,  i s no t  itsel f  a n alternativ e 
theor y bu t  rathe r  a n indicatio n o f  th e directio n i n whic h a n 
adequat e theor y migh t  b e sough t  -  tha t  is ,  a s a  theor y o f 
high-leve l  belie f  o r  knowledg e representation . 

Pylyshyn' s centra l  criticis m o f  pictoria l  theorie s echoe s 
Descarte s (1637) ,  wh o insiste d tha t  i t  i s  enoug h tha t  th e 
min d adequatel y represen t  th e propertie s o f  th e worl d an d 
does no t  hav e t o shar e them .  I n th e sam e vein ,  S .  Edelma n 
(1998) ,  recentl y say s nobod y think s tha t  a  menta l 
representatio n o f  a  ca t  i s  fiirry.  Perhap s not ,  bu t  i t  i s tellin g 
tha t  suc h view s mus t  b e repeatedl y refute d throughou t  th e 
histor y o f  speculatio n abou t  th e mind . 

For  som e reaso n th e cas e fo r  spatia l  propertie s ha s 
seemed muc h mor e persuasiv e tha n th e sam e poin t 
regardin g furriness .  I n vie w o f  thei r  compellingness ,  suc h 
mistake s evok e Kant' s (1781 )  distinctio n betwee n mer e 
error s an d certai n deeper ,  inheren t  cognitiv e illusions .  Thus , 
I  disagre e wit h Pylyshy n onl y regardin g hi s optimis m i n 
hopin g that ,  b y repeatin g hi s powerfu l  argument s loudl y 
and slowly ,  h e migh t  succee d thi s tim e wher e h e ha s faile d 
before .  Sufficien t  ground s fo r  m y skepticis m i s th e fac t  tha t 
th e Imager y Debat e i s perhap s th e mos t  remarkabl e m o d e m 
duplicatio n o f  controversie s concernin g th e natur e o f 
'ideas '  whic h hav e persiste d no t  jus t  fo r  thirt y year s bu t 
sinc e th e seventeent h century .  I n thi s recen t  re-enactment , 
Pylyshy n ha s playe d Amaul d (1683 )  agains t  Kosslyn' s 
Malebranch e (1712 )  Se e Sleza k (1992 ,  1995 ,  2002) . 

Of  course ,  Pylyshy n i s no t  vindicate d merel y becaus e h e 
was anticipate d b y Descarte s an d Amauld .  Th e strikin g 
historica l  parallel s sugges t  tha t  th e fundamenta l  problem s a t 
stak e d o no t  aris e i n an y essentia l  wa y fro m th e dat a o f 
m o d em experiment s an d computationa l  theories .  Indeed , 
jus t  a s w e woul d expec t  i n thi s case ,  w e se e a  recurrenc e o f 
th e sam e perplexitie s no t  onl y throughou t  history ,  bu t  als o 
i n mor e o r  les s independen t  domain s o f  cognitiv e scienc e 
today . 

What  thes e doctrine s hav e i n commo n i s th e mistak e o f 
assumin g tha t  w e apprehen d ou r  menta l  state s rathe r  tha n 
jus t  hav e them .  I t  i s clea r  wh y suc h a n implici t  conceptio n 

lead s t o positin g a  representationa l  forma t  -  sentence s o r 
picture s -  whic h i s  paradigmaticall y th e sor t  o f  thin g 
requirin g a n external ,  intelligen t  observe r  -  th e notoriou s 
homunculus .  Compute r  simulatio n o f  certai n theorie s doe s 
not  necessaril y  prov e pictorialis m innocen t  o f  thi s charge . 
As Rort y pu t  it ,  ther e i s n o advanc e i n replacin g th e littl e 
man i n th e hea d b y a  littl e machin e i n th e head .  A s 
Pylyshy n argues ,  resor t  t o neuroscienc e i s n o hel p either . 

Despit e th e jaundice d view s o f  "philosophical "  argument s 
(a s distinc t  from  "strictl y empirica l  science" )  expresse d b y 
some pictorialists ,  Pylyshyn' s critiqu e suggest s ther e remai n 
ground s fo r  Wittgenstein' s (1953 )  gib e "i n psycholog y 
ther e ar e experimenta l  method s an d conceptua l  confusion" . 
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B a c i ( g r o u n d 

What  define s samenes s i n shape ? A  precis e defmitio n ha s 
prove d elusiv e despit e considerabl e theoretica l  an d 
empirica l  effort s acros s severa l  disciplines .  However ,  a 
theor y o f  shap e i s  crucia l  t o explainin g huma n objec t 
recognition .  Th e theoretica l  proble m i s tha t  rea l  instance s o f 
rea l  categorie s ar e rarel y eve r  th e exac t  sam e shape .  Fo r 
example ,  rockin g chairs ,  stuffe d chairs ,  an d des k chair s ar e 
th e "sam e shape "  onl y unde r  som e highl y abstrac t 
descriptio n o f  shape .  Th e presen t  pape r  report s 
developmenta l  evidenc e suggestin g tha t  thi s abstrac t 
descriptio n o f  objec t  shap e i s a  produc t  o f  earl y categor y 
learning .  Th e experiment s focu s o n th e perio d betwee n 1 8 
and 2 4 month s o f  age ,  a  perio d i n whic h childre n progres s 
from  producin g fe w objec t  name s (les s tha n 100 )  t o 
producin g m a n y (o n averag e mor e tha n 200) . 

E x p e r i m e n t  1 

Ther e wer e tw o type s o f  tes t  stimuli :  3  dimensiona l  lifelik e 
replica s an d 3-dimensiona l  shap e caricature s o f  th e sam e 
thing s a s illustrate d i n Figur e 1 .  Ther e wer e als o tw o 
dependen t  measure s o f  objec t  recognition :  (1 )  Recognitor y 
pla y ~  a  chil d woul d b e credite d wit h recognizin g a n objec t 
as a  phon e i f  th e chil d pretende d t o dia l  a  numbe r  and/o r 
tal k o n th e objec t  an d (2 )  N a m e comprehensio n ~  a  chil d 
was credite d wit h recognitio n i f  th e chil d coul d selec t  th e 
targe t  from  amon g distractor s give n th e nam e o f  th e object . 
The childre n wer e divide d int o tw o group s accordin g t o 
nou n vocabularie s — thos e wit h les s tha n 10 0 noun s i n thei r 
vocabular y an d thos e wit h mor e tha n 10 0 nouns .  Bot h 
group s o f  childre n recognize d th e Lifelik e object s - -  bot h b y 
th e pla y measur e an d th e nam e comprehensio n measure . 
However ,  onl y th e childre n wit h large r  vocabularie s 
recognize d th e Shap e Caricatures .  Th e fac t  tha t  youn g 
childre n wit h fe w name s fo r  c o m m o n d o no t  recogniz e 
shap e caricature s despit e thei r  accurac y i n recognizin g 
richly  detaile d instance s o f  th e sam e categor y indicate s tha t 
th e abstrac t  representatio n o f  shap e i s a  developmenta l 
product .  Th e fac t  youn g childre n w h o ar e onl y slightl y 
mor e advance d i n thei r  categor y knowledg e recogniz e thes e 
shap e caricature s suggest s tha t  earl y categor y learnin g play s 
a rol e i n formin g th e processe s o f  shap e recognition . 

Experiment 2 

O ne possibilit y  i s  tha t  childre n lear n t o recogniz e shap e 
caricatures ,  categor y b y category .  Alternatively ,  th e 
developmenta l  change s m a y b e mor e general ,  changin g h o w 

childre n perceiv e shap e similaritie s fo r  nove l  a s wel l  a s 
know n objects .  Thi s questio n wa s addresse d i n a  secon d 
experiment .  Childre n wer e introduce d t o a  lifelik e bu t  (fo r 
youn g children )  nove l  object ,  fo r  example ,  a n artichoke .  Th e 
childre n wer e taugh t  th e object' s name .  O n th e critica l  tes t 
trial ,  thre e shap e caricature s wer e presente d t o th e child ,  on e 
of  whic h wa s a  shap e caricatur e o f  th e originall y name d 
exemplar .  Th e chil d wa s aske d t o indicat e th e name d 
object ,  fo r  example ,  "Where' s th e artichok e here? "  I f 
childre n mus t  maste r  th e relevan t  shap e propertie s categor y 
by category ,  the n thi s tas k shoul d b e ver y har d becaus e th e 
caricature d artichok e onl y preserve s som e aspect s o f  th e 
origina l  shape .  If ,  however ,  children ,  ar e developin g 
genera l  perceptua l  skill s  tha t  appl y t o nove l  shapes ,  the n 
childre n w h o recogniz e th e caricature s o f  familia r  object s 
migh t  als o recogniz e th e caricature s o f  nove l  ones .  Th e 
result s suppor t  thi s secon d possibility .  Childre n wit h mor e 
tha n 10 0 objec t  name s i n thei r  productiv e vocabular y 
readil y recognize d th e caricatur e o f  th e newl y learne d noun . 
Childre n wit h fewe r  tha n 10 0 objec t  name s di d not .  Thes e 
result s strongl y sugges t  tha t  childre n ar e learnin g somethin g 
genera l  abou t  th e shap e similaritie s relevan t  t o objec t 
recognitio n an d categorization . 

C o n c l u s i o n 

Th e fmding s indicat e tha t  a  complet e theor y o f  shap e an d 
objec t  recognitio n wil l  b e a  developmenta l  theory .  Th e 
relatio n o f  thes e result s t o contemporar y theorie s o f  objec t 
recognitio n wil l  b e discussed . 

Figur e 1 :  A  Lifelik e an d Caricatur e phone . 
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The earl y emergenc e an d developmen t  o f  argumentatio n 
skil l  ar e th e topic s o f  thi s presentation .  W e argu e tha t  th e 
menta l  schema s use d t o understan d interactiv e argument s 
ar e influence d b y th e desir e t o maintain ,  dominate ,  o r 
dissolv e a  relationshi p a s muc h a s the y ar c b y th e desir e t o 
persuad e an d understan d anothe r  perso n s  position .  Goal s 
abou t  persona l  relationship s influenc e reasoning ,  thinking , 
and decision-makin g throughou t  argument s an d negotiation . 
What  {^pear s t o b e illogica l  reasonin g o r  irrationa l  behavio r 
i s ofte n quit e rationa l  an d coherent ,  whe n th e persona l  goal s 
of  th e arguer s ar e revealed .  Persona l  goal s als o influenc e th e 
outcome s o f  a  negotiatio n an d m e m o r y fo r  wha t  i s sai d 
durin g th e verba l  interchange . 

Dat a fro m thre e developmenta l  studie s wil l  b e presente d 
t o illustrat e th e relationshi p betwee n personal-socia l  goal s 
and th e content ,  organization ,  outcom e an d m e m o r y fo r  a n 
argument .  W e presen t  differen t  type s o f  empirica l  evidenc e 
i n suppor t  o f  ou r  hypothesis ,  an d w e compar e ou r  earl y 
emergenc e hypothesi s t o th e clai m tha t  argumentativ e skil l 
emerge s lat e i n childhoo d an d earl y adolescence .  I n suppor t 
of  ou r  "earl y emergence "  hypothesis ,  w e focu s o n situation s 
tha t  ar e personall y meaningfu l  t o youn g childre n an d thos e 
tha t  impac t  directl y o n thei r  goals ,  beliefs ,  an d well-being . 
We sho w tha t  eve n th e younges t  childre n enterin g int o a n 
argximen t  ar e abl e t o generat e an d thin k abou t  positiv e an d 
negativ e reason s fo r  pursuin g differen t  course s o f  actio n o r 
fo r  holdin g specifi c  set s o f  beliefs . 

We show ,  however ,  tha t  argumentativ e thinkin g ha s a n 
inheren t  bia s tha t  ca n b e see n i n adults '  thinkin g a s wel l  a s 
i n youn g children' s thinking .  Arguer s generall y hav e mor e 
supportin g knowledg e fo r  thei r  o w n positio n tha n the y d o 
fo r  thei r  opponent' s position .  The y als o hav e mor e 
knowledg e abou t  th e problemati c as[)ect s o f  thei r  opponent' s 
positio n tha n the y d o abou t  thei r  o w n position .  Thus ,  the y 
suppor t  a  particula r  stanc e becaus e the y perceiv e mor e 
benefit s accruin g fro m Aei r  o w n positio n versu s another . 

We discus s th e learnin g strategie s tha t  ameliorat e thi s 
bias ,  bot h i n socia l  an d i n academi c settings .  W e argu e tha t 
curren t  instructiona l  strategie s ar e ofte n aime d a t  th e wron g 
leve l  o f  knowledg e acquisition ,  i n term s o f  teachin g student s 
h o w t o writ e goo d arguments .  Th e rhetorica l  concep t  o f 
argumen t  i s ofte n insensitiv e t o th e way s i n whic h argumen t 
knowledg e i s store d psychologically .  Mos t  arguers ,  eve n 
adults ,  lac k accurat e knowledg e abou t  another' s position . 
The focu s fo r  us ,  i n term s o f  instructio n an d learning ,  ha s 
mor e t o d o wit h values ,  concerns ,  an d belief s underlyin g a 
position ,  th e necessit y t o pu t  eac h positio n o n a n equa l 

footing ,  an d th e willingnes s t o conside r  th e legitimac y o f 
differen t  goals . 

Therefore ,  w e discus s th e cognitiv e an d emotiona l  effect s 
of  a  mediate d conflic t  resolutio n trainin g procedure .  Ou r 
mediate d instructio n focuse s o n explanation s fo r  holdin g 
positions ,  plan s fo r  generatin g n e w goals ,  an d strategie s fo r 
addin g condition s t o favore d goal s t o m a k e the m acceptabl e 
t o a n opponent .  Th e effec t  o f  participatin g i n meditate d 
trainin g i s a n increase d understandin g an d accurac y o f  th e 
opponen t  s  position .  B y increasin g understandin g fo r  th e 
othe r  s  position ,  th e participan t  incorporate s inpu t  fro m th e 
other ,  thereb y increasin g th e n e w word s an d concept s tha t 
occu r  i n thinkin g an d reasoning .  Th e cognitiv e an d languag e 
effect s o f  mediatio n wil l  b e discusse d an d contraste d wit h 
th e effect s o f  sel f  impose d compromise s an d negotiation s 
tha t  d o no t  entai l  compromise . 
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Diagram s Provid e Dynami c Interactivit y 

By diagrams ,  w e mean diagrammati c representation s peopl e 
use externall y  t o thei r  mind .  The y includ e pictures ,  sketches , 
charts ,  graph s an d scribble s o n napkins .  Pas t  literatur e (e.g . 
Anderson ,  Meye r  an d Olivie r  Eds ,  2002 )  indicate d tha t 
diagram s pla y facilitator y role s i n inferenc e an d problem -
solving ;  the y reduc e workin g memor y load ,  serv e a s 
retrieva l  cue s t o evok e relevan t  informatio n tha t  migh t  no t 
otherwis e b e retrieved ,  promot e inferenc e b y enablin g 
perceptua l  judgements ,  and/o r  provid e visuo-spatia l  cue s fo r 
prope r  understandin g o f  th e structur e o f  a  problem .  T o serv e 
thes e functions ,  th e interpretatio n o f  th e diagra m need s t o b e 
static ;  i t  mus t  sta y th e sam e i n orde r  no t  t o introduc e erro r  i n 
th e operation s poforme d from  th e diagram . 

However ,  wha t  diagram s coul d provid e i s no t  limite d t o 
suc h stati c interactivity .  Rather ,  peopl e usin g diagram s ar e 
encourage d t o interpre t  the m dynamically ;  th e sam e 
appearanc e o f  part s o f  a  diagram ,  especiall y whe n th e 
diagra m i s  vagu e an d ambiguous ,  coul d evok e differen t 
interpretation s a t  differen t  times ,  dependen t  o n wha t  othe r 
element s surroun d th e part s i n focu s a t  th e moment  o r  wha t 
th e perso n ha s bee n thinkin g of .  Th e situate d cognitio n vie w 
(e.g .  Clancey ,  1997 )  corroborate s thi s phenomenon . 
Dynami c interactivit y  o f  thi s sor t  afforde d b y diagram s i s 
beneficia l  becaus e i t  ofte n enable s dynami c constructio n o f 
new thought s o n th e fl y  i n a  situate d manner . 

A typica l  situatio n i s design .  Designer s dra w freehand 
sketches ,  ofte n vagu e an d ambiguou s ones ,  an d thereb y se e 
new feature s an d relation s amon g element s tha t  the y hav e 
drawn ,  one s no t  intende d i n th e origina l  sketc h (Schon , 
1983) .  Thes e unintende d discoverie s promot e th e dynami c 
constructio n o f  ne w idea s an d refin e curren t  ones .  I n recen t 
years ,  w e hav e explore d way s tha t  designer s us e sketche s t o 
dynamicall y construc t  desig n thoughts .  Usin g th e techniqu e 
of  protoco l  analysis ,  w e examine d th e cognitiv e processe s o f 
experience d designer s a s the y desig n throug h sketching . 
These protocol s showe d tha t  th e discover y o f  unintende d 
perceptua l  feature s i n sketche s become s a  significan t 
impetu s fo r  th e generatio n o f  ne w ideas .  Moreover ,  th e 
generatio n o f  ne w ideas ,  i n turn ,  wa s likel y t o becom e a n 
impetu s fo r  furthe r  discover y o f  unintende d perceptua l 
features ,  s o tha t  eac h componen t  proces s drive s th e othe r 
(Suwa ,  Ger o an d Purcell ,  2000) . 

Constructive Perception to Benefit from 

D y n a m i c Interactivit y 

Dynami c interactivity ,  however ,  i s b y n o mean s automati c 
when a  diagra m i s available .  T o mak e i t  happe n i n usin g 

diagram s require s som e cognitiv e skill ,  i.e .  wha t  w e cal l 
constructiv e perception .  B y constructiv e perception ,  w e 
mean self-awarenes s o f  th e way s tha t  perceptio n underlie s 
interpretation s o f  diagrams .  Th e self-awarenes s allow s 
searchin g fo r  othe r  way s t o perceive ,  enablin g 
reorganizatio n o f  th e diagra m t o promot e nove l 
interpretations .  W e hav e foun d tha t  thi s skil l  i s  usefu l  i n tw o 
differen t  domain s (Suwa ,  Tversky ,  Ger o an d Purcell ,  2001) . 
One i s th e desig n domain .  Durin g a  conceptua l  desig n 
process ,  a n experience d architec t  wa s likel y t o mak e 
unintende d discoverie s whe n h e reorganize d perceptio n 
usin g thi s skil l  voluntarily .  Th e othe r  i s  i n th e tas k o f 
multipl e interpretation s o f  ambiguou s drawings .  Novice s 
instructe d abou t  thi s skil l  generate d mor e interpretation s 
from  a  singl e ambiguou s drawing ,  an d exhibite d slowe r  rat e 
of  declin e o f  generatio n o f  interpretation s ove r  time ,  tha n 
thos e no t  instructed .  Moreover ,  w e hav e foun d tha t 
experience d designer s ar e superio r  t o laypeopl e i n thi s skil l 
(Suw a an d Tversky ,  2001) .  Thes e fmding s rais e tw o issues , 
one cognitiv e an d th e othe r  didactic .  Wha t  constitute s th e 
expertis e o f  constructiv e perception ? H o w ca n peopl e b e 
traine d t o us e it ? Researc h o n thes e wil l  promot e successfu l 
use o f  diagram s i n people' s intellectua l  activities ,  e.g .  i n 
learnin g environments . 
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Literar y tex t  a s a  cognitiv e scienc e p rob le m 

As a natural expansion from the tradition of natural 
languag e processin g research ,  thi s pape r  present s ou r 
approac h towar d th e poeti c an d artisti c aspect s o f  th e huma n 
cognitiv e system .  Ou r  menta l  processe s wouldn' t  sto p whe n 
the y understan d th e meanin g o f  text .  W e alway s evaluat e 
and appreciat e them .  Sometime s w e contemplate ,  mediat e 
and ar e moved .  Cognitiv e scienc e need s t o inven t 
vocabularie s t o describ e thes e aspect s o f  menta l  processes . 

We assum e tha t  th e interestin g nature s o f  literar y text s ar e 
projectin g followin g importan t  problems : 
(a )  Successfu l  literar y text s attrac t  readers ,  giv e motivation s 
t o rea d through ,  evok e subjectiv e emotiona l  experience s o f 
"moved" ,  (emotio n problem ) 
(b )  M a n y literar y text s dea l  wit h fictitiou s contents . 
Transfe r  o f  factua l  knowledg e m a y no t  b e a  majo r  tas k o f 
thos e texts ,  (knowledg e problem ) 
(c )  Successfu l  literar y text s receiv e hig h evaluation s a s 
artisti c artifacts .  Societ y o f  intelligen t  agent s ha s 
mechanis m t o suppor t  suc h socia l  activities ,  (ar t  problem ) 

Base d o n psychologica l  evidences ,  w e hav e propose d a n 
emotio n oriente d namra l  languag e processin g model , 
particularly ,  a  wis h generatio n mechanis m an d a n aestheti c 
emotio n evocatio n mechanis m (Tokosumi ,  2001 ,  Yoshimin e 
and Tokosumi ,  2001) .  Th e presen t  pape r  i s  a n attemp t  t o 
giv e a  partia l  answe r  t o th e emotio n problem ,  an d suggest s 
possibl e solution s fo r  th e knowledg e proble m an d th e ar t 
problem . 

Cognitive Computation hierarchy 

The concept of affective computing (Picard, 1997) has 
advance d th e wa y w e tal k abou t  cognitiv e activities . 
Literar y computin g a s a  subordinat e o f  aestheti c computin g 
m ay brin g ne w perspective s int o th e wa y w e tal k abou t 
languag e processin g (Fig .  1 ) 

Aestheti c Computin g 
litCTar y computing ,  poeti c computing ,  musi c computing, . 
Tokosumi  (2001) ,  Yoshimin e an d Tokosum i  (2001 ) 
Affectiv e Computin g 
emotion/affec t  representation ,  emotiona l  inference,.. . 
Dyer  (1983) .  Muelle r  (1990) .  Picar d (1997 ) 
Knowledg e Computin g 
knowledg e representation ,  case-base d inference,.. . 

Fig .  1 .  Cognitiv e computatio n hierarchy . 

I n th e se t  o f  program s calle d K E W P (Knowledg e an d 
Emotio n Workbenc h Programs) ,  w e hav e bee n formalizin g 
people' s emotiona l  experience s evoke d b y storie s an d othe r 
multimedi a objects ,  whic h includ e conten t  oriente d 
emotion s an d aestheti c emotions . 

Aesthetic emotions in literary experiences 

Aesthetic emotions evoked by the quality of objects, such 
as linguisti c expression s an d othe r  artisti c  forms ,  ar e 
importan t  clas s o f  emotion s ye t  t o b e investigate d fully . 
Our  treatmen t  o f  aestheti c emotion s describe d her e i s base d 
on th e cognitiv e theorie s o f  emotio n (e.g .  Frijda ,  1986) .  W e 
identif y a  cognitiv e appraisa l  componen t  an d a n actio n 
readines s componen t  fo r  variou s aestheti c experience s an d 
propos e computationa l  mechanism s t o implemen t  thos e 
component s i n th e K E W P model . 

Cognitiv e factor s eac h componen t  ca n dea l  wit h are : 
(a )  Cognitiv e appraisa l  componen t  -  completeness ,  novelty , 
memory,  abilit y  recognition ,  competence ,  assimilation . 
(b )  Actio n readines s componen t  ~  possession ,  re-experience, 
creation ,  evangelic . 

We als o discus s th e implicatio n o f  th e mode l  a s a 
competence-base d neura l  architectur e o f  th e brai n 
(Tokosum i  e t  al. ,  i n press) . 
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D i a g r a m s :  A  Cognitiv e Too l 

Diagrams, such as maps, charts, graphs, and widely 
use d a s cognitiv e tool s t o promot e m e m o r y an d 
informatio n processing ,  servin g a  variet y o f  situate d 
roles .  The y offloa d limite d capacit y workin g memory ; 
the y promot e th e us e o f  spac e i n inferenc e an d 
reasoning ,  the y provid e c o m m o n groun d fo r 
collaborativ e desig n (e .  g. ,  Kirsch ,  1995 ;  Larki n & . 
Simon ,  1987 ;  Tversky ,  2001) . 

One reason for the effectiveness of diagrams is that 
the y m a p rea l  o r  conceptua l  element s an d relation s t o 
graphi c element s an d spatia l  relation s i n diagrammati c 
space .  Diagram s hav e a  rudimentar y semantic s an d 
syntax .  Diagrammati c elements ,  suc h a s lines ,  blobs , 
crosses ,  an d arrow s hav e man y possibl e interpretation s 
derive d fro m thei r  geometri c properties ,  bu t  ar e 
disambiguate d i n context ,  m u c h lik e th e verba l 
concept s the y approximate ,  suc h a s relatio n an d area . 
The e  ement s ca n b e combine d i n constraine d way s t o 
produc e a  miiltitud e o f  meanings .  Thi s schematizatio n 
has bee n a  consequenc e o f  lon g ter m interactiv e 
situate d use .  Diagram s als o us e th e spatia l  relation s 
among element s t o conve y conceptua l  relation s 
preservin g varyin g level s o f  information ,  categorical , 
ordinal ,  interval . 

D i a g r a m s fo r  Clarit y 

Diagram s ca n b e use d t o organiz e an d conve y 
informatio n an d instructions ,  a s i n rout e map s an d 
assembl y directions .  Here ,  th e primar y us e i s t o instil l 
prescribe d informatio n o r  linea r  actions .  Thi s wil l  b e 
exemplifie d b y tw o project s o n productio n an d us e o f 
diagrams ,  on e i n rout e fmdin g an d th e othe r  i n objec t 
assembly .  I n bot h cases ,  description s an d depiction s 
revea l  tiie  sam e underlyin g conceptua l  structur e fo r 
traversin g a  rout e o r  assemblin g a n object .  Thes e 
structure s includ e bot h representation s an d procedures . 

D i a g r a m s fo r  Creativit y 

Diagrams can also function to aid inference and 
promot e creativity .  Here ,  th e goa l  i s t o c o m e u p wit h 
ne w ideas ,  idea s no t  anticipate d b y th e designe r  o f  th e 
diagram .  Thi s wil l  b e describe d b y S u w a (2002 ;  Suw a 
& Tversky ,  2001 )  i n a  projec t  o n diagram s generate d 
and use d i n design . 

In both cases, diagrams are inevitably replete with 
ambiguity .  I n th e former ,  contex t  disambiguates , 
instillin g clarit y an d avoidin g confusion .  I n th e latter , 
ambiguit y  i s a  resourc e fo r  creativity . 
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Abstrac t 

When attempting to solve a problem, individuals may activate 
multipl e potentia l  representation s fo r  tha t  problem .  Further , 
differen t  representation s ma y b e activate d mor e o r  les s 
strongly .  Thi s stud y investigate d ho w strengt h o f  proble m 
representation s i s relate d t o pattern s o f  strateg y us e an d 
strateg y discovery .  W e hypothesize d tha t  th e mor e strongl y a 
particula r  representatio n i s cued ,  th e mor e likel y participant s 
shoul d b e t o us e a  strateg y tha t  correspond s wit h tha t 
representation .  Further ,  fo r  individual s wh o d o no t  initiall y 
hav e a  correspondin g strateg y i n thei r  repertoires ,  th e mor e 
strongl y a  particula r  representatio n i s cued ,  th e mor e likel y 
participant s shoul d b e t o discove r  a  strateg y tha t  correspond s 
wit h tha t  representation .  Thes e hypothese s wer e investigate d 
among adult s solvin g wor d problem s abou t  constan t  change . 
The problem s coul d b e represente d i n term s o f  discret e 
chang e o r  continuou s change .  W e varie d tw o type s o f  cue s t o 
discret e an d continuou s proble m representations :  linguisti c 
cue s an d graphica l  cues .  Bot h linguisti c an d graphica l  cue s 
influence d strateg y use ,  an d th e effect s o f  th e tw o cu e type s 
wer e additive .  A m o n g participant s wh o di d no t  us e a 
continuou s strateg y a t  th e outse t  o f  th e study ,  discover y o f  a 
continuou s strateg y wa s relativel y rare ,  an d onl y participant s 
who receive d a  continuou s grap h tende d t o discove r  a 
continuou s strategy .  Th e fmding s sugges t  tha t  i t  ma y b e 
fruitfu l  t o conside r  proble m representation s a s grade d an d 
variabl e rathe r  tha n all-or-none . 

Introduction 
One ste p i n th e proces s o f  solvin g a  proble m i s formin g a 
menta l  representatio n o f  importan t  feature s o f  tha t  problem . 
Proble m representation s hav e bee n invoke d t o explai n m a n y 
aspect s o f  people' s problem-solvin g behavior ,  includin g 
success ,  solutio n times ,  strategies ,  an d error s (e.g. , 
Kotovsky ,  Hayes ,  &  Simon ,  1985 ;  Lovet t  &  Schunn ,  1998) . 
I n th e presen t  study ,  w e investigat e link s betwee n proble m 
representation s an d pattern s o f  strateg y us e an d strateg y 
discovery . 

Proble m representation s ar e sometime s conceptualize d a s 
integrate d wholes ,  suc h tha t  a  particula r  representatio n i s 
retrieve d i n it s entiret y fro m memory ,  an d applie d t o th e 
proble m a t  han d (e.g. ,  Larkin ,  1983) .  Althoug h thi s 
characterizatio n m a y appl y i n som e case s (e.g. ,  fo r  well -

practice d problems) ,  w e sugges t  tha t  i n mos t  cases ,  proble m 
representation s ar e constructe d a t  th e m o m e n t  o f  solving , 
base d o n bot h perceivabl e feature s o f  th e proble m an d o n 
knowledg e retrieve d from  m e m o r y abou t  proble m conten t  o r 
abou t  particula r  problem-solvin g strategie s (McNei l  & 
Alibali ,  2000) .  W e furthe r  sugges t  tha t  th e knowledg e 
activate d i n constructin g a  proble m representatio n m a y b e 
mor e o r  les s strongl y activated ,  an d thus ,  aspect s o f  th e 
representatio n m a y b e grade d rathe r  tha n all-or-non e (se e 
Munakata ,  McClelland ,  Johnson ,  &  Siegler ,  1997 ,  fo r 
discussion) . 

Ther e i s som e suppor t  i n th e literatur e fo r  th e notio n tha t 
proble m representation s m a y b e graded .  Kapla n an d S imo n 
(1990 )  studie d thi s issu e i n th e contex t  o f  th e mutilate d 
checkerboar d problem .  I n thi s problem ,  th e square s from 
tw o diagonall y opposit e comer s o f  a  checkerboar d ar e 
removed ,  an d th e solver' s tas k i s t o cove r  th e remainde r  o f 
th e checkerboar d wit h dominoes ,  eac h o f  whic h cover s 
exactl y tw o squares ,  o r  t o prov e tha t  suc h a  coverin g i s 
impossible .  Becaus e th e tw o diagonall y opposit e comer s o f 
a checkerboar d ar e th e sam e colo r  (bot h blac k o r  bot h 
white) ,  th e coverin g tas k i s indee d impossible ;  however ,  thi s 
fac t  i s  notoriousl y difficul t  fo r  solver s t o discover .  I n thei r 
experiment ,  Kapla n an d S imo n varie d th e strengt h o f 
variou s cue s t o th e "paired-ness, "  o r  parity ,  o f  th e squares . 
Solver s wer e quicke r  t o discove r  tha t  th e coverin g w a s 
impossibl e w h e n adjacen t  square s wer e labele d "bread "  an d 
"butter "  tha n whe n th e square s wer e no t  labeled ,  o r  w h e n 
the y wer e labele d wit h term s tha t  di d no t  for m a  strongl y 
associate d pai r  ("black "  an d "pink") .  T h e bread-and-butte r 
cu e t o parit y facilitate d a  stronge r  representatio n o f  thi s 
crucia l  proble m feature ,  an d thi s le d t o faste r  discover y o f 
th e proble m solution . 

T h e purpos e o f  th e presen t  stud y w a s t o investigat e 
whethe r  variation s i n th e strengt h o f  p rob le m 
representation s ca n accoun t  fo r  variation s acros s solver s i n 
pattern s o f  strateg y use .  Severa l  pas t  studie s hav e 
investigate d th e link s betwee n proble m representatio n an d 
strateg y us e (e.g. ,  Alibali ,  Bassok ,  Solomon ,  Syc ,  &  Goldin -
M e a d o w,  1999 ;  Morales ,  Shute ,  &  Pellegrino ,  1985 ; 
Siegler ,  1976) .  However ,  t o date ,  littl e researc h ha s 
examine d h o w th e strengt h o f  representation s relate s t o 
pattern s o f  strateg y use .  W e hypothesize d tha t  th e m o r e 
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strongl y a  particula r  representatio n i s activated ,  th e mor e 
likel y participant s woul d b e t o us e a  strateg y tha t 
correspond s wit h tha t  representation .  Further ,  fo r 
individual s w h o d o no t  initiall y  hav e a  correspondin g 
strateg y i n thei r  repertoires ,  th e mor e strongl y a  particula r 
representatio n i s activated ,  th e mor e likel y participant s 
woul d b e t o discove r  a  strateg y tha t  correspond s wit h tha t 
representation . 

We als o wishe d t o examin e th e effect s o n strateg y us e o f 
havin g multiple ,  incompatibl e representation s tha t  ar e 
simultaneousl y active .  W e hypothesiz e tha t  th e operativ e 
facto r  i n determinin g whic h representatio n guide s solutio n i s 
th e relativ e strengt h o f  a  particula r  proble m representation . 
Therefore ,  whe n multiple ,  potentiall y  incompatibl e proble m 
representation s ar e simultaneousl y active ,  participants ' 
performanc e shoul d b e mor e variabl e tha n whe n a  singl e 
proble m representatio n i s active . 

Thi s stud y investigate d thes e hypothese s amon g adult s 
solvin g wor d problem s abou t  constan t  chang e (Basso k & 
Olseth ,  1995) .  Th e problem s coul d b e represente d i n term s 
of  eithe r  discrete ,  stepwis e chang e o r  smooth ,  continuou s 
change .  Th e experimen t  varie d tw o type s o f  cue s t o discret e 
and continuou s proble m representations :  linguisti c cue s an d 
graphica l  cues .  Th e linguisti c cue s wer e draw n from 
previou s researc h o n people' s verba l  description s o f  constan t 
chang e problem s (Alibal i  e t  al. ,  1999) .  Th e graphica l  cue s 
wer e chose n base d o n previou s researc h abou t  grap h 
comprehensio n (Zack s &  Tversky ,  1999) ,  whic h indicate d 
tha t  lin e graph s cu e representation s o f  continuou s change s 
i n values ,  wherea s ba r  graph s cu e representation s o f  discret e 
change s i n values . 

I n som e condition s i n th e presen t  experiment ,  th e 
linguisti c an d graphica l  cue s converge d o n a  singl e 
representation .  I n othe r  conditions ,  linguisti c cue s alon e 
wer e provided .  I n stil l  othe r  conditions ,  th e linguisti c cu e 
pointe d towar d on e representatio n an d th e graphica l  cu e 
pointe d towar d th e othe r  representation .  I f  stronge r 
representation s lea d t o mor e frequent  us e o f  a  correspondin g 
strategy ,  participant s shoul d us e tha t  strateg y mos t  ofte n i n 
th e correspondin g cue s case ,  an d leas t  ofte n i n th e 
conflictin g cue s case .  Th e single-cu e cas e shoul d fal l 
somewher e i n th e middle . 

Method 

Participants 

Participant s wer e 15 8 Introductor y Psycholog y student s a t 
th e Universit y o f  Wisconsin—Madison .  Th e sampl e include d 
58 males ,  9 0 females ,  an d 1 0 participant s w h o di d no t 
disclos e thei r  gender .  Mos t  participant s wer e eithe r 
freshmen  (58% )  o r  sophomore s (23%) ,  an d al l  ha d take n a t 
leas t  on e semeste r  o f  college-leve l  mathematics .  Student s 
receive d extr a credi t  point s fo r  Introductor y Psycholog y i n 
exchang e fo r  thei r  participation . 

problem s i n th e orde r  presente d an d no t  t o retur n t o earlie r 
problem s afte r  solvin g late r  ones .  The y wer e als o aske d t o 
sho w al l  o f  thei r  wor k an d t o circl e thei r  fina l  solutio n fo r 
eac h problem .  Student s wer e no t  permitte d t o us e 
calculators . 

Materials 

Student s receive d a  packe t  o f  1 0 word s problem s abou t 
constan t  change ,  base d o n thos e use d i n prio r  studie s (e.g. , 
Alibal i  e t  al. ,  1999 ;  Basso k &  Olseth ,  1995) .  Th e first 8 
problem s i n eac h packe t  focuse d o n quantitie s tha t  change d 
continuousl y (e.g. ,  rai n falling ,  a  tre e growing) ,  an d thes e 
problem s wer e th e sit e o f  th e manipulation .  A s see n i n Tabl e 
1,  th e wordin g o f  th e problem s wa s varie d t o cu e eithe r  a 
discret e representatio n o r  a  continuou s representation .  Cue s 
t o th e discret e representatio n include d amount-lik e unit s fo r 
th e initia l  an d fina l  quantitie s (e.g. ,  5  millimeters) ,  mentio n 
of  individua l  unit s o f  tim e (e.g. ,  th e 1 2 weeks) ,  an d explici t 
referenc e t o th e constant .  Cue s t o th e continuou s 
representatio n include d rate-lik e unit s fo r  th e initia l  an d 
final  quantitie s (e.g. ,  5  millimeter s pe r  week) ,  mentio n o f 
th e entir e perio d o f  tim e (e.g. ,  th e 12-wee k period) ,  an d 
explici t  referenc e t o rate . 

I n addition ,  a s see n i n Figur e 1 ,  th e problem s wer e 
accompanie d eithe r  b y ba r  graphs ,  b y lin e graphs ,  o r  b y n o 
graph s a t  all .  Thus ,  th e stud y utilize d a  2  (verba l  cues : 
discret e o r  continuous )  x  3  (graphs :  discret e [bar] , 
continuou s [line] ,  o r  none )  between-subject s design .  Th e 
final  tw o problem s wer e transfe r  problem s tha t  wer e th e 
same acros s al l  conditions ,  an d the y utilize d discret e conten t 
(e.g. ,  plant s pe r  ro w i n a  garden) ,  discret e wording ,  an d n o 
graph .  Participants '  performanc e o n th e transfe r  problem s i s 
not  addresse d i n thi s paper . 

Table 1: Sample Problems 

Discret e Wordin g 

A saplin g grow s fo r  1 2 weeks .  Th e numbe r  o f 
millimeter s i t  grow s i n eac h successiv e wee k 
increase s b y a  constan t  from  th e numbe r  i n th e 
previou s week .  I n th e first  wee k th e saplin g grow s 
5 millimeter s an d i n th e twelft h wee k i t  grow s 13 7 
millimeters .  H o w m a n y millimeter s doe s th e 
saplin g gro w i n tota l  ove r  th e 1 2 weeks ? 

Continuou s Wordin g 

A saplin g grow s fo r  a  perio d o f  1 2 weeks .  Th e rat e 
at  whic h i t  grow s increase s steadil y ove r  th e 
period ,  from 5  millimeter s pe r  wee k a t  th e 
beginnin g o f  th e first  wee k t o 13 7 millimeter s pe r 
week a t  th e en d o f  th e twelft h week .  H o w man y 
millimeter s doe s th e saplin g gro w i n tota l  ove r  th e 
12-wee k period ? 

Procedur e 

Student s wer e teste d i n a  smal l  classroo m i n group s o f  1 5 t o 
25 .  The y wer e give n u p t o 4 5 minute s t o complet e a  se t  o f 
10 stor y problems .  The y wer e instructe d t o wor k th e 

Cod in g 

Each proble m wa s initiall y  score d a s correct ,  incorrect ,  o r 
no response .  Next ,  th e strateg y tha t  eac h participan t  use d t o 
solv e eac h proble m wa s coded ,  an d al l  strategie s wer e 
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classifie d a s eithe r  discrete ,  continuous ,  o r  othe r 
(unclassifiable) .  Codin g definition s ar e presente d i n Tabl e 2 . 
Most  strategie s i n th e "other "  categor y wer e conceptuall y 
flawe d attempt s t o solv e th e problem s (e.g. ,  addin g o r 
multiplyin g th e initia l  an d fina l  values ,  o r  multiplyin g th e 
initia l  valu e b y th e numbe r  o f  interval s an d the n addin g th e 
final  value) . 

140 

120-

100-

1 2 3 4 5 6 7 8 9 10111 2 

Weeks 

140-

120-

100-

Weeks 

Resu l t s 

Our  analysi s focuse s o n th e effect s o f  cue s t o discret e an d 
continuou s representation s o n participants '  overal l  leve l  o f 
performance ,  thei r  strateg y use ,  an d thei r  strateg y discovery . 
Th e analyse s reporte d her e focu s o n th e firs t  eigh t  problems , 
wher e th e experimenta l  manipulatio n occurred . 

Problem solutions 

We first  examine d whethe r  variation s i n proble m wordin g 
an d graph s influence d whethe r  participant s solve d th e 
problem s correctly .  Th e interactio n o f  wordin g an d graph s 
was no t  significant ,  bu t  ther e wer e mai n effect s o f  bot h 
factors .  A s see n i n Figur e 2 ,  participant s w h o receive d 
problem s wit h discret e wordin g wer e mor e successfu l  tha n 
participant s w h o receive d problem s wit h continuou s 
wording ,  F(l ,  152 )  =  7.22 ,  p  <  .01 ,  despit e th e fac t  tha t  al l 
o f  th e problem s involve d quantitie s tha t  change d i n a 
continuou s fashion .  Graph s als o influence d success ,  F(2 , 
152 )  =  3.61 ,  p  <  .05 .  Participant s w h o receive d problem s 
wit h continuou s graph s performe d mos t  poorly ,  an d 
participant s w h o receive d discret e graph s an d n o graph s 
performe d similarl y well .  Pos t  ho c test s indicate d tha t  th e 
discrete-grap h an d no-grap h group s eac h differe d 
significantl y fro m th e continuous-grap h group ,  bu t  the y di d 
not  diffe r  fro m on e another . 

W hy wer e continuou s wordin g an d continuou s graph s 
associate d wit h poore r  performance ? Befor e addressin g thi s 
question ,  w e first  conside r  pattern s o f  strateg y use . 

Figure 2: Proportion of problems solved correctly by 
participant s i n eac h group . 

Figur e 1 :  Sampl e ba r  an d lin e graph . 

Data fi-om a subsample of 30 participants were rescored 
by a  secon d code r  t o establis h reliability .  Agreemen t 
betwee n th e coder s wa s 9 7 % { N =  28 2 problems) . 

Table 2: Strategy Codes 

Strateg y Definitio n 

Discret e Strategie s 

Sum 

Gauss 

Participan t  finds  th e constan t  increase . 
calculate s th e valu e fo r  eac h interval ,  an d 
add s thes e value s 

Participan t  add s value s fo r  initia l  an d 
final  interval s an d multiplie s thi s su m b y 
hal f  o f  th e numbe r  o f  interval s 

Continuou s Strategie s 

Averag e 

Calculu s 
Are a 

Participan t  finds  averag e valu e pe r 
interva l  an d multiplie s b y numbe r  o f 
interval s 

Participan t  set s u p equatio n an d integrate s 

Participan t  calculate s are a usin g 
geometri c method s (e.g. ,  add s area s o f 
rectangl e an d triangle ) 

u 

o 
o 
c 
o 
r 
o 
a 
s 
Ol 
c 
s 

1 - 1 

0.8 -

0.6 -

0.4 -

0.2 -

fT i  Continuou s Grap h 

n No Graph 

I Discrete Graph 

Continuou s Discret e 

Wordin g 

Strategy use 

Participant s use d discret e strategie s m u c h mor e ofte n tha n 
continuou s strategie s i n th e datase t  a s a  whol e ( 6 3 % vs .  1 6 % 
of  trials) .  Becaus e o f  this ,  w e use d frequenc y o f  discret e 
strateg y us e rathe r  tha n frequenc y o f  continuou s strateg y us e 
as th e dependen t  measur e i n ou r  analysi s o f  strateg y use ,  t o 
avoi d possibl e floo r  effect s i n som e o f  th e cell s o f  th e 
design . 
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Once again ,  th e interactio n o f  wordin g an d graph s wa s no t 
significant ,  bu t  ther e wer e mai n effect s o f  bot h factors .  A s 
see n i n Figur e 3 ,  participant s w h o receive d discret e wordin g 
use d discret e strategie s mor e frequently  tha n participant s 
w ho receive d continuou s wording ,  F(l ,  152 )  -  6.97,/ > <  .01 . 
Graph s als o influence d whethe r  participant s use d discret e 
strategics ,  F(l ,  152 )  =  15.10 ,  p  <  .001 .  Participant s w h o 
receive d continuou s graph s use d discret e strategie s leas t 
often ,  an d participant s w h o receive d discret e graph s an d n o 
graph s use d discret e strategie s m u c h mor e often .  Pos t  ho c 
test s indicate d tha t  th e discrete-grap h an d no-grap h group s 
bot h differe d significantl y from  th e continuous-grap h group , 
but  the y di d no t  diffe r  from  on e another .  Thus ,  bot h type s o f 
cue s influence d participants '  strateg y use ,  an d th e effect s o f 
wordin g an d gr^h s appea r  t o b e additive . 

^ Continuous Graph 

Q N o Grap h 
6 - I  ^ 

T DIacrat *  Grap h 

Continuou s Discret e 

Wording 

Figure 3: Number of problems solved using discrete 
strategie s b y participant s i n eac h group . 

We now return to the question of why continuous 
wordin g an d continuou s graph s wer e associate d wit h poore r 
problem-solvin g succes s i n th e initia l  analysis .  Th e strateg y 
analysi s indicate s tha t  participant s w h o receive d continuou s 
wordin g o r  continuou s graph s wer e les s likel y t o us e 
discret e strategies .  Perhap s participant s als o applie d discret e 
strategie s mor e successfull y tha n continuou s ones ,  an d thi s 
account s fo r  th e performanc e difference s see n i n Figur e 2 . 
However ,  th e succes s rate s fo r  discret e an d continuou s 
strategie s di d no t  differ .  Participant s succeede d o n 5 0 % o f 
trial s o n whic h the y use d discret e strategie s { N =  1012) ,  an d 
5 2 % o f  trial s o n whic h the y use d continuou s strategie s { N = 
238) . 

T o she d additiona l  ligh t  o n th e performanc e differences , 
we examine d th e numbe r  o f  trial s (ou t  o f  8 )  o n whic h 
participant s use d discret e strategies ,  continuou s strategies , 
or  other ,  unclassifiabl e strategies ,  whic h wer e typicall y 
incorrect .  Thes e dat a ar e presente d i n Tabl e 3 .  A s see n i n 
th e table ,  participant s w h o receive d continuou s wordin g o r 
continuou s graph s use d mor e strategie s i n th e "Other " 
categor y tha n participant s w h o receive d discret e wordin g 

and discret e graphs ,  o r  discret e wordin g an d n o graphs . 
Strategie s i n thi s categor y wer e ofte n conceptuall y flawe d 
attempt s t o solv e th e problems ,  suggestin g tha t  participant s 
w ho receive d continuou s wordin g o r  graph s wer e ofte n a t  a 
los s as  t o h o w t o solv e th e problems .  The y m a y hav e 
attempte d variou s strategie s i n a n effor t  t o generat e o r 
discove r  a  strateg y compatibl e wit h th e continuou s proble m 
representation . 

Base d o n th e dat a i n Tabl e 3 ,  w e nex t  examine d whethe r 
participant s w h o receive d convergin g cue s t o a  singl e 
representatio n use d th e correspondin g strategie s mor e ofte n 
tha n participant s w h o receive d onl y a  singl e cue . 
Participant s w h o receive d convergin g cue s t o continuou s 
representation s (i.e. ,  wordin g an d graphs )  wer e indee d mor e 
likel y t o us e continuou s strategie s tha n participant s w h o 
receive d onl y a  singl e cu e (i.e. ,  wordin g only) ,  F(l ,  152 )  = 
9.38 ,  p  <  .01 .  Fo r  discret e representations ,  ther e wa s n o 
significan t  differenc e i n discret e strateg y us e betwee n 
participant s w h o receive d convergin g cue s t o a  discret e 
representatio n an d participant s w h o receive d onl y a  singl e 
cu e (indeed ,  th e directio n o f  th e effec t  i s  opposit e tha t 
predicted) .  Thi s lac k o f  differenc e suggest s tha t  th e discret e 
representatio n wa s readil y accessibl e eve n i n th e absenc e o f 
th e discret e graph . 

Table 3: Mean Number of Strategies of Each Type 
Used b y Participant s i n Eac h Grou p 

Wordin g 

Discret e 

Discret e 

Discret e 

Contin . 

Contin . 

Contin . 

Grap h 

Discret e 

Contin . 

None 

Discret e 

Contin . 

None 

Strateg y Categor y 

Discret e 

6.0 7 

3.9 6 

7.1 6 

5.5 9 

2.1 5 

5.4 6 

Contin . 

0.7 4 

2.0 0 

0.0 0 

0.5 9 

3.1 1 

0.9 2 

Othe r 

1.1 5 

1.4 6 

0.7 6 

1.7 8 

2.7 0 

1.5 4 

We als o compare d th e strateg y us e o f  participant s w h o 
receive d convergin g cue s t o a  singl e representatio n an d 
participant s w h o receive d cue s t o bot h representations . 
Participant s w h o receive d convergin g cue s t o discret e 
representation s use d discret e strategie s mor e ofte n tha n 
participant s w h o receive d discret e wordin g an d continuou s 
graphs ,  F(l ,  152 )  =  5.46 ,  p  =  .02 ,  bu t  the y di d no t  diffe r 
significantl y from  participant s w h o receive d continuou s 
wordin g an d discret e graphs .  Participant s w h o receive d 
convergin g cue s t o continuou s representation s use d 
continuou s strategie s mor e ofte n tha n participant s w h o 
receive d continuou s wordin g an d discret e graphs ,  F(l ,  152 ) 
= 12.62 ,  p  <  .001 ,  bu t  the y di d no t  diffe r  from  participant s 
w ho receive d discret e wordin g an d continuou s graphs , 
althoug h th e effec t  wa s i n th e predicte d direction ,  F(l ,  152 ) 
= 2.18 .  Thi s patter n o f  findings  suggest s that ,  fo r  problem s 
lik e thos e use d i n th e presen t  study ,  graph s m a y b e mor e 
effectiv e tha n wordin g a s a  cu e t o proble m representations . 
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Strateg y discover y 

We nex t  tur n t o th e issu e o f  strateg y discovery .  A s note d 
above ,  continuou s strategie s wer e use d relativel y 
infrequentl y i n th e datase t  a s a  whole .  However ,  som e 
participant s w h o di d no t  us e continuou s strategie s a t  th e 
outse t  o f  th e sessio n appeare d t o "discover "  continuou s 
strategie s i n th e cours e o f  solvin g th e eigh t  problems .  Not e 
tha t  w e d o no t  mea n t o impl y tha t  thes e participant s 
invente d continuou s strategie s "fro m scratch. "  Instead ,  w e 
believ e tha t  participant s realize d tha t  the y coul d appl y 
familia r  technique s suc h a s averagin g o r  calculatin g are a a s 
a metho d fo r  solvin g th e constan t  chang e problems .  I n thi s 
sense ,  the y "discovered "  continuou s strategies . 

W as discover y o f  a  continuou s strateg y facilitate d b y cue s 
t o a  continuou s representation ? T o addres s thi s question ,  w e 
eliminate d al l  participant s w h o use d a  continuou s strateg y 
on th e ver y firs t  proble m { N =  19) ,  becaus e thos e 
participant s ma y hav e alread y ha d th e continuou s strateg y i n 
thei r  repertoir e befor e th e sessio n began ,  instea d o f 
discoverin g i t  durin g th e session .  W e the n examine d th e 
proportio n o f  remainin g participant s i n eac h grou p w h o use d 
a continuou s strateg y o n a t  leas t  on e o f  th e remainin g seve n 
problems . 

As see n i n Tabl e 4 ,  th e onl y group s i n whic h a  substantia l 
proportio n o f  participant s discovere d th e continuou s 
strateg y wer e thos e tha t  receive d continuou s graphs .  Thus , 
graph s wer e a n importan t  cu e i n fosterin g th e discover y o f  a 
continuou s strategy .  I t  i s  als o wort h notin g tha t  th e 
continuou s strateg y wa s discovere d mos t  ofte n i n th e grou p 
tha t  receive d convergin g cue s t o a  continuou s strategy ,  an d 
indeed ,  wa s neve r  discovere d i n th e grou p tha t  receive d onl y 
a singl e cu e (wording )  t o a  continuou s strategy .  Similarly , 
th e continuou s strateg y wa s neve r  discovere d amon g th e 
grou p tha t  receive d continuou s wordin g wit h a  discret e 
graph .  However ,  1 8 % o f  participant s w h o receive d discret e 
wordin g wit h a  continuou s grap h discovere d th e continuou s 
strategy .  O n th e whole ,  th e dat a ar e compatibl e wit h th e 
vie w tha t  a  stronge r  representatio n i s mor e likel y t o lea d t o 
strateg y discovery . 

Table 4: Percent of Participants in Each Group 
W ho Discovere d a  Continuou s Strateg y 

Wordin g 

Discret e 

Discret e 

Discret e 
Contin . 

Contin . 

Contin . 

Grap h 

Discret e 

Contin . 

None 
Discret e 

Contin . 

None 

% w h o Discovere d 
Continuou s Strateg y 

8 

18 

0 

0 

26 

0 

D iscuss io n 

I n thi s study ,  bot h linguisti c an d graphica l  cue s t o proble m 
representation s influence d participants '  strateg y choice s an d 
strateg y discovery .  Th e overal l  analysi s indicate d mai n 
effect s o f  bot h cu e type s o n succes s an d strateg y use . 

Focuse d contrast s indicate d tha t  participant s w h o receive d 
convergin g cue s wer e mor e likel y t o us e a  targe t  strateg y 
tha n wer e participant s w h o receive d a  verba l  cu e t o th e 
targe t  representatio n bu t  a  graphica l  cu e t o th e alternativ e 
representation .  Fo r  th e continuou s representation , 
participant s w h o receive d convergin g cue s wer e als o mor e 
likel y t o us e correspondin g (continuous )  strategie s tha n 
participant s w h o receive d th e wordin g cu e alon e (i.e. ,  wit h 
no accompanyin g graph) .  Howeve r ,  fo r  th e discret e 
representation ,  participant s w h o receive d convergin g cue s 
and participant s w h o receive d wordin g cue s alon e use d 
correspondin g (discrete )  strategie s abou t  equall y often . 

Althoug h discover y o f  a  continuou s strateg y wa s rar e i n 
th e sampl e a s a  whole ,  graphica l  cue s appeare d t o b e 
especiall y importan t  fo r  strateg y discovery .  Continuou s 
strategie s wer e discovere d mos t  ofte n i n th e grou p tha t 
receive d convergin g cue s t o a  continuou s representation , 
and secon d mos t  ofte n i n th e grou p tha t  receive d discret e 
wordin g wit h a  continuou s graph .  Thes e finding s underscor e 
th e importanc e o f  graphica l  representation s i n helpin g 
individual s construc t  menta l  model s o f  proble m situations . 
Our  finding s ar e compatibl e wit h Kalchman ,  M o s s an d 
Case' s (2001 )  clai m tha t  lin e graph s ar e especiall y importan t 
i n th e developmen t  o f  understandin g o f  mathematica l 
functions . 

Severa l  aspect s o f  th e result s converg e t o sugges t  tha t  th e 
"default "  representatio n fo r  constan t  chang e problem s i s on e 
of  discret e rathe r  tha n continuou s change .  First ,  th e larg e 
majorit y o f  problem s wer e solve d usin g discret e strategies . 
Second ,  participant s w h o receive d ba r  graph s performe d 
similarl y t o participant s w h o receive d n o graph s a t  all .  Thi s 
suggest s tha t  participant s di d no t  nee d th e ai d o f  th e ba r 
graph s i n orde r  t o construc t  discret e menta l  model s o f  th e 
proble m situations .  The y appeare d t o construc t  discret e 
representation s spontaneously ,  eve n i n th e absenc e o f  th e 
bar  graphs .  I n contrast ,  participant s w h o receive d lin e 
graph s performe d quit e differentl y fro m participant s w h o 
receive d n o graphs .  Th e lin e graph s appeare d t o hel p 
participant s construc t  continuou s menta l  model s o f  th e 
proble m situations ,  a s th e strateg y discover y dat a suggest . 

W hy migh t  discret e representation s b e mor e readil y 
availabl e t o participant s tha n continuou s ones ? O n e 
possibilit y  ha s t o d o wit h th e natur e o f  th e mathematica l 
relation s tha t  ar e involve d i n workin g wit h th e 
representations .  Strategie s compatibl e wit h discret e 
representation s ten d t o rel y o n additiv e relation s (e.g. , 
summin g th e value s fo r  eac h increment) ,  wherea s strategie s 
compatibl e wit h continuou s representation s ten d t o rel y o n 
multiplicativ e relation s (e.g. ,  multiplyin g th e averag e valu e 
time s th e numbe r  o f  increments) .  Becaus e additiv e relation s 
ar e simple r  an d mor e fundamenta l  tha n multiplicativ e ones , 
the y m a y b e notice d first.  Thi s hypothesi s implie s tha t 
individual s wit h stron g mathematic s skill s  shoul d b e 
especiall y likel y t o us e continuou s strategie s a  possibilit y 
we inten d t o examin e i n ftitur e work . 

Eve n participant s w h o receive d bot h linguisti c an d 
graphica l  cue s t o a  continuou s representatio n use d 
continuou s strategie s relativel y infrequently .  Th e hig h 
incidenc e o f  unclassifiabl e strategie s amon g participant s 
w ho receive d continuou s cue s suggest s tha t  m a n y 
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participant s wer e unabl e t o generat e a  strateg y compatibl e 
wit h th e continuou s representation .  I t  i s  possibl e tha t  som e 
of  thes e unclassifiabl e strategie s wer e generate d base d o n 
hybri d representation s tha t  combine d bot h discret e an d 
continuou s elements .  I f  th e "default "  representatio n fo r 
constan t  chang e problem s i s discrete ,  a s w e argue d above , 
the n cue s t o a  continuou s representatio n ma y creat e a 
situatio n i n whic h multiple ,  incompatibl e representation s ar e 
simultaneousl y active .  Indeed ,  man y o f  th e unclassifiabl e 
strategie s include d bot h additiv e components ,  reminiscen t  o f 
discret e strategies ,  an d multiplicativ e components , 
reminiscen t  o f  continuou s strategies .  A  mor e detaile d 
analysi s o f  thes e unclassifiabl e strategie s ma y she d ligh t  o n 
processe s o f  strateg y construction . 

I t  als o seem s wort h notin g tha t  a  smal l  numbe r  o f 
participant s altere d th e presente d graphs .  O n problem s wit h 
lin e graphs ,  som e participant s dre w line s dow n t o th e x-axi s 
t o "discretize "  th e graph ,  an d o n problem s wit h ba r  graphs , 
some participant s dre w a  lin e acros s th e top s o f  th e bar s t o 
"linearize "  th e graph .  I n thi s regard ,  i t  i s  interestin g t o not e 
tha t  participant s w h o receive d discret e wordin g an d a 
discret e grap h wer e slightl y mor e likel y t o us e continuou s 
strategie s tha n participant s wh o receive d discret e wordin g 
and n o graph .  I t  i s  possibl e tha t  eve n a  ba r  grap h ca n 
sometime s cu e a  continuou s representation ,  becaus e th e 
linea r  relationshi p betwee n th e variable s i s a n emergen t 
featur e o f  th e ba r  graph . 

I n sum ,  th e presen t  findings  ad d t o th e bod y o f  literatur e 
elucidatin g th e link s betwee n proble m representation , 
strateg y use ,  an d strateg y discovery .  Fo r  constan t  chang e 
problems ,  graphica l  representations ,  an d i n particular ,  lin e 
graphs ,  wer e importan t  cue s t o strateg y us e an d strateg y 
discovery .  However ,  man y participant s i n thi s stud y faile d 
t o discove r  a  continuou s strategy .  Th e findings  sugges t  tha t 
peopl e ofte n activat e multipl e representation s fo r  individua l 
problems ,  an d i f  thes e representation s ar e incompatible , 
peopl e ma y hav e difficult y generatin g a n effectiv e strateg y 
fo r  solvin g th e problems .  Mor e generally ,  th e presen t 
findings  sugges t  that ,  t o understan d pattern s o f  strateg y 
chang e an d strateg y discovery ,  i t  i s  fruitfii l  t o conceptualiz e 
proble m representation s a s grade d an d variabl e rathe r  tha n 
all-or-none . 
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Abstrac t 

An ol d bu t  importan t  debat e abou t  huma n memor y concern s 
whethe r  deca y (indexe d b y time )  o r  interferenc e (indexe d b y 
amount  o f  distractin g information )  i s th e caus e o f  forgetting . 
We argue ,  base d o n a  simpl e functiona l  analysis ,  tha t  thi s  i s a 
fals e dichotomy .  Bot h processe s mus t  b e a t  work ,  i n tha t 
distractin g informatio n mus t  deca y t o allo w th e cognitiv e 
syste m t o hav e an y hop e o f  retrievin g targe t  informatio n 
amids t  th e unavoidabl e clutte r  o f  a  well-stocke d memory . 
Thi s analysi s predict s tha t  subtl e deca y effect s shoul d b e 
pervasive ,  eve n i n dat a produce d b y interferenc e theorist s t o 
sho w tha t  deca y wa s impossible .  A  re-analysi s o f  da u fro m 
Waugh an d Norma n (1965 )  doe s indee d revea l  deca y effect s 
tha t  wer e dismisse d b y th e author s a s inconsequentia l  an d 
hav e bee n ignore d b y mos t  investigator s since .  W e fi t  a 
forma l  mode l  integratin g deca y an d interferenc e t o th e 
Waugh an d Norma n data ,  an d t o th e deca y dat a o f  Peterso n 
and Peterso n (1959 )  t o sho w tha t  on e mode l  provide s a n 
improve d accoun t  o f  tw o ostensibl y divergen t  dat a sets . 

Introduction 

"Decay must be one of the most discredited theories in 
psychology ,  amongs t  man y distinguishe d competitors. " 
— M e m o r y researche r  Rober t  Bjork ,  Michiga n Stat e 
University ,  Sept .  27,2(X)0 . 

How is information lost from human memory? Of the many 
potentia l  metaphors ,  th e tw o mai n competitor s hav e 
historicall y bee n deca y ( a proces s indexe d b y time )  an d 
interferenc e ( a proces s indexe d b y th e amoun t  o f  distractin g 
informatio n "clutterin g up "  th e menta l  desktop) . 

Of  thes e tw o metaphors ,  deca y ha s bee n th e les s popular , 
as th e quotatio n abov e suggests .  M e m o r y researcher s hav e 
ofte n simpl y no t  wante d t o credi t  th e ide a tha t  memor y 
coul d deteriorat e b y a  time-indexe d biologica l  proces s (e.g. , 
Keppe l  &  Underwood ,  1962 ;  M c G e o c h &  Irion ,  1952 ; 
Postman ,  1971 ;  W a u g h &  Norman ,  1965) .  Evidenc e ofte n 
cite d agains t  deca y include s th e slowdow n o f  forgettin g 
durin g slee p (e.g. ,  Ekstrand ,  1972) ,  thoug h t o interpre t  thi s 
slowdow n a s evidenc e agains t  deca y on e mus t  assum e tha t 
th e deca y rat e i s  th e sam e durin g slee p a s durin g 
wakefulness .  Give n th e controversia l  natur e o f  wha t  littl e 
we d o understan d abou t  brai n activit y durin g sleep ,  i t  seem s 
equall y likel y tha t  th e deca y rat e i s differen t  i n differen t 
state s o f  consciousness .  Anothe r  argumen t  agains t  deca y i s 
base d o n th e observatio n tha t  tim e b y itsel f  canno t  b e causal . 
As famousl y pu t  b y McGeogh ,  "I n time ,  iro n m a y rus t  an d 
men gro w old ,  bu t  th e rustin g an d th e agin g ar e understoo d 
i n term s o f  th e chemica l  an d othe r  event s whic h occu r  i n 
time ,  no t  i n term s o f  tim e itsel f  (McGeog h &  Irion ,  1952 , 
p.  402) .  Today ,  man y importan t  memor y theorie s exclud e 

deca y (e.g. ,  Gillun d &  Shiffrin ,  1984 ;  Hintzman ,  1988 ; 
Murdock ,  1992) ,  an d cognitiv e textbook s ofte n presen t 
deca y theor y a s a  historica l  footnot e rathe r  tha n a s a n activ e 
hypothesi s (e.g. ,  Ashcraft ,  2002 ;  Galotti ,  1999 ;  Reed ,  2000. ) 

But  deca y i s fa r  fro m a  footnote .  Sinc e th e origina l  studie s 
of  Brow n (1958 )  an d Peterso n an d Peterso n (1959) ,  variou s 
approache s hav e bee n take n t o tr y t o isolat e deca y fro m 
interferenc e (Reitman ,  1974 ;  Baddele y &  Scott ,  1971 ; 
Turvey ,  Brick ,  &  Osborne ,  1970) .  Interferenc e theoris U 
themselve s discovere d tha t  retentio n interva l  moderate s 
proactiv e interferenc e (e.g. ,  Loes s &  W a u g h ,  1967) .  Deca y 
i s represente d i n selec t  m e m o r y theorie s (Anderso n & 
Lcbiere ,  1998 ;  Richman ,  Staszewski ,  &  Simon ,  1995 )  an d 
interpretation s o f  th e literatur e (Anderson ,  2000 ;  Baddeley , 
1990 ;  Wickelgren ,  1977) .  Finally ,  i t  i s  increasingl y clea r 
tha t  McGeoch' s polemi c (quote d above )  misse s th e mark , 
give n convergin g evidenc e tha t  deca y ha s neura l  correlates . 
For  example ,  Fuste r  (1995 ,  p .  247 )  observe s tha t  firing  rate s 
of  particula r  pyramida l  cell s i n th e monke y sho w deca y 
"reminiscen t  o f  th e well-know n deca y o f  huma n short-ter m 
memory. "  A n d deca y i n th e for m o f  "lea k currents "  i s a n 
integra l  par t  o f  neura l  networ k simulatio n o f  th e 
hippocampu s (O'Reill y &  Munakata ,  2000) . 

Th e curren t  stud y aim s t o bolste r  th e cas e fo r  a  genera l 
and functiona l  deca y proces s and ,  mor e specifically ,  t o 
sho w tha t  evidenc e fo r  deca y exist s behin d "enem y lines, " 
i n th e ver y dat a tha t  purportedl y showe d tha t  deca y wa s 
impossible .  Th e pape r  i s organize d a s follows .  W e begi n 
wit h a  functiona l  analysi s tha t  argue s tha t  deca y (o r  som e 
similar ,  non-interferenc e forgettin g process )  mus t  functio n 
i n memor y i f  memor y i s t o functio n a t  all .  W e the n develo p 
prediction s o f  thi s analysi s fo r  a  classi c stud y i n th e 
literatur e o n interference ,  th e W a u g h an d N o r m a n (1965 ) 
prob e digi t  experiment .  A  re-analysi s o f  th e dat a from  tha t 
experimen t  support s th e predictio n o f  subtl e deca y effects . 
T o mak e th e predictio n quantitative ,  w e fit  th e dat a wit h a 
model  base d o n a  m e m o r y theor y tha t  offer s th e buildin g 
block s t o integrat e deca y an d interference .  Finally ,  w e tur n 
t o th e origina l  Peterso n an d Peterso n (1959 )  dat a se t  o n 
decay ,  an d fit  th e sam e mode l  t o it .  Th e goa l  i s  t o sho w tha t 
on e model ,  wit h deca y an d interferenc e represente d a s 
functionall y interactin g processes ,  parsimoniousl y account s 
fo r  tw o ostensibl y divergen t  dat a sets . 

A Functional Perspective on Decay 

The functiona l  argumen t  fo r  deca y i s perhap s bes t  illustrate d 
wit h a n example .  A s on e drive s a n automobil e throug h 
variou s spee d zones ,  i t  i s importan t  t o mentall y registe r  eac h 
chang e i n th e spee d limi t  an d updat e memor y accordingly . 
However ,  i f  eac h chang e i n th e spee d limi t  contribute d 
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Figur e 1 .  Left :  Dat a fro m Waug h an d Norma n (1965) ,  Exp .  1 .  Erro r  bar s ar e within-participant s confidenc e interval s 
(Loftu s &  Masson ,  1994 )  fo r  th e seria l  positio n x  presentatio n rat e interaction .  Right :  Fi t  o f  th e functiona l  deca y model . 

monotonicall y t o interferenc e i n memor y fo r  spee d limits ,  i t 
woul d quickl y becom e impossibl e t o remembe r  th e curren t 
spee d limit ,  whateve r  i t  migh t  be .  Althoug h interferenc e i s 
clearl y a  poten t  sourc e o f  forgetting ,  eve n a t  lon g delay s 
(Keppcl ,  Postman ,  &  Zavortink ,  1968) ,  ther e mus t  b e som e 
mitigatin g proces s i f  memor y i s t o suppor t  ou r  everyda y 
needs (ci.,Luria ,  1968) . 

Interferenc e theorist s themselve s hav e bee n force d t o 
acknowledg e thi s functiona l  need ,  an d th e literatur e 
consequentl y ha s know n deca y b y othe r  names .  On e 
exampl e o f  deca y bein g reinvente d i s th e norio n o f 
forgettin g throug h "stimulu s fluctuation "  (Estes ,  1955 ; 
Gillun d &  Shiffrin ,  1984 ;  Landauer ,  1975) .  Th e hypothesi s 
i s tha t  change s i n th e environmen t  graduall y reduc e th e se t 
of  cue s availabl e t o activat e distractin g information . 
However ,  thi s gradua l  environmenta l  chang e i n ho w 
distractor s ar e cue d i s typicall y onl y specifie d a t  a n abstrac t 
level ,  i n term s tha t  ar e functionall y equivalen t  t o a  simpl e 
time-indexe d process .  A  secon d exampl e i s th e mystica l 
soundin g "spontaneou s recovery "  o f  previousl y 
extinguishe d distractors .  Inherite d fro m th e behaviorists , 
thi s construc t  wa s applie d b y earl y interferenc e theorist s t o 
explain ,  amon g othe r  findings,  th e effec t  o f  retentio n 
interva l  i n th e Brown-Peterso n paradig m (Keppe l  & 
Underwood ,  1962). '  Again ,  however ,  spontaneou s recover y 
and deca y see m functionall y equivalent :  I n on e cas e 
distractor s gai n strengt h relativ e t o th e target ,  an d i n th e 
othe r  cas e th e targe t  lose s strengt h relativ e t o distractors . 

Thus ,  w e argu e tha t  an y non-interferenc e forgettin g 
indexe d b y tim e ma y a s wel l  b e know n a s decay .  Wha t  w e 
propos e t o d o i s pla y ou t  th e functiona l  implication s an d 
searc h fo r  deca y i n time-base d experimenta l  manipulation s 
wher e on e migh t  no t  otherwis e expec t  t o find  it . 

Revisiting Waugh and Norman (1965) 

The classi c dat a se t  o f  Waug h an d Norma n (1965 )  i s 
discusse d i n man y m o d e m cognitiv e textbook s (includin g 
thos e cite d above )  usuall y t o illustrat e th e importanc e o f 
interferenc e a s a  forgettin g mechanism .  I n th e probe-digi t 
paradig m use d i n thi s experiment ,  th e participan t  i s 
presente d wit h a  lis t  o f  digit s an d the n aske d t o repor t  on e o f 

'"Th e increas e i n [proactiv e interference ]  wit h increas e i n lengt h 
of  th e retentio n interva l  ma y b e accounte d fo r  b y th e recoverin g o f 
extinguishe d interferenc e associations "  (Keppe l  &  Underwood , 
1962) . 

them .  Th e targe t  digi t  (th e on e t o report )  i s  indicate d b y a 
prob e digi t  give n immediatel y afte r  th e lis t  i s  presented . 
The prob e als o occurre d exactl y onc e durin g th e lis t  proper , 
and th e targe t  i s th e digi t  tha t  followe d th e prob e i n th e lis t 
proper .  Th e seria l  positio n o f  th e prob e i n th e lis t  prope r 
change s randoml y acros s trials ,  s o accurac y acros s trial s 
measure s ite m retentio n a s a  functio n o f  seria l  position . 

The experimen t  include d a  within-subject s manipulatio n 
of  presentatio n rat e t o tes t  whethe r  th e chronologica l  ag e o f 
th e targe t  ite m affecte d it s retention .  I n th e Fas t  condition , 
digit s wer e presente d onc e ever y 25 0 msec ,  an d i n th e Slo w 
conditio n the y wer e presente d onc e pe r  second .  Th e logi c 
was tha t  i f  deca y cause d forgetting ,  the n Fas t  item s shoul d 
be mor e accuratel y remembere d i n respons e t o th e probe .  I f 
interferenc e cause d forgetting ,  the n onl y seria l  positio n 
shoul d affec t  retention .  Tha t  is ,  lat e item s i n th e lis t  shoul d 
be recalle d bette r  tha n earlie r  items ,  i n bot h th e Fas t  an d 
Slo w conditions ,  becaus e lat e item s suffere d fewe r 
intervenin g item s befor e th e probe ,  an d henc e shoul d suffe r 
les s retroactiv e interference . 

The Waug h an d Norma n dat e ar e plotte d i n Figur e 1  (lef t 
panel) ,  wit h seria l  positio n o f  th e targe t  alon g th e x-axis . 
The curve s represen t  th e tw o presentatio n rates .  Th e effec t 
of  seria l  positio n i s readil y apparen t  i n bot h conditions ,  wit h 
late r  item s recalle d muc h mor e accuratel y tha n earlie r  items . 
Thi s effect ,  an d it s similarit y acros s th e tw o conditions ,  wa s 
enoug h fo r  Waug h an d Norma n t o rejec t  deca y a s caus e o f 
forgetting .  The y d o not e " a sligh t  interaction "  o f  seria l 
positio n an d presentetio n rate ,  bu t  dismis s it s importanc e — 
"th e effec t  o f  rat e i s relativel y smal l  compare d t o th e effec t 
of  seria l  position "  — an d repor t  n o statistics .  Followin g 
thei r  lead ,  n o contemporar y textboo k tha t  w e hav e examine d 
(includin g thos e cite d above )  eve n acknowledge s th e 
interaction ,  despit e th e fac t  tha t  i t  fairl y  leap s of f  th e page . 
The occasiona l  investigato r  ha s observe d th e interactio n an d 
speculate d abou t  cause s (Massaro ,  1970 ;  Hintzman ,  1978 ; 
Wickelgren ,  1977) ,  bu t  th e theoretica l  significanc e o f  thi s 
interactio n fo r  deca y theor y ha s no t  bee n fiiU y pressed . 

To confir m th e interactio n statistically ,  w e conducte d a  9 
X 2  repeate d measure s analysi s o f  varianc e o n th e data. *  Th e 
interactio n o f  seria l  positio n an d presentatio n rat e i s highl y 
reliable ,  F(8,24 )  =  5. 1 . p <  0.001 ,  A/5 E =  .0033 . 

'  W e reconstructe d th e Waug h an d Norma n dat a b y digitall y 
scannin g th e individua l  participan t  dat a graph s i n tha t  repor t  an d 
overlayin g a  gri d t o estimat e th e actua l  numbers . 
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T h e Functiona l  D e c a y M o d e l 

To explai n th e Waug h an d Norma n interaction ,  w e modele d 
i t  usin g th e centra l  memor y construct s o f  th e ACT- R 
cognitiv e theor y (Anderso n &  Lebiere ,  1998) .  Th e model' s 
fit  i s  presente d i n th e righ t  pane l  o f  Figur e 1 .  I n additio n t o 
qualitativel y capturin g th e interaction ,  quantitativ e measure s 
of  fit  ar e quit e close ,  wit h R M S D =  .05 4 an d R ^  =  .965 . 

Thi s functiona l  deca y mode l  i s  base d o n th e activatio n 
mechanis m illustrate d i n Figur e 2 .  Th e tw o curve s i n tha t 
figure  plo t  th e activatio n o f  eac h ite m i n a  list ,  jus t  befor e 
th e prob e i s  presented .  Tha t  is ,  th e curve s represen t  a 
snapsho t  o f  ever y potentia l  target' s activatio n immediatel y 
afte r  al l  th e potentia l  target s hav e bee n presented .  T h e 
curve s ar e produce d b y th e followin g activatio n function , 
adapte d fro m ACT-R' s Bas e Leve l  Learnin g equation . 

A •» \n(—j=) Equation 1: Base-level activation 

A is the activation of an item, n is the number of times the 
ite m ha s bee n retrieve d fi-om  memor y sinc e i t  wa s encoded , 
and T  i s th e ag e o f  th e ite m (tim e fi-om  encodin g t o present) . 
Equatio n 1  thu s compute s activatio n a s a  functio n o f 
frequency  o f  use .  Th e premis e behin d thi s functio n i s tha t 
historica l  nee d fo r  informatio n i s a  predicto r  o f  futur e nee d 
and thu s shoul d affec t  ite m availabilit y  (Anderso n & 
Milson ,  1989) .  Activatio n decay s i n thi s functio n a s a 
power  functio n o f  ag e o f  th e item ,  T .  Th e exponen t  o f  thi s 
functio n (-0.5 )  is ,  withi n A C T - R ,  a  relativel y constan t 
paramete r  o f  th e cognitiv e architectur e governin g th e deca y 
rat e o f  a  memor y trace .  However ,  thi s i s no t  th e onl y facto r 
governin g a n item' s base-leve l  activation .  Fo r  example ,  a 
rehearsa l  proces s coul d increas e activatio n b y increasin g th e 
valu e o f  th e usag e parameter ,  n .  I n th e W a u g h an d No rma n 
model ,  w e fix  n  a t  1 ,  o n th e assumptio n tha t  item s wer e no t 
differentiall y  rehearsed .  W a u g h an d Norma n anticipate d th e 
possibilit y  tha t  differentia l  rehearsa l  coul d confoun d thei r 
results ,  an d instructe d thei r  participant s t o rehears e onl y th e 
most  recen t  ite m o f  th e list ,  i f  the y rehearse d a t  all . 

I n term s o f  th e activatio n curve s i n Figur e 2 ,  Equatio n 1 
(wit h n  constan t  acros s items )  predict s tha t  th e lates t  (mos t 
recent )  ite m i s th e mos t  active ,  th e nex t  mos t  recen t  ite m th e 
nex t  mos t  active ,  an d s o on .  Item s i n th e Slo w conditio n ar e 
on averag e les s activ e tha n item s i n th e Fas t  condition , 
becaus e a  Slo w ite m a t  a  give n seria l  positio n i s olde r  tha n a 
Fast  ite m a t  th e sam e seria l  position ,  s o ha s decaye d more . 

I n additio n t o th e base-leve l  activatio n governe d b y 
Equatio n 1 ,  th e secon d sourc e o f  activatio n fo r  a  m e m o r y 
trac e unde r  A C T - R theor y i s  primin g throug h associativ e 
links .  I n othe r  words ,  a n ite m i s  activate d associativel y 
when cue s t o tha t  ite m ar e themselve s activated .  Associativ e 
primin g i s h o w A C T - R mus t  explai n tha t  fac t  tha t  element s 
othe r  tha n th e lates t  (i n th e prob e digi t  paradigm )  ca n b e 
retrieve d a t  all .  Th e backgroun d theoretica l  assumptio n i s 
that ,  i n respons e t o a  retrieva l  reques t  fro m centra l 
cognition ,  th e memor y syste m deliver s th e trac e tha t  i s th e 
most  activ e a t  tha t  instant .  I n Figur e 2 ,  th e ite m wit h th e 
highes t  base-leve l  activatio n i s th e las t  on e i n th e list ,  s o i f 
base-leve l  activatio n wer e th e onl y activatio n a  m e m o r y 
trac e coul d have ,  the n onl y th e las t  ite m woul d eve r  b e 
retrieved .  Thi s i s  clearl y no t  h o w th e cognitiv e syste m 

operates ,  i n th e prob e digi t  paradig m o r  i n general ;  peopl e 
ar e perfectl y abl e t o retriev e thought s othe r  tha n th e mos t 
recent .  A C T - R implie s tha t  suc h retrieva l  depend s heavil y 
on retrieva l  cue s deliverin g activatio n throug h associativ e 
links .  I n Bayesia n terms ,  base-leve l  activatio n reflect s th e 
influenc e o f  histor y (retrieva l  history ,  i n particular ,  a s 
capture d b y base-leve l  activation) ,  wherea s associativ e 
primin g fro m retrieva l  cue s reflect s th e influenc e o f  th e 
curren t  context . 

I n th e probe-digi t  paradigm ,  w e assum e tha t  th e rol e o f 
associativ e primin g play s ou t  throug h a n associativ e lin k 
betwee n th e prob e an d th e target .  Tha t  is ,  w h e n th e prob e 
and th e targe t  co-occu r  i n th e lis t  proper ,  thi s co-occurrenc e 
cause s a n associativ e lin k t o b e encode d betwee n th e tw o 
trace s i n memory .  W h e n th e prob e i s re-activate d a t  th e en d 
of  th e list ,  activatio n spread s fro m th e prob e t o th e targe t 
throug h thi s link ,  primin g th e target .  Thi s assumptio n i s 
grounde d i n associatonis m generall y an d variou s m e m o r y 
theorie s i n particula r  (e.g. ,  Gillun d &  Shiffiin ,  1984) ,  an d i n 
specifi c  evidenc e tha t  suc h association s ar e forme d betwee n 
neighbor s i n a  lis t  o f  rando m item s (Naime ,  1983) . 

I n th e functiona l  deca y model ,  associativ e primin g fro m 
th e prob e i s  implemente d simpl y a s a  constan t  amoun t  o f 
activatio n adde d t o th e target .  Th e effec t  o f  thi s primin g i s 
als o illustrate d i n Figur e 2 ,  b y th e arro w labele d priming . 
Wherea s th e curve s represen t  ite m activation s immediatel y 
befor e th e prob e i s presented ,  th e elevate d poin t  a t  th e hea d 
of  th e arro w represent s th e activatio n o f  a  targe t  w h e n th e 
prob e i s presented .  ( W e hav e arbitraril y  chose n th e targe t  t o 
be th e ite m a t  seria l  positio n 7 ,  i n th e Fas t  condition. )  T h e 
targe t  ite m i s show n t o hav e m u c h mor e activatio n tha n it s 
neighbors ,  an d als o mor e activatio n tha n mos t  recen t  lis t 
item s (whic h woul d otherwis e b e th e mos t  active) . 

O ne othe r  necessar y mode l  parameter ,  no t  represente d i n 
Figur e 2 ,  capture s th e differentia l  effec t  (acros s th e tw o 
presentatio n rates )  o f  proactiv e interferenc e du e t o previou s 
trials .  Accordin g t o Equatio n 1 ,  ol d item s deca y bu t 
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Figure 2: A snapshot of item activations from Equation (1) at 
th e instan t  th e fiil l  lis t  o f  item s ha s bee n presented .  Th e arro w 
labele d primin g indicate s th e magnitud e o f  associativ e 
activatio n passin g fro m prob e t o targe t  (ite m 7 ,  i n thi s 
scenario )  whe n th e prob e i s presented .  A  an d B  ar e activatio n 
difference s use d t o illustrat e relativ e activatio n (se e text) . 
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nonetheles s retai n som e activatio n wel l  int o th e future , 
meanin g tha t  item s from  previou s trial s ("prio r  items" )  wil l 
continu e t o exis t  i n m e m o r y a s a  sourc e o f  proactiv e 
interference .  However ,  th e ag e o f  thes e prio r  item s wil l 
diffe r  acros s th e Fas t  an d Slo w conditions ,  i n tha t  prio r 
item s i n th e Fas t  conditio n wil l  retai n mor e o f  thei r 
activatio n an d henc e caus e greate r  proactiv e interference . 
Thi s differenc e acros s th e tw o condition s i s capture d i n a 
prior-item s paramete r  i n th e model .  Th e paramete r  i s 
implemente d i n term s o f  a  singl e distractin g elemen t  wit h a n 
activatio n valu e tha t  i s  estimate d from  th e data . 

The fina l  ste p i s t o m a p ite m activation s t o th e probabilit y 
of  retrievin g a  give n targe t  item .  I n A C T - R thi s mappin g i s 
th e "soft-max "  rul e below ,  whic h predict s tha t  th e mos t 
activ e ite m ha s th e highes t  probabilit y  o f  bein g retrieve d (a s 
we discusse d above) ,  bu t  tha t  othe r  item s ca n intrud e from 
tim e t o time .  Thi s rul e determine s th e probabilit y  o f 
retrievin g a  give n ite m a s a  functio n o f  it s  activatio n relativ e 
t o th e activatio n o f  it s  distractors ,  an d thu s specifie s th e 
exten t  t o whic h distractor s interfer e wit h th e target. ' 

P ' . . 
'  - ^  *' /  Equatio n 2 :  Retrieva l  probabilit y 

V 
P,  i s th e probabilit y  o f  retrievin g « ,  th e target ,  an d A ,  i s th e 
target' s activatio n (fro m Equatio n 1) .  Th e quantit y s 
represent s th e assumptio n tha t  m e m o r y i s susceptibl e t o 
nois e (i.e. ,  transien t  fluctuation s i n activatio n levels) . 

Fitting Waugh and Norman (1965) 

We ca n n o w describ e h o w th e mode l  capture s th e 
interactio n i n Figur e 1 .  O n e o f  th e tw o basi c pattern s i n th e 
dat a i s tha t  lat e item s ar e recalle d bette r  i n th e Slo w 
conditio n tha n i n th e Fas t  condition .  I n th e model ,  thi s effec t 
result s from  lat e item s havin g mor e relativ e activatio n i n th e 
Slo w conditio n tha n i n th e Fas t  condition ,  a s compare d wit h 
distractin g elements .  B y relativ e activation ,  w e mea n th e 
differenc e i n activatio n betwee n th e targe t  an d it s 
distractors .  Equatio n 2 ,  whic h define s activation-base d 
interferenc e i n A C T - R ,  predict s tha t  th e greate r  th e 
differenc e i n activatio n betwee n th e targe t  an d it s 
distractors ,  th e greate r  th e probabilit y  o f  retrievin g th e 
target .  I n Figur e 2 ,  relativ e activatio n i s represente d b y th e 
difference s A  an d B ,  whic h ar e difference s i n activatio n 
level s o f  item s a t  tw o arbitraril y  chose n seria l  position s (1 0 
and 15) .  Th e differenc e A  i s betwee n item s 1 0 an d 1 5 i n th e 
Fast  condition ,  an d th e differenc e B  i s betwee n item s 1 0 an d 
15 i n th e Slo w condition .  W h e n th e targe t  i s a  lat e ite m 
(i.e. ,  15) ,  the n th e probabilit y  o f  retrievin g i t  depend s o n th e 
activatio n differenc e betwee n i t  an d earlie r  item s (i.e. ,  10) . 
Thi s differenc e i s large r  i n th e Slo w conditio n (distanc e B ) 

'  Equatio n 2 ,  terme d th e Chun k Choic e Equatio n i n Anderso n 
and Lebier e (1998) ,  play s a  broade r  rol e i n definin g interferenc e i n 
our  mode l  tha n i n ACT- R proper .  I n ACT-R ,  retrieva l  probabilit y 
i s  a  functio n bot h o f  Equatio n 2  an d o f  a  threshol d paramete r  x  tha t 
specifie s a  minimu m activatio n belo w whic h a n ite m i s invisibl e t o 
th e system .  W e assum e n o suc h threshold ;  th e probabilit y  o f 
retrievin g a n ite m i s solel y a  ftinction  o f  tha t  item' s activatio n 
relativ e t o th e activatio n o f  distractors .  W e thu s plac e greate r 
emphasi s o n th e rol e o f  interferenc e fro m distractin g information . 

tha n i n th e Fas t  conditio n (distanc e A ) .  Thus ,  lat e item s wil l 
be recalle d mor e accuratel y i n th e Slo w conditio n tha n i n 
th e Fas t  condition . 

The secon d patter n i n th e dat a i s tha t  earlie r  item s ar e 
recalle d bette r  i n th e Fas t  conditio n tha n i n th e Slo w 
condition .  I n th e model ,  thi s effec t  agai n result s fro m 
relativ e activation ,  wit h targe t  an d distracto r  no w reversin g 
roles .  Wit h respec t  t o th e scenari o i n Figur e 2 ,  whe n th e 
targe t  i s th e earlie r  ite m (i.e. ,  10) ,  the n th e distracto r  i s th e 
lat e ite m (i.e. ,  15) .  (Recal l  tha t  althoug h ite m 1 0 ha s les s 
base-leve l  activatio n tha n ite m 15 ,  th e associativ e primin g 
illustrate d i n Figur e 2  wil l  compensat e fo r  thi s defici t  an d 
improv e th e probabilit y  o f  th e targe t  bein g retrieved. )  Th e 
activatio n differenc e betwee n targe t  an d distracto r  no w 
favor s th e Fas t  condition ,  becaus e ite m 1 0 i n tha t  conditio n 
face s a  smalle r  activatio n defici t  relativ e t o it s primar y 
distractor s (th e late r  item s i n th e list) .  Thus ,  earlie r  item s 
wil l  b e recalle d mor e accuratel y i n th e Fas t  conditio n tha n i n 
th e Slo w condition . 

Model parameters 

Th e fit  i n Figur e 1  depend s o n estimatin g thre e paramete r 
value s fro m 1 8 dat a points .  Activatio n nois e { s i n Equatio n 
2) ,  wa s estimate d a t  0.19 ,  a  valu e i n lin e wit h othe r 
application s o f  thi s equatio n (e.g. ,  Anderson ,  Bothell , 
Lebiere ,  &  Matessa ,  1998) .  Th e primin g (associativ e 
activation )  contribute d b y th e prob e digi t  wa s estimate d a t 
.8 3 unit s o f  activation .  Finally ,  th e prior-ite m activatio n 
(mor e specifically ,  th e differenc e i n prio r  ite m activatio n 
acros s th e Fas t  an d Slo w conditions )  wa s estimate d a t  1. 1 
unit s o f  activation .  A n Exce l  spreadshee t  implementin g th e 
model  an d th e tw o fits  presente d i n thi s pape r  i s a t 
http://ww w .ms u .eduZ-ema/fimctionaldeca y • 

Fitting Peterson and Peterson (1959) 

So fa r  w e hav e searche d fo r  an d foun d evidenc e fo r  deca y i n 
dat a o n interference .  Give n ou r  ai m t o integrat e deca y an d 
interferenc e functionally ,  w e n o w tur n t o dat a o n deca y 
(Peterso n &  Peterson ,  1959) ,  an d as k wha t  rol e interferenc e 
migh t  play .  T h e Brown-Peterso n paradig m involve s 
presentin g a  verba l  ite m (e.g. ,  a  consonan t  trigram )  an d 
testin g retentio n a s a  functio n o f  time .  Durin g th e retentio n 
interval ,  verba l  rehearsa l  i s  suppresse d b y a  tas k lik e 
countin g backwards .  Figur e 3  show s th e dat a o n recal l 
accurac y fro m Peterso n an d Peterso n (1959) ,  Experimen t  1 . 
The x-axi s show s retentio n interva l  an d th e y-axi s show s 
proportio n correct .  Th e dat a sho w a n even ,  negativel y 
acceleratin g declin e i n accurac y wit h retentio n interval .  Thi s 
declin e wa s interprete d t o m e a n tha t  maintenanc e o f 
informatio n i n S T M depende d o n activ e rehearsal ,  suc h tha t 
preventin g rehearsa l  cause d los s o f  informatio n (Peterso n & 
Peterson ,  1959) .  Forma l  model s o f  thes e dat a ar e no t  ne w 
(e.g. ,  Baddeley ,  1976 ,  p .  130) ,  bu t  wha t  i s a  nove l 
integratio n i s t o explai n thes e dat a o n deca y wit h th e sam e 
processe s tha t  accoun t  fo r  dat a o n interference . 

Our  interpretatio n o f  th e dat a i n Figur e 3  i s tha t  th e 
curren t  ite m (trigram )  i s represente d i n memor y agains t  a 
backgroun d o f  interferin g item s from  previou s trials .  Thi s 
kin d o f  proactiv e interferenc e ha s bee n demonstrate d i n a 
number  Brown-Peterso n studie s (e.g. ,  Dillo n &  Reid ,  1969 ; 
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Keppe l  &  Underwood ,  1962 ;  Wickens ,  Born .  &  Allen , 
1963) .  I n ou r  model ,  thi s proactiv e interferenc e play s th e 
same rol e her e a s prior-ite m interferenc e di d i n fittin g th e 
Waugh an d Norma n dau .  A n elemen t  o f  thi s menta l  clutte r 
ca n intrud e whe n th e syste m attempt s t o retriev e th e targe t 
— an d i s mor e likel y to ,  th e mor e th e targe t  ha s decayed . 
Thus ,  relativ e activatio n i s agai n th e facto r  determinin g 
retrieva l  accuracy .  Here ,  however ,  relativ e activatio n i s a 
facto r  betwee n trial s only ,  wherea s i n th e probe-digi t  mode l 
i t  wa s a  facto r  betwee n an d withi n trials .  Th e onl y othe r 
chang e t o th e mode l  wa s t o remov e associativ e primin g a s a 
sourc e o f  activatio n fo r  th e target ,  reflectin g th e absenc e o f  a 
specifi c  prob e i n th e Brown-Peterso n paradigm . 

As show n i n Figur e 3 ,  th e mode l  agai n fit s  closely ,  wit h 
R M SD =  .02 7 an d R '  =  .977 .  Fittin g th e mode l  require d 
estimatin g tw o parameter s fro m si x dat a points .  Activatio n 
nois e s  (Equatio n 2 )  wa s estimate d t o b e .34 ,  whic h i s agai n 
i n th e rang e use d i n othe r  A C T - R model s (Anderso n e t  al. , 
1998) .  Prio r  ite m activatio n wa s estimate d a t  -2.3 1 units . 

Not e tha t  i n fittin g th e Peterso n an d Peterso n dat a w e 
carrie d ove r  th e deca y rat e fro m th e W a u g h an d Norma n 
model  (-.5) .  Thi s illustrate s th e valu e o f  incorporatin g 
interferenc e i n a  mode l  o f  decay .  A  simpl e power-la w deca y 
model ,  withou t  interferenc e a s a  factor ,  i s P ,  =  a+bT j  ** ,  wit h 
P,  th e probabilit y  o f  retrievin g ite m i ,  T )  th e ag e o f  i, d th e 
deca y rate ,  an d a  an d b  fre e parameters .  Fittin g thi s mode l  t o 
th e Peterso n an d Peterso n dat a produce s measure s o f  fi t 
R M SD =  .02 9 an d ̂  =  .973 ,  an d paramete r  value s a  =  -19.8 , 
b =  20.7 ,  an d d  =  -.14 .  O f  particula r  interes t  i s  th e deca y 
rate ,  -.14 .  Thi s deviate s substantiall y  fro m th e valu e o f  -. 5 
tha t  w e carrie d ove r  fro m th e W a u g h an d Norma n model , 
and fro m man y A C T - R model s befor e tha t  (Anderso n & 
Lebiere ,  1998) .  Thus ,  althoug h th e apparen t  deca y rat e ma y 
diffe r  fro m situatio n t o situation ,  w e propos e tha t  wha t 
varie s i s no t  th e architectura l  deca y rat e bu t  th e backgroun d 
leve l  o f  interference ,  whic h i s situation-dependen t  an d thu s 
a mor e plausibl e sourc e o f  variation .  Importantly ,  thi s 
variabl e ca n als o b e estimate d quantitatively ,  fo r  exampl e b y 
countin g th e numbe r  o f  trial s precedin g th e tria l  o f  interes t 
(Keppe l  &  Underwood ,  1962) . 

I n sum ,  i f  interferenc e i s indee d a  primar y mechanis m o f 
forgetting ,  the n i t  woul d b e od d i f  i t  playe d n o rol e i n 
forgettin g i n th e Brown-Peterso n paradigm .  Ou r  analysi s 
suggest s tha t  deca y b y itsel f  canno t  caus e forgettin g — 
forgettin g arise s becaus e deca y take s plac e relativ e t o 
backgroun d interferenc e i n memory . 

Discussion 

We propos e tha t  deca y an d interferenc e ar e functionall y 
relate d processe s — deca y o f  distractor s mitigate s th e exten t 
t o whic h the y interfer e wit h th e target .  Playin g ou t  th e 
consequence s o f  thi s proposa l  make s functiona l  sens e o f  a n 
empirica l  resul t  tha t  ha s lai n largel y dorman t  fo r  a 
generation ,  absen t  th e righ t  theoretica l  framewor k i n whic h 
t o interpre t  it .  W e hav e als o formalize d th e integratio n o f 
deca y an d interferenc e i n anothe r  sense ,  b y fittin g th e 
Waugh an d Norma n dat a se t  an d it s "opposite, "  th e Peterso n 
and Peterso n data ,  wit h th e sam e model .  Thes e model-fittin g 
successe s converg e wit h ou r  functiona l  logi c t o argu e tha t 
deca y an d interferenc e mus t  bot h operat e i n memory . 

C 0. 8 

8 0- 6 ̂  

I  0. 4 ] 

a 0. 2 

i 0. 0 

Model 

12 1 5 1 8 

Retentio n interva l  (sec ) 

Figur e 3 :  Dat a fro m Peterso n an d Peterso n (1959) , 
Experimen t  1 ,  an d th e fit  o f  th e functiona l  deca y model . 

We began by hinting that if decay is important to the 
functionalit y o f  memory ,  the n it s effect s shoul d b e foun d 
pervasivel y i n behaviora l  data .  Indeed ,  functiona l  deca y 
model s simila r  t o th e on e presente d her e hav e bee n applie d 
t o divers e domains .  Thes e includ e tas k switchin g (Altman n 
& Gray ,  2002 )  an d th e tim e cours e o f  Stoo p interferenc e 
(Altman n &  Davidson ,  2001) .  Thus ,  th e clai m tha t  deca y i s 
pervasiv e ha s som e backin g beyon d ou r  excursio n her e t o 
th e headwater s o f  th e debat e ove r  forgettin g mechanisms . 

Ther e ar e a  numbe r  o f  caveat s o n th e curren t  wor k tha t 
wil l  b e importan t  t o addres s i n th e future .  First ,  th e W a u g h 
and Norma n interaction ,  thoug h i t  seem s visibl e i n othe r 
prob e digi t  dat a (Norman ,  1966) ,  need s t o b e replicate d 
befor e w e inves t  mor e i n interpretin g it .  Second ,  ou r 
spreadshee t  mode l  need s t o b e implemente d a s a  runnin g 
simulation ,  t o tes t  whethe r  w e hav e misse d importan t 
interaction s amon g processes .  Third ,  th e mode l  make s 
specifi c  prediction s abou t  whic h distracto r  item s shoul d 
intrud e i n wha t  proportions ;  late r  item s shoul d intrud e mor e 
often ,  becaus e the y ar e mor e active .  Thes e prediction s 
clearl y nee d t o b e tested . 

We shoul d als o not e tha t  th e construc t  o f  relativ e 
activatio n underlyin g ou r  mode l  ha s othe r  expression s i n 
memory theory ,  suc h a s th e discriminatio n rati o (Baddele y 
& Hitch ,  1993 )  an d tempora l  distinctivenes s (Neath ,  1993) . 
We woul d argue ,  however ,  tha t  th e groundin g o f  th e curren t 
model  i n A C T - R anchor s i t  mor e directl y t o observabl e 
environmenta l  processes .  A C T - R i s premise d o n th e notio n 
tha t  memor y i s a  mirro r  reflectin g pattern s o f  informatio n 
nee d impose d b y th e environment .  Thus ,  fo r  example , 
retrieva l  fi-equency  i s a  predicto r  o f  activatio n becaus e i t  i s 
als o a  predicto r  o f  impendin g nee d fo r  tha t  item .  Consisten t 
wit h th e functiona l  interpretatio n o f  decay ,  w e favo r  a 
functiona l  interpretatio n o f  memor y generally ,  i n whic h 
quantitie s lik e activatio n reflec t  th e task s tha t  th e m e m o r y 
syste m accomplishe s fo r  us . 

Finally ,  w e shoul d emphasiz e tha t  ou r  claim s abou t  th e 
importanc e o f  deca y ar e no t  mean t  t o conflic t  wit h th e ide a 
tha t  interferenc e i s th e dominan t  caus e o f  los s o f  retrievabl e 
informatio n i n memory .  Whereve r  the y hav e bee n isolated , 
includin g i n th e W a u g h an d Norma n data ,  th e effect s o f 
deca y ar e quit e smal l  (c.f. ,  Reitman ,  1974 )  compare d t o th e 
effect s o f  interference .  Indeed ,  a  smal l  effec t  o f  deca y i s al l 
tha t  i s  functionall y necessar y t o til t  retrieva l  probabilit y 
towar d th e target ,  particularl y whe n strategi c m e m o r y 
processe s lik e rehearsa l  ar c availabl e fo r  th e syste m t o 
manipulat e targe t  activation . 
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Abstrac t 
Everyon e agree s tha t  rea l  cognitio n requires  muc h mor e 
dia n stati c patter n recognition.  I n particular ,  i t  require s th e 
abilit y  t o lear n sequence s o f  pattern s (o r  actions )  Bu t 
learnin g sequence s reall y mean s bein g abl e t o lear n multipl e 
sequences ,  on e afte r  th e oAer ,  witiiou t  th e mos t  recentl y 
learne d one s erasin g th e previousl y learne d ones .  Bu t  i f 
catastrophi c interferenc e i s a  proble m fo r  th e sequentia l 
learnin g o f  individua l  patterns ,  th e proble m i s amplifie d 
many time s ove r  whe n multipl e sequence s o f  pattern s hav e 
t o b e learne d consecutively ,  becaus e eac h ne w sequenc e 
consist s o f  man y linke d patterns .  I n thi s pape r  w e wil l 
presen t  a  connectionis t  architectur e tha t  woul d see m t o 
solv e th e proble m o f  multipl e sequenc e learnin g usin g 
pseudopattems . 
Introduction 
Buildin g a  robo t  tha t  coul d unfailingl y recogniz e an d 
respon d t o hundred s o f  object s i n th e worl d -  apples , 
mice ,  telephone s an d pape r  napkins ,  amon g the m -
woul d unquestionabl y constitut e a  majo r  artificia l 
intelligenc e to w d e force .  Bu t  everyon e agree s tha t 
real  cognitio n require s muc h mor e tha n stati c patter n 
recognition .  I n particular ,  i t  require s th e abilit y  t o 
lea m sequence s o f  pattern s (o r  actions) .  Thi s wa s th e 
primar y reaso n fo r  th e developmen t  o f  th e simpl e 
recurren t  networ k (SRN ,  Elman ,  1990 )  an d th e man y 
variant s o f  thi s architecture . 

But  learnin g sequence s mean s mor e tha n bein g 
abl e t o lea m a  single ,  isolate d sequenc e o f  patterns :  i t 
means bein g abl e t o lea m multipl e sequences ,  on e 
afte r  th e other ,  withou t  th e mos t  recentl y leame d one s 
erasin g th e previousl y leame d ones .  Bu t  i f 
catastrophi c interferenc e -  th e phenomeno n whereb y 
ne w learnin g completel y erase s ol d learnin g -  i s a 
proble m wit h stati c patte m learnin g (McCloske y & 
Cohen ,  1989 ;  Ratchff ,  1990) ,  th e proble m i s 
amplifie d man y time s ove r  whe n multipl e sequences 
of  pattern s hav e t o b e leame d consecutively ,  becaus e 
eac h sequenc e consist s o f  m a n y ne w linke d patterns . 
What  hop e i s ther e fo r  a  previousl y leame d sequenc e 
of  pattern s t o surviv e afte r  th e networ k ha s leame d a 
ne w sequenc e consistin g o f  m a n y individua l  patterns ? 

I n ^ s paper ,  w e wil l  presen t  a  connectionis t 
architectur e tha t  solve s th e proble m o f  multipl e 
sequenc e learning . 

C a t a s t r o p h i c in ter ferenc e 
The proble m o f  catastrophi c interferenc e (o r 
forgetting )  ha s bee n wit h th e connectionis t 
communit y fo r  wel l  ove r  a  decad e n o w (McCloske y 
& Cohen ,  1989 ;  RatclifT ,  1990 ;  fo r  a  revie w se e 
Sharke y &  Sharkey ,  1995) .  Catastrophi c forgettin g 
occur s w h e n newl y leame d informatio n suddenl y an d 
completel y erase s informatio n tha t  wa s previousl y 
leame d b y th e network ,  a  phenomeno n tha t  i s no t  onl y 
implausibl e cognitively ,  bu t  disastrou s fo r  mos t 
practica l  applications .  Th e proble m ha s bee n studie d 
by numerou s author s ove r  th e pas t  decad e (se e 
French ,  199 9 fo r  a  review) .  T h e proble m i s tha t  th e 
ver y propert y -  a  singl e se t  o f  weight s t o encod e 
informatio n -  tha t  give s connectionis t  network s thei r 
remarkabl e abilitie s o f  generalizatio n an d gracefu l 
degradatio n i n th e presenc e o f  incomplet e informatio n 
ar e als o th e roo t  caus e o f  catastrophi c interferenc e 
(see ,  fo r  example ,  French ,  1992) . 

Variou s author s (An s &  Rousset ,  1997 ,  2000 ; 
French ,  1997 ;  Robins ,  1995 )  hav e develope d system s 
tha t  rehears e on/7.$eu£fo-episode s (o r  pseudopattems) , 
rathe r  tha n o n th e rea l  item s tha t  wer e previousl y 
leamed .  Th e basi c prindpl e o f  thi s mechanis m i s 
when learnin g n e w extema l  pattem s t o interleav e 
the m wit h internally-generate d pseudop&ttems .  Thes e 
latte r  pattems ,  sel f  generate d b y th e networ k from 
rando m activation ,  reflec t  (bu t  ar e no t  identica l  to )  th e 
previousl y leame d information .  I t  ha s n o w bee n 
establishe d tha t  thi s pseudopatte m rehearsa l  metho d 
effectivel y eliminate s catastrophi c forgetting . 

A seriou s proble m remains ,  however ,  an d tha t  i s 
this :  cognitio n involve s mor e tha n bein g abl e t o 
sequentiall y  lea m a  serie s o f  "static "  (non-temporal ) 
pattem s withou t  interference .  I t  i s o f  equa l  importanc e 
t o b e abl e t o seriall y lea m m a n y o f  tempora l 
sequence s o f  patterns .  W e wil l  propos e a n 
pseudopattem-base d architectur e tha t  ca n effectivel y 
lea m multipl e tempora l  pattem s consecutively . 

The key insight of this paper is this: 
Once a n S R N ha s leame d a  particula r  sequence , 
eac h pseudopatte m generate d b y tha t  networ k 
reflect s th e entir e sequenc e (o r  se t  o f  sequences ) 
tha t  ha s bee n leamed . 
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Fro m whic h ou r  ke y resul t  follows : 
W h en learnin g a  ne w sequence,  simpl e rehearsa l 
wit h thes e sequence-encodin g pseudopattem s wil l 
preven t  catastrophi c forgettin g o f  th e previousl y 
learne d sequence(s) . 

We will use a connectionist architecture using two 
coiq)le d "auto-associativ e recurren t  network s 
( A A R N ) "  (Maskar a &  Noetzel .  1992 ,  1993 ; 
Cleereman s &  Destrebecqz ,  1997 )  tha t  pas s 
informatio n bac k an d fort h t o eac h othe r  b y mean s o f 
pseudopattems .  W e wil l  refe r  t o auto-associativ e 
recurren t  network s a s Reverberatin g S R N s (RSRN) , 
i n orde r  t o emphasiz e th e manne r  i n whic h the y us e 
pseudopattem s t o eliminat e catastrophi c interferenc e 
i n multipl e sequenc e learning . 

The remainde r  o f  thi s pape r  i s organize d a s 
follows .  W e wil l  briefl y revie w th e standar d dual -
netwoH c pseudopatte m solutio n t o th e proble m o f 
catastrophi c forgettin g i n stati c patter n learning .  W e 
wil l  the n sho w (Simulatio n 1 )  tha t  multiple-sequenc e 
learnin g i s particularl y susceptibl e t o catastrophi c 
forgetting .  W e wil l  the n sho w h o w ou r 
pseudopattems-base d dual-networ k architectur e ca n 
be use d t o effectivel y overcom e catastixjphi c 
interferenc e i n multipl e sequenc e leaming . 

Overcoming catastrophic interference 

w i t h p s e u d o p a t t e m s 
Befor e discussin g catastrophi c interferenc e i n 
multiple-sequenc e leaming ,  w e nee d t o briefl y 
describ e wha t  pseudopattem s ar e an d h o w the y ca n b e 
use d t o reduc e catastrophi c interferenc e i n th e simple r 
cas e o f  staticpatte m leaming . 

Assume w e hav e a  three-laye r  feedforwar d 
networ k tha t  learn s a  numbe r  o f  binar y pattem s draw n 
from  som e distnbution .  Assume ,  thereafter ,  tha t  thes e 
pattem s ar e n o longe r  available .  H o w ca n on e 
determine ,  eve n approximately ,  wha t  th e networ k ha s 
learned ? Answer :  B y "bombarding "  th e iiq)u t  o f  th e 
networ k wit h rando m binar y vector s an d collectin g 
th e associate d outpu t  vectors .  Eac h input-outpu t  pai r 
o f  vector s produce d i n thi s wa y wil l  constitut e a 
pseudopatte m tha t  wil l  b e a  reflectio n o f  th e functio n 
previousl y learne d b y th e network. 

The basi c ide a t o us e pseudopattem s t o reduc e 
catastrophi c interferenc e i s du e t o Robin s (1995) .  I t 
woric s a s follows .  Th e networ k learn s a  first  se t  o f 
pattems ,  {Pi} .  The n befor e i t  begin s t o lea m a  secon d 
set  o f  pattems ,  {Qi) ,  nois e i s fe d throug h th e networ k 
t o produc e a  se t  o f  pseudopattems ,  {Vi} ,  a s above . 
Thes e pseudopattem s ar e adde d t o th e ne w pattem s t o 
be learne d an d th e networ k train s o n thi s large r  se t 
unti l  al l  o f  th e ne w pattems ,  [Q\] ,  ar e learne d t o 
criterion .  W h e n th e networ k i s teste d o n th e originall y 
learne d pattems ,  {fl} ,  i t  ha s no t  forgotte n the m 
catastro p hically .  Ha d ther e bee n n o pseudopattem s 
mixe d i n wit h th e ne w pattem s tha t  wer e leamed ,  th e 
networ k woul d hav e completel y forgotte n th e 
originall y leame d pattems . 

D u a l - N e t w o r k Arch i tec ture s 
But  wher e ar e thes e internall y generate d 
pseudopattem s store d s o tha t  the y ca n b e interleave d 
wit h th e ne w patterns ? On e answe r  i s t o generat e 
the m o n th e fly  i n a  separat e networ k (French ,  1997 ; 
Ans &  Rousset ,  1997 ,  2000) .  Le t  u s conside r  on e wa y 
tha t  a  singl e ne w pattem ,  Q ,  migh t  b e leame d i n thi s 
dual-networ k model .  Assum e tha t  ne w pattem s ar e 
leame d b y N E T 1  (thi s ca n b e considere d t o b e di e 
"Performanc e Network'' ^  whil e previousl y leame d 
pattem s ar e store d i n N E T 2  (whic h coul d b e 
considere d t o b e th e "Storag e Nctworl^*) -  N E T 1 
leam s Q  a s follows : 

i )  patte m Q  i s inpu t  t o N E T 1 ,  whic h modifie s it s 
weight s once ;  ii )  nois e i s inpu t  t o N E T 2 ,  whic h 
generate s a  pseudopattem ;  iii )  thi s pseudopatte m i s 
presente d t o N E T 1 ,  whic h modifie s it s weight s 
once ;  iv )  i f  Q  ha s bee n leame d t o criterion ,  stop ; 
otherwis e g o t o i) . 

We cal l  thi s th e "awak e state" .  Onc e th e outpu t  erro r 
fo r  patte m Q  ha s droppe d belo w criterion ,  w e transfe r 
th e informatio n i n N E T l  t o N E T 2  a s follows : 

Loo p N  times:  i )  nois e i s iipi t  t o N E T 1 ,  whic h 
generate s a  pseudopattem ;  ii )  thi s pseudopatte m i s 
inpu t  t o N E T 2 ,  whic h modifie s it s weight s once . 

We cal l  thi s phase ,  whe n informatio n i s tiimsferred  t o 
N ET 2 ,  th e "slee p state. "  Thi s wil l  b e th e basi s o f  al l 
leanun g i n th e chial-networ k framework  describe d i n 
thi s paper . 

"Reverberating" backpropagation 
A reverberatin g backpropagatio n (RBP )  networ k i s a 
standar d three-laye r  networ k tha t  ha s a  built-i n 
autoassociato r  ("reverberator" )  fo r  th e inpu t  o f  th e 
pattem s t o b e leame d (An s &  Rousset ,  1997 ,  2000) . 
We hav e show n thi s networ k i n a n •"unfolded "  manne r 
(Figur e 1) .  I n thi s visualization ,  th e outpu t  laye r  i s 
divide d int o th e "autoassociative "  node s fo r  th e inpu t 
componen t  o f  th e pattem s t o b e leame d (o n th e lef t  i n 
Figur e 1 )  an d th e "target "  node s fo r  th e target s o f  th e 
pattem s t o b e leame d (o n th e right  i n Figur e 1) . 

"autoasiociative" nodes "taiget" nodes 

Teache r  ' ^ 

Outpu t  laye r  ^ 

Hidde n laye r 

Inpu t  laye r 

Inpu t N T— 

1 

'""" » 

T \ ] 
1 J 

: 

u 

rEno r 

Figur e 1 .  A n R B P networ k 

Assume the network is to leam a pattem P: I ? T, 
consistin g o f  a n input ,  / ,  an d a  target ,  T .  I  i s presente d 
on inpu t  an d i s sen t  throug h th e networ k t o di e outpu t 
layer .  Fo r  al l  o f  th e node s i n th e outpu t  layer ,  a n erro r 
i s calculated .  Fo r  th e "autoassociative "  outpu t  nodes , 
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th e erro r  i s  base d o n th e differenc e betwee n th e 
networ k outpu t  an d th e origina l  input ,  / ,  wherea s fo r 
th e "target "  nodes ,  thi s erro r  i s  base d o n th e 
difTerenc e betwee n th e "hetcroassociative "  ou^u t  an d 
th e desire d targe t  T .  Th e error s associate d wit h bot h 
th e autoassociato r  an d th e targe t  outpu t  node s ar e the n 
backpropagate d throug h th e networ k i n orde r  t o 
chang e th e network' s weights . 

''Attractor" pseudopatterns 

i n a n R B P N e t w o r k 
T o generat e pseudopattern s i n a  reverberatin g 
network ,  a  rando m ir̂ ju t  i ^  i s presente d t o th e inpu t 

laye r  o f  th e networ k an d fe d throug h t o th e outpu t 
layer .  Th e activatio n value s o f  th e "autoassociative " 
node s i n th e outpu t  laye r  (node s o n th e lef t  o f  th e 

outpu t  laye r  i n Fig .  1 )  constitut e a  n e w input ,  I  , 

whic h i s ttien  sen t  throug h th e networ k (th e activatio n 
value s o n tiie  "target "  node s i n th e ou^u t  laye r  ar e 
ignored) .  Thi s produce s a  patter n o f  activatio n o n th e 

autoassociativ e outpu t  nodes ,  i^ ,  whic h i s  the n 

presente d t o th e inpu t  node s o f  th e network ,  an d s o 
on.  Afte r  a  numbe r  o f  reverberatin g cycle s throug h 

th e network ,  a  final  "reverberated "  input ,  i  ,  i s  sen t 

throug h th e networ k an d th e activatio n vecto r  o f  al l 
th e ou^u t  node s (th e "autoassociative "  an d th e 

"target "  oitpu t  nodes) ,  o ^ ,  i s  use d t o produc e a 

pseudopattem Y'-^^ —> O . The significant 

advantage s o f  usin g a n inpu t  autoassociato r  wit h a 
feedforwar d backpropagatio n networ k hav e bee n 
show n elsewher e (An s &  Rousset ,  1997 ,  2000) . 
Suffic e i t  t o sa y tha t  th e reverberatio n proces s 

transform s a  pur e rando m input ,  i^ ,  int o a n attracto r 

of the system, i^. An "attractor" pseudopattem 

produce d provide s a  muc h bette r  reflectio n o f  th e ol d 
pattern s tha n a  pseudopatte m produce d fixim  simpl e 
rando m nois e o n input .  I t  i s  thi s reverberatio n 
techniqu e tha t  i s largel y responsibl e fo r  th e powe r  o f 
thi s technique . 

Reverberating Simple Recurrent 

N e t w o r k s ( R S R N ) 
We wil l  assum e tha t  th e reade r  i s familia r  wit h th e 
desig n o f  a  Simpl e Recurren t  Networ k (SRN ,  Elman , 
1990) .  A n R S R N (Figur e 2 )  work s ver y muc h lik e a 
standar d S R N (Maskar a &  Noetzel ,  1992 ,  1993 ; 
Cleereman s &  Destrebecqz ,  1997) .  Jus t  a s th e R B P 
networ k involve s addin g "autoassociative "  node s t o 
th e outpu t  laye r  o f  a  B P network ,  a  reverberatin g S R N 
involve s addin g "autoassociative "  node s t o th e outpu t 
laye r  o f  a n SRN.  Th e fiill  inpu t  t o th e networ k 
consist s o f  th e "standard "  input ,  i.e. ,  th e inpu t  fi-om 
th e sequenc e item ,  S(0 ,  an d th e "context "  input , 
H{t-\) ,  whic h i s th e activatio n vecto r  o f  th e hidde n 

laye r  associate d wit h th e previou s ite m i n th e 
sequence ,  5(r-l) . 

"At tractor "  pseudopat tern s i n a n R S R N 
The principl e i s identica l  t o pseudopatte m generatio n 
i n a n R B P networic .  Crucially ,  onc e th e R S R N h s 
learne d a  sequenc e o f  items ,  eac h "reverberated " 
pseudopatte m generate d b y i t  reflect s th e entir e 
sequenc e learne d b y th e recurren t  networ k Eac h 
pseudopatte m ca n b e though t  o f  a s a  ver y compac t 
representatio n o f  th e entir e previousl y learne d 
sequence . 

"tutoaisociitive " 
(Input )  node s 

Toche r 

Output 

Hlddn layer 

iBDUt 

. . ^ y ^ 

S»> Hfti U S<tt -
•Eno r 

1 ^ 

I — S(t )  I  H»a»- I 
k Stindif d Contex > 

> 
Inpu t 

Figure 2. A Reverberating SRN (RSRN) 

A dual-network architecture with self-

refreshin g m e m o r y t o o v e r c o m e 

catastrophi c forgettin g i n multipl e 

sequenc e learnin g 
Ans &  Rousse t  (1997 ,  2000 )  propose d a 

reverberatin g dual-networ k architectur e wit h a  self -
refi'eshin g memor y t o avoi d catastrophi c forgettin g i n 
stati c patter n learning .  Th e basi c dual-networ k 
architectur e consist s o f  tw o couple d R B P networks , 
denote d N E T 1  an d N E T 2 .  N E T 1  i s th e primar y 
networ k tha t  interface s wit h th e environmen t  an d tha t 
leam s th e ne w patterns .  Th e secondar y network , 
N ET 2 ,  i s  a  "storage "  networ k becaus e informatio n 
initiall y  leame d i n N E T 1  wil l  ultimatel y b e 
transferre d t o N E T 2 . 

The basi c principle s o f  R S R N dual-networ k 
learning ,  wher e eac h o f  th e network s i s a n R S R N,  ar e 
virtuall y identica l  t o thos e underlyin g dual-network s 
compose d o f  R B P networks .  Dual-networ k R S R Ns 
ar e designe d t o lear n multipl e sequence s o f  patterns . 

Assume w e hav e tw o identica l  RSRNs,  N E T 1  an d 
N ET 2 .  N e w sequence s wil l  b e leame d onl y b y 
N ET 1 ,  whil e N E T 2  wil l  stor e th e previousl y leame d 
information .  Th e learnin g procedur e i s simila r  t o tha t 
of  th e basi c R B P dual-network .  A  sequence ,  S  =  5(0) , 
5(1) ,  ... ,  S(n )  i s presente d t o N E T 1 .  Th e networ k 
makes a  singl e pas s throug h th e entir e sequence , 
updatin g it s weight s onc e fo r  eac h ite m i n th e 
sequence .  Thi s define s on e learnin g "epoch " 
correspondin g t o on e presentatio n o f  al l  item s i n th e 
sequenc e i n order .  Next ,  N E T 2  generate s a  numbe r  o f 
pseudopattem s (e.g. ,  1 0 pe r  learnin g epoch) .  Thes e 
pseudopattem s ar e clos e t o attracto r  state s o f  N E T 2 , 
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whic h make s the m particularl y goo d vehicle s fo r 
informatio n transfe r  finom  N E T 2  t o N E T 1 .  Fo r  eac h 
N ET 2  pseudopattcm ,  N E T 1  perform s on e 
feedforward-backpropagatio n learnin g pass .  Onc e thi s 
i s completed ,  a  ne w learnin g epoc h start s an d N E T 1 
makes anothe r  pas s throug h th e sequenc e 5 !  N E T 2 
generate s ne w pseudopatteras ,  eac h o f  whic h i s 
learne d fo r  on e feedforward-backpropagatio n pas s b y 
N ET 1 .  A n d s o on .  Thi s i s th e awak e stat e fo r  a n 
R S RN dual-network . 

I t  i s  extremel y importan t  t o notic e tha t  eac h 
pseudopatte m generate d b y N E T 2  i s a  stati c input -
outpu t  patter n tha t  represent s a  dynami c stat e (i.e. , 
th e previousl y learne d sequenc e o r  sequences) .  Thi s i s 
what  give s thi s syste m it s power :  ther e i s n o nee d t o 
attemp t  t o reproduc e a n entir e pseudo-sequenc e tha t 
wil l  the n b e interleave d wit h th e n e w sequenc e bein g 
learned .  Rather ,  w e onl y nee d t o interleav e wit h th e 
ne w sequenc e t o b e leame d non-tempora l 
pseudopatterns ,  eac h o f  whic h reflect s (a t  leas t 
partially )  th e informatio n i n th e entir e previousl y 
leame d tempora l  sequenc e (o r  sequences) . 

T o transfe r  th e sequenc e newl y leame d b y N E T 1 
t o N E T 2 ,  w e agai n mak e us e o f  pseudopatterns .  Thi s 
tim e th e pseudopattern s ar e generate d b y N E T 1  an d 
leame d l ^  N E T 2 .  Fo r  eac h pseudopatte m generate d 
by N E T 1 ,  N E T 2  perform s a  singl e feedforward -
backpropagatio n learnin g pass . 

Overview of Simulations 
We wil l  presen t  tw o simulations .  Th e firs t  wil l 
demonstrat e th e severit y o f  catastrophi c interferenc e 
i n multipl e sequenc e learnin g i n standar d SRNs .  Th e 
secon d wil l  demonstrat e tha t  interleavin g 
pse\xdq>attern s (reflectin g th e whol e previousl y 
leame d sequence )  wit h th e n e w sequenc e efTectivel y 
eliminate s catastrophi c interference . 

A standar d S R N networ k wa s use d fo r  th e first 
simulatio n demonstratin g th e severit y o f  catastrophi c 
interferenc e i n multipl e sequenc e learning .  I n th e 
secon d simulation ,  a  dual-networ k architectur e 
consistin g o f  tw o couple d R S R Ns wil l  b e used .  Eac h 
R S RN ha s a n iiq)u t  laye r  wit h 10 0 "standard "  inpu t 
unit s (correspondin g t o th e siz e o f  th e items ,  Sit) ,  i n 
th e sequence )  an d 5 0 "context "  xmits .  Th e hidde n 
laye r  consist s o f  5 0 units .  Th e outpu t  laye r  consist s o f 
150 "autoassociative "  input s tha t  ar e identica l  t o th e 
inpu t  laye r  plu s 10 0 "target "  unit s (Figur e 2) . 

Learnin g a  give n sequenc e consist s o f  presentin g 
i t  repeatedl y t o th e networ k imti l  eac h ite m i n th e 
sequenc e ca n predic t  th e subsequen t  ite m wit h a  pre -
define d degre e o f  precision .  Th e networi c weight s ar e 
update d b y backpiopagatio n onc e pe r  presentatio n o f 
eac h sequenc e item .  A  cross-entrop y erro r  fiinction  i s 
use d (Hinton ,  1989 ;  Plaut ,  McClelland ,  Seidenber g & 
Patterson ,  1996 )  wit h a  learnin g rate  o f  0.01 ,  a 
momen tu m o f  0. 5 an d a  1. 0 bia s term .  Al l  weight s ar e 
randoml y initialize d betwee n -0. 5 an d 0.5 . 

To creat e th e "attractor "  pseudopatterns ,  nois e o n 
inpu t  i s "reverberated "  5  time s befor e th e actua l 

pseudopatte m tha t  wil l  b e use d i s created .  Te n 
pseudopattern s fro m N E T 2  ar e interleave d wit h eac h 
epoc h o f  th e sequenc e leame d b y N E T 1 .  Durin g 
transfe r  o f  th e informatio n fi-om  N E T 1  t o N E T 2 ,  10 ^ 
pseudopattern s ar e used . 

Measuring learning and forgetting 
For  eac h item ,  S(t) ,  o f  th e sequenc e fe d forwar d 
throug h th e network ,  w e calculat e th e differenc e 
betwee n th e activatio n value s o f  "target "  unit s i n th e 
outpu t  laye r  an d th e desire d targe t  ite m i n th e 
sequence ,  S(t*-l) .  W e calculat e thi s differenc e fo r 
eac h o f  th e 10 0 "target "  outpu t  unit s an d coun t  th e 
number  o f  outpu t  unit s fo r  whic h th e absolut e valu e o f 
thi s differenc e i s abov e th e learnin g criterio n o f  0.1 . 
So,  fo r  example ,  assum e a  give n item ,  S(t) ,  i n th e 
sequenc e i s sen t  throug h th e network .  If ,  o n th e outpu t 
layer ,  1 4 o f  th e "target "  ou^u t  unit s diffe r  fi-om  th e 
correspondin g unit s o f  Sit+l )  b y mor e tha n 0.1 ,  w e 
say tha t  ther e ar e 1 4 "incorrect "  units .  A  sequenc e i s 
considere d t o hav e bee n leame d if ,  fo r  eac h o f  it s 
elements ,  S{(j ,  th e networ k produce s a  vecto r  o f 
"target "  outpu t  values ,  eac h o f  whic h i s withi n 0. 1 o f 
th e correspondin g elemen t  o f  S(f+1) .  Th e overal l 
measur e o f  h o w wel l  th e networi c ha s leame d (o r 
forgotten )  a  sequenc e afte r  a  give n numbe r  o f  learnin g 
epoch s wil l  b e th e tota l  numbe r  o f  incorrec t  unit s ove r 
al l  item s o f  th e sequence . 

Simulation 1: Catastrophic forgetting in 

mul t ip l e s e q u e n c e learnin g 
T o illustrat e th e severit y o f  catastrophi c forgettin g i n 
multipl e sequenc e learning ,  w e wil l  conside r  tw o 
sequences ,  A  an d B ,  an d hav e a n S R N attemp t  t o lea m 
the m sequentially .  Th e sequence s ar e constmcte d a s 
follows .  Twenty-tw o distinc t  rando m binar y vector s 
of  lengt h 10 0 ar e created .  Hal f  o f  thes e vector s ar e 
use d t o produc e th e first  ordere d sequenc e o f  items .  A , 
denote d b y ^(0) ,  A(\ )  .4(10) .  Th e remainin g 1 1 
vector s ar e use d t o creat e a  secon d sequenc e o f  itenis , 
B,  denote d b y B(0) ,  B{1 )  fl(lO).  I n orde r  t o 
introduc e a  degre e o f  ambiguit y int o eac h sequenc e 
(s o tha t  a  simpl e B P networ k woul d no t  b e abl e t o 
lea m them) ,  w e modif y eac h sequenc e s o tha t  .4(5 )  = 
A(S )  an d B(l )  =  B{5) .  First ,  sequenc e A  i s completel y 
leame d b y th e network .  The n sequenc e B  i s learne d 
and ,  durin g th e cours e o f  learning ,  w e monito r  a t 
regula r  interval s h o w m u c h o f  sequenc e A  ha s bee n 
forgotte n b y th e network . 

Fig .  3 a show s th e progressio n o f  th e network' s 
learnin g o f  sequenc e B  Th e numbe r  o f  incorrec t  unit s 
fo r  eac h seria l  positio n o f  th e sequence ,  a s define d 
above ,  i s shown .  A s expected ,  i t  i s  harde r  fo r  th e 
networ k t o lea m B(2 )  an d ^ 6 )  sinc e thei r  inunediat e 
predecessor s ar e identica l  and ,  i n orde r  t o distinguis h 
them ,  th e networi c need s t o additionall y tak e int o 
consideratio n th e contex t  o f  th e precedin g item s i n th e 
sequence .  Afte r  45 0 epochs ,  th e networi c ha s 
completel y leame d th e entir e sequence . 

Then ,  durin g learnin g o f  sequenc e B ,  w e 
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Figur e 3 .  Catastrophi c forgettin g i n a n S R N durin g 
multipl e sequenc e learning ,  (a) :  Learnin g o f 
sequenc e B  (afte r  havin g previousl y learne d 
sequenc e A ) .  B y 45 0 epoch s (a n epoc h correspond s 
t o on e pas s throug h th e entir e sequence) ,  sequenc e 
B ha s bee n completel y learned ,  (b) :  Th e numbe r  o f 
incorrec t  unit s fo r  sequenc e A  durin g learnin g o f 
sequenc e B .  Afte r  45 0 epochs ,  th e S R N has ,  fo r  al l 
intent s an d purposes ,  completel y forgotte n th e 
previousl y learne d sequenc e A . 

monitored the forgetting of the previously learned 
sequence ,  A  (Fig .  3b) .  Initial ^  (i.e. ,  befor e th e 
networ k bega n learnin g sequenc e £) ,  i t  ca n b e see n 
tha t  sequenc e A  wa s con l̂etel y learned .  Bu t  ver y 
earl y on ,  a s sequenc e B  i s bein g learned ,  th e 
network' s memor y o f  sequenc e A  i s overwritten .  B y 5 
epoch s afte r  beginnin g t o lea m th e sequenc e B  (no t 
shown i n Fig .  3b) ,  th e networ k get s a n averag e o f 
4 0 % o f  th e unit s o f  th e item s o f  sequenc e A  wrong . 
By 25 0 epochs ,  th e network' s performanc e o n 
sequenc e A  i s essentiall y  n o bette r  tha n chanc e and , 
by 45 0 epochs ,  sequenc e A  i s completel y forgotten .  I n 
short ,  learnin g sequenc e B  cause s sever e catastrophi c 
forgettin g o f  sequenc e A . 

Simulation 2: Catastrophic forgetting is 
o v e r c o m e wi t h pseudopa t te rn s 

An R S R N dual-networ k architectur e wa s use d wit h 
th e parameter s indicate d above .  Bot h network s ar e 

"  V > ^ 

ISO 

V 4 ^ 
Figur e 4 .  Recal l  performanc e fo r  sequence s B  an d A 
durin g learnin g o f  sequenc e ^  b y a  dual-networ k 
R S R N.  (a) :  B y 40 0 epochs ,  th e secon d sequenc e B 
has bee n completel y learned ,  (b) :  Th e previousl y 
learne d sequenc e A  show s virtuall y n o forgetting . 
Catastrophi c forgettin g o f  th e previousl y learne d 
sequenc e A  ha s bee n completel y overcome . 

initialize d t o rando m weigh t  setting s betwee n -0. 5 
and 0.5 .  N E T 1  the n completel y learn s sequenc e A 
and the n generate s 10 ^  pseudopattern s i n orde r  t o 
transfe r  thi s learnin g t o N E T 2 .  (Ther e ar e 2  " 
possibl e distinc t  state s fo r  th e inpu t  laye r  o f  eac h 
network ,  an d hence ,  ther e i s a  ver y littl e possibilit y 
tha t  th e rando m binar y vector s use d t o produc e th e 
"attracto r  pseudo-input "  woul d b e actua l  i i^ t 
pattern s alread y see n b y th e network. ) 

N o w,  N E T 1  begin s t o lea m sequenc e B .  Afte r 
eac h learnin g epoc h (consistin g o f  th e entir e sequenc e 
of  item s i n B) ,  N E T 1  receive s 1 0 pseudopattern s 
from  N E T 2  an d doe s on e feedforward -
backpropagatio n pas s fo r  eac h o f  them .  (Th e numbe r 
of  pseudopattern s i s no t  relate d t o th e lengt h o f  th e 
previousl y learne d sequence s an d ca n b e varied. ) 

Fig .  4 a show s tha t  th e N E T 1  does ,  i n fact ,  lea m 
sequenc e B  completel y b y 40 0 epochs .  I n othe r 
words ,  fo r  al l  item s i n sequenc e B .  al l  o f  th e unit s i n 
th e networ k outpu t  ar e withi n 0. 1 o f  th e desire d targe t 
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output .  Notic e tha t  th e sequenc e item s B{2 )  an d B(6 ) 
ar e learne d mor e slowl y b y th e network .  Thi s was ,  o f 
course ,  expecte d sinc e thes e tw o item s ar e precede d 
by identica l  items ,  henc e creatin g ambiguit y havin g t o 
be solve d b y th e tempora l  context .  Durin g learnin g o f 
sequenc e B ,  w e teste d th e performanc e o f  th e networ k 
on al l  o f  th e item s o f  sequenc e A .  Fig .  4 b show s tha t 
ther e i s virtuall y n o forgettin g o f  sequenc e A  a s th e 
networ k learn s sequenc e B .  I n short ,  catastrophi c 
forgettin g ha s bee n completel y overcom e b y th e 
couple d syste m o f  R S R Ns usin g pseudopatte m 
informatio n transfer . 

Concluding remarks 
We hav e show n tha t  th e reverberatin g dual-networ k 
architecture ,  originall y propose d earlie r  t o overcom e 
catastrophi c forgettin g i n non-tempora l  patter n 
learnin g (An s &  Rousset ,  1997 ,  2000 )  ca n b e 
generalize d t o sequentia l  learnin g o f  multipl e 
ten^ra l  sequences .  Th e basi c principl e o f 
interleavin g internally-generate d pseudopattem s from 
a long-ter m storag e networ k wit h pattern s from  th e 
environmen t  bein g learne d b y a  secon d networ k ha s 
bee n develope d elsewher e (An s &  Rousset ,  1997 , 
2000 ;  French ,  1997 ;  Robins ,  1995) . 

W h en learnin g multipl e sequence s o f  patterns ,  i t 
turn s ou t  tha t  interleavin g simpl e input-outpu t 
pseudopattems ,  eac h o f  whic h reflec t  th e entir e 
previousl y learne d sequence(s) ,  reduce s (o r  eliminate s 
entirely )  forgettin g o f  th e initiall y  learne d 
sequence(s) . 

Further ,  w e demonstrat e th e powe r  o f  a  networ k 
architectur e tha t  allow s u s t o produc e "reverberated " 
pseudopattem s tha t  are ,  i n reality ,  attractor s o f  th e 
entir e networi c an d therefor e reflect ,  i n a  highl y 
con ĵresse d manner ,  th e previousl y learne d 
sequences . 

We hav e demonstrate d a  techniqu e tha t  effectivel y 
allow s multipl e sequence s t o b e learne d 
consecutively .  O f  course ,  thes e network s ca n b e 
made t o forge t  gradually .  Thi s gradua l  forgettin g 
depend s o n th e siz e o f  th e learnin g networ k an d o n 
th e number ,  th e overlap ,  th e lengt h an d th e 
complexit y o f  th e successivel y learne d sequences . 
But  th e proble m o f  sudden ,  "catastrophic "  forgettin g 
of  previousl y learne d sequence s cause d b y learnin g a 
ne w sequenc e o f  pattern s woul d see m t o hav e bee n 
overcome . 
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Abstrac t 

Communication ii situated and it is situated in the 
environment ,  i n th e perceptio n th e participant s hav e o f  tfie 
environment ,  an d als o i n di e menta l  representation s the y 
privatel y retain .  Thi s wor k addresse s th e proble m o f 
explainin g th e interactio n betwee n stat e o f  th e physica l  worl d 
and menta l  state s o f  actor s involve d i n a  communicativ e 
exchange .  W e hav e tfie  goa l  o f  integratin g physica l  worl d 
representations ,  suc h a s spac e representation ,  physica l  co -
presenc e o f  th e actor s an d physica l  natur e o f  th e 
communicatio n channel ,  wit h a  cognitiv e accoun t  o f 
communicativ e phenomena .  W e introduc e th e concept s o f 
scene ,  situatio n an d scener y fo r  elaboratin g a  theor y fo r 
situate d communicatio n an d giv e a n accoun t  o f  di e interactio n 
betwee n menta l  state s involve d i n communicatio n an d th e 
subjectiv e representation s o f  th e stat e o f  di e world . 

1. Introduction 

Communication and physical action are strictly connected. 
Sinc e Austin' s approac h t o Pragmatic s base d o n speech-act s 
(Austin ,  1962) ,  th e thing s on e doe s throug h (no t  only ) 
words ,  comprehensio n an d generatio n o f  communicatio n 
hav e bee n linke d t o th e genera l  framewor k o f  action . 
Conversely ,  th e action s performe d b y a n acto r  ar e bette r 
imderstoo d i f  considere d a s situate d (Suchman ,  1987 ; 
Clancey ,  1998) .  Situation s involv e th e physica l  wori d a s 
wel l  a s th e socia l  worl d whe n othe r  actor s ar e present .  Th e 
relationshi p betwee n conmiunicatio n an d actio n i s complex . 
Action s performe d i n th e physica l  socia l  wori d ar e no t 
necessaril y  communicative :  i n fact ,  the y ca n eithe r  facilitat e 
or  impai r  communicatio n itself ,  throug h a  modificatio n o f 
th e situationa l  context .  O n th e othe r  hand ,  communicatio n 
betwee n actor s ca n modif y thei r  intention s abou t  performin g 
action s i n th e physica l  worid .  Finally ,  th e stat e o f  th e 
physica l  worl d influence s th e possibilit y o f  performin g 
action s an d communicativ e acts . 

Curren t  theorie s o n communicatio n suc h a s Relevanc e 
Theor y (Sperbe r  an d Wilson ,  1986 )  an d Cognitiv e 
Pragmatic s Theor y (Mrenti ,  Bar a an d Colombetti ,  1993a ; 
1993b )  dea l  wit h accurat e description s o f  menta l  state s an d 
cognitiv e function s involve d i n communication .  However , 
thei r  application s t o concret e situation s i s  no t 
straightforwar d becaus e the y d o no t  giv e a n accoun t  o f  h o w 
thes e menta l  state s interac t  wit h th e stat e o f  th e physica l 
worl d i n orde r  t o produc e th e observe d natura l  cases .  I n 

particular ,  Cognitiv e Pragmatics ,  developin g a n intuitio n o f 
Wittgenstei n (1953) ,  introduce s th e notio n o f  behaviou r 
game,  namel y a  share d pla n betwee n th e actors ,  bu t  i t  give s 
no account s o f  h o w th e behaviou r  gam e i s playe d i n a 
concret e situation . 

Thi s wor k addresse s th e proble m o f  explainin g th e 
interactio n betwee n th e stat e o f  th e physica l  worl d an d th e 
menta l  state s o f  actor s involve d i n a  communicativ e 
exchange .  W e hav e th e goa l  o f  integratin g physica l  worl d 
representations ,  suc h a s spac e representation ,  physica l  co -
presenc e o f  th e actor s an d physica l  natur e o f  th e 
commvmicatio n channel ,  wit h a  cognitiv e accoun t  o f 
communicativ e phenomena .  Ou r  wor k i s consisten t  wit h th e 
perspectiv e outline d b y Clance y (1998 )  o f  shiftin g fro m a n 
abstrac t  an d disembodie d concep t  o f  cognitio n t o a  situate d 
one .  I n on e case ,  thi s approac h amount s t o exploitin g th e 
propertie s o f  abstrac t  share d plan s i n communication ,  i n 
orde r  t o enric h the m wit h th e feature s o f  concret e situate d 
actions . 

O ur  proposa l  i s base d o n th e nove l  concep t  o f  scener y tha t 
we defm e using  th e notio n o f  a  share d plan ,  namel y a 
behaviou r  g a m e i n Cognitiv e Pragmatic s terms .  Fo r  a n 
actor ,  t o k n o w th e share d behaviou r  g a m e i s crucia l  i n orde r 
t o gras p th e meanin g o f  a  communicativ e act .  Th e scener y 
relate s a t  th e representationa l  leve l  contex t  an d a t  th e leve l 
of  behaviou r  game s i n term s o f  precondition s an d possibl e 
actions . 

Th e pape r  i s organise d a s follows :  Sectio n 2  discusse s 
situate d communicatio n i n th e framewor k o f  situate d 
cognition ,  situate d actio n an d Cognitiv e Pragmatic s Theory ; 
Sectio n 3  introduce s th e concept s o f  scene ,  situation , 
scener y an d scenario ;  Sectio n 4  propose s a  cognitiv e 
accoun t  o f  situate d commimicatio n an d i n th e las t  Sectio n 
we dra w som e conclusion . 

2. Situated communication 

Conununication is obviously simated and it is situated in the 
environment ,  i n th e perceptio n th e participant s hav e o f  th e 
environment ,  an d als o i n th e menta l  representation s the y 
privatel y entertain .  Th e Exs .  1-1 0 repor t  a  shor t  fictio n stor y 
tha t  describe s a  lon g serie s o f  interaction s betwee n Alice ,  a 
professor ,  an d Bob ,  a  Ph. D studen t  w h o aim s t o mee t  t o 
discus s th e draf t  o f  hi s thesi s proposal .  Alic e an d B o b 
communicat e i n a  wid e rang e o f  differen t  physica l 
environment s (roads ,  corridors ,  office ,  elevator ,  cafeteria ) 
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usin g differen t  medi a (phone ,  e-mail) ,  manipulatin g 
differen t  object s (phones ,  handles ,  chairs ,  buttons ,  cup s o f 
coffee) ,  meetin g differen t  peopl e (maintenanc e people , 
cafeteri a staff ,  a  colleague) .  Moreover ,  durin g thei r 
interaction s Alic e an d Bo b ar e affecte d b y th e subjectiv e 
perceptio n the y hav e o f  environments ,  media ,  object s an d 
people ,  b y thei r  representation s an d finall y b y thei r 
representation s o f  thei r  o w n representation s (meta -
representations) . 

The proces s o f  communicatio n ma y b e theoreticall y 
describe d i n term s o f  share d plans .  Thi s approac h i s 
assume d i n th e wor k o f  Airenti ,  Bar a &  Colombett i  (1993a ; 
1993b )  whil e share d plan s hav e bee n propose d b y Gros z & 
Krau s (1996) .  Th e theor y o f  Cognitiv e Pragmatic s i s base d 
on th e ide a tha t  co-operatio n i s th e ke y elemen t  fo r  th e 
commimicativ e interaction .  I t  assume s tha t  tw o peopl e w h o 
communicat e co-operate ,  an d thei r  action s ar e a t  leas t  partl y 
share d i n orde r  t o reac h a  c o m m o n goal .  Th e plan s b y whic h 
tw o interactin g peopl e bas e thei r  co-operatio n ar e calle d 
behaviou r  games .  Plan s can  b e see n a s tree s o f  intentions , 
wher e th e leave s ar e specifie d eithe r  a s teiminal ,  precis e 
actions ,  o r  a s intention s mad e specifi c  accordin g t o th e 
context . 

Behaviou r  game s enabl e peopl e t o selec t  th e correc t 
meaning s t o b e assigne d t o th e linguisti c an d extra-linguisti c 
moves o f  eac h participan t  i n a  communicativ e exchange . 
Therefore ,  t o understan d th e actor' s meanin g i t  i s  necessar y 
t o infe r  th e behaviou r  gam e th e acto r  i s referrin g to . 

Anothe r  concep t  adopte d b y Cognitiv e Pragmatic s 
Theory ,  an d wliic h play s a n importan t  role ,  i s  share d belief , 
namel y a  belie f  tha t  a  singl e individua l  think s o f  sharin g 
wit h th e perso n h e i s talkin g to .  I n symbols ,  a  share d belie f 
ca n b e represente d a s follows : 

SHabP 

meaning that agents A and B share the belief p. 
I t  i s  wort h emphasisin g tha t  share d belie f  i s  a  subjectiv e 

menta l  state .  I n othe r  words ,  i t  ma y happe n tha t  A  believe s p 
t o b e share d b y B  an d A ,  wherea s B  doe s no t  believ e p  t o bi e 
share d b y A  an d B .  Share d belief s ar e menta l  state s whic h 
allo w eac h acto r  t o tak e fo r  grante d th e sharin g o f  a  serie s o f 
belief s wit h his/he r  interlocuto r  an d t o us e thi s backgroun d 
i n orde r  t o ad d ne w beliefs .  Share d belie f  i s  considere d a 
primitiv e menta l  stat e o f  communicatio n jus t  lik e a  privat e 
belie f 

Give n tw o actors ,  thei r  relationshi p i s defme d a s th e se t  o f 
playabl e games .  Th e theor y consider s th e relationshi p fro m 
bot h a  stati c an d dynami c poin t  o f  view :  I n orde r  t o b e 
playabl e a  gam e als o need s t o b e vali d withi n th e presen t 
stat e o f  th e world .  Validit y refer s t o th e whol e context ; 
physical ,  socia l  an d cognitive .  However ,  th e theor y doe s no t 
lin k directl y relationshi p dynamics ,  validit y condition s an d 
stat e o f  th e world . 

Fro m a  situate d perspective ,  th e notio n o f  communicatio n 
as pla n recognitio n an d share d knowledg e wa s targete d i n 
th e influentia l  boo k b y Suchma n (1987) .  Suchma n clarifie s 
th e statu s o f  plan s a s "a n artifac t  o f  ou r  reasonin g abou t 
action ,  no t  a s th e generativ e mechanis m o f  action " 

(Suchman ,  1987 ,  p .  39) ,  s o plan s d o no t  determin e action s i n 
any stron g sense .  Suchma n introduce d th e concep t  o f 
situate d actio n tha t  describe s th e influenc e o f  th e situation , 
environmen t  included ,  o n action s an d communicativ e acts . 
However ,  adoptin g th e situate d cognitio n paradig m doe s no t 
impl y t o accep t  tha t  representation s o f  th e environmen t  d o 
not  exist : 

"Using the terms knowledge and representations synonymously, 
earl y situate d cognitio n publications ,  includin g m y own ,  sa y tha t 
•representation s ar e no t  store d i n th e brain' .  A  bette r  formulatio n i s 
tha t  description s ar e no t  th e onl y for m o f  representatio n involve d i n 
cognition ,  an d storag e i s th e wron g metapho r  fo r  memory " 
(Clancey ,  1998,p.221) . 

The other form of non-descriptive representation, that 
Clance y refer s to ,  emerge s fro m th e concep t  o f  direc t 
perceptio n (Gibson ,  1979 )  supporte d b y direc t  couplin g 
betwee n th e agen t  an d th e world : 

"In  this interpretation of Gibson's idea of direct perception, 
directnes s mean s tha t  th e interna l  structure s constitut e an d sustai n 
thei r  ow n spac e o f  configuration s withou t  mediatin g 'stuf T suc h a s 
symbol  string s representin g th e world .  A t  thi s leve l  o f  processing , 
outsid e stuf f  i s  neithe r  brough t  insid e directl y no r  mappe d ont o 
interna l  codes .  Interna l  structure s operat e o n thei r  ow n changin g 
properties .  Highe r  level s o f  processin g ma y categoris e sensor y 
configurations ,  bu t  thes e ar e agai n onl y interna l  correspondence s 
or  relation s betwee n intema l  structures "  (Clancey ,  1998 ,  p .  88) . 

However, the concept of situated commimication 
introduce d b y Suchma n emphasize s mor e th e rol e o f  th e 
whol e se t  o f  action s performe d b y th e actor s a s a  situatio n o r 
contex t  fo r  th e conversationa l  exchange ,  tha n th e 
environmen t  itself : 

"When one takes simated language as the subject matter, however, 
di e definitio n o f  th e fiel d mus t  necessaril y  shif l  t o communicatio n 
under  naturall y occurrin g circumstances .  An d whe n on e move s 
back fa r  enoug h fro m th e utterance s o f  th e speake r  t o brin g th e 
listene r  int o vie w a s well ,  i t  appear s tha t  muc h i n th e actua l 
constructio n o f  situate d languag e tha t  ha s bee n take n t o reflec t 
problem s o f  speake r  performance ,  instea d reflect s speake r 
competenc e i n respondin g t o cue s provide d b y th e listener " 
(Suchman ,  1987 ,  p .  71) . 

Neither the shared-plan approach to conununication 
presente d above ,  no r  th e Suchman' s notio n o f  situate d 
languag e ar e completel y situated .  Th e shared-pla n approac h 
follow s th e indication s o f  a  situate d languag e provide d b y 
Suchman withou t  considerin g th e action s a s situate d o r 
adoptin g he r  purel y constructiv e notio n o f  plan .  Th e leve l  o f 
descriptio n i s purel y representationa l  and ,  neithe r  th e 
environmen t  no r  th e representation s th e partner s hav e o f  th e 
environment ,  ar e take n int o account .  O n th e othe r  hand , 
Suchman take s int o accoun t  th e environmen t  a t  th e situate d 
leve l  bu t  ther e i s n o trac e o f  th e environmen t  i n he r 
representationa l  notio n o f  plan .  Th e pla n i s a  representatio n 
of  action s tha t  ar e i n som e sens e unsituated .  I n othe r  words . 
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bot h approache s lac k i n considerin g representation i  an d 
meta-representation s o f  th e environmen t  tha t  ar e involve d i n 
communicatio n an d it s interactio n wit h actions . 

For  a  complet e theor y o f  situate d communicatio n i t  i i 
necessar y t o conside r  th e interactio n betwee n environmen t 
and action s a t  al l  th e levels :  objective ,  directe d perceived , 
representationa l  an d meta-representational .  Considerin g 
environmen t  an d action s a t  eac h leve l  guarante e th e 
coherenc e wit h th e situate d cognitio n paradigm .  Moreover , 
th e approac h shoul d clarif y som e o f  th e confusio n generate d 
by usin g th e concep t  o f  "context "  fo r  al l  th e levels . 

Exampl e 

Alice is a professor. She is the tutor of Bob, a Ph.D student 
who i s workin g o n hi s thesi s proposal . 

1. >>Fro«n: Bob 
» T o :  Al ic e 
» H e l l o Al ice , 
>>pleae e fin d enc los e th e draf t  o f  m y 
» t h e 8 i B proposa l . 
»Bo b 
> 
>From:  Alic e 
>To:  Bo b 
>Hi  Bob , 
>th e basi c idea s ar e rathe r  goo d s o th e 
>revisio n wil l  no t  tak e long . 
>what  abou t  a  meetin g o n Tuesda y a t  my 
>offic e a t  10.00 ? 
>Alic e 
> 
From:  Bo b 
To:  Alic e 
Hi  Alice , 
See yo u the n 
Bob 

2. On Tuesday morning Bob is late for the meeting and he 
call s fro m hi s cel l  phone . 
A:  Hell o 
B:  Hell o it' s Bo b speaking .  I' m late .  Sorry ,  th e traffi c  i s 
heav y toda y 
A:  Don' t  worry . 

3. Bob arrives and Alice is not in the ofifice. The door is 
open .  H e wait s i n th e corridor .  Alic e arrive s an d invite s 
Bob t o enter .  The y ente r  an d Bo b close s th e doo r  o f  th e 
ofHce .  Alic e re-open s it .  The y si t  a t  th e des k an d the y 
star t  t o discuss . 

4. After a while a man of the maintenance service knocks 
on th e door .  H e enter s sayin g tha t  ther e i s a n electri c 
failur e i n th e buildin g an d h e ha s t o contro l  th e socket s 
of  th e room .  Whil e th e m a n check s th e roo m the y kee p 
on discussing . 

5.  Th e m a n goe s awa y closin g th e door .  Alic e an d B o b 
continu e th e discussion . 

6. After a while the man comes back with a colleague 
sayin g tha t  h e ha s probabl y foun d th e failure .  The y star t 
t o remov e th e floo r  tile s talkin g an d makin g noise . 
Alic e says :  "Let' s g o t o th e cafeteria" .  Bo b says :  "Ok" . 

7. While they are going downstairs they keep on talking 
abou t  th e proposa l  bu t  the y ge t  stuc k i n th e elevator . 
Alic e presse s th e alar m button .  Bo b call s securit y wit h 
th e cel l  phone .  Whil e the y ar e waitin g the y tal k abou t 
h o w t o ge t  ou t  o f  ther e an d h o w t o kee p cool . 
Eventuall y th e door s open . 

8. They head towards the cafeteria. Alice turns left and 
Bob stop s i n th e middl e o f  th e sidewalk .  Alic e says : 
"Ther e i s a  shortcu t  t o th e cafeteria .  W e ca n pas s 
throug h th e Math s department" .  The y kee p o n talkin g 
abou t  th e elevator . 

9. At the cafeteria Alice meets a professor colleague. She 
introduce s hi m t o Bob .  Th e professo r  ask s Bo b wha t  i s 
hi s subjec t  an d th e professo r  ask s a  lo t  o f  detail s abou t 
hi s thesis .  Alic e say s tha t  the y ar e goin g t o wor k o n i t 
right  now .  Th e professo r  goe s o n askin g question s an d 
makin g suggestions .  Sh e take s he r  coffe e cu p an d lead s 
Bob t o a  smal l  tabl e wit h onl y tw o chairs .  The y start s t o 
discus s again . 

10. Two cups of coffee later, Alice and Bob agree on the 
improvement s require d b y th e draf t  an d en d th e 
discussion . 

3.  S c e n e ,  situation ,  scene r y a n d scenar i o 

We propos e fou r  differen t  concept s (scene ,  situation , 
scener y an d scenario) ,  i n orde r  t o reflec t  th e integrat e 
influence s o f  environmen t  an d o f  action s a t  objective , 
directed-perceived ,  representationa l  an d meta -
representationa l  level s respectively . 

Th e term s w e adopte d -scene ,  situation ,  scener y an d 
scenario -  requir e a  justificatio n wit h respec t  t o thei r  usua l 
meaning .  W e adopte d situatio n ("relativ e positio n o r 
combinatio n o f  circumstance s a t  a  certai n moment " 
Marriem-Webster )  i n th e sens e introduce d i n th e situate d 
cognitio n literatur e (Clancey ,  1998) .  Th e usua l  meanin g o f 
scenari o refer s t o a n hypothetical ,  possibl y simulated ,  stat e 
of  affair s ("a n accoun t  o r  synopsi s o f  a  possibl e cours e o f 
actio n o r  events "  Marriem-Webster )  tha t  th e reaso n w h y w e 
reserve d th e wor d fo r  th e meta-representationa l  level .  Th e 
common-sens e meanin g o f  scen e appear s mor e concret e an d 
rea l  ("th e plac e o f  a n occurrenc e o r  action "  Marriem -
Webster )  an d w e reserve d i t  fo r  th e mor e objectiv e level . 
Finall y an d i n contras t  wit h scene ,  w e adopte d scener y fo r 
givin g emphasi s t o th e representationa l  leve l  ("th e painte d 
scene s o r  hanging s an d accessorie s use d o n a  theate r  stage " 
Marriem-Webster) . 
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I n particular ,  scen e consider s th e worl d an d it s 
affordances .  Situatio n consider s th e directl y perceive d worl d 
and th e possibl e actions .  Scener y consider s th e represente d 
worl d an d th e plans ,  an d finall y scenari o consider s th e meta -
represente d scener y an d th e simulate d execution s o f  plans . 
The las t  thre e level s roughl y correspond ,  usin g Clance y 
terms ,  t o structura l  coupling ,  categorica l  referenc e an d 
symboli c interpretatio n (Clancey ,  1998 ,  p .  317) . 

A scen e i s a  stat e o f  th e worl d equippe d wit h a  se t  o f 
affordances .  Fo r  example ,  a  scen e ca n b e A' s kitche n an d it s 
affordance s fo r  cooking ,  eating ,  drinking ,  washing .  Fro m a n 
objectiv e poin t  o f  view ,  give n th e stat e o f  th e physica l 
world ,  th e stat e provide s a n affordanc e fo r  a n actio n i f  ther e 
exist s a n acto r  tha t  ca n execut e i t  i n tha t  state . 

A situatio n i s th e direc t  perceptio n tha t  a n acto r  ha s o f  a 
scene .  Namely ,  a  situatio n i s th e subjectiv e "rcpresenution " 
produce d b y a n acto r  A  o f  a  stat e o f  th e physica l  worl d an d 
of  th e action s tha t  ar e possibl e fro m th e poin t  o f  vie w o f  a n 
acto r  A .  Fo r  example :  A  i n A' s kitche n perceive s th e roo m 
and th e possibilit y  o f  drinkin g fro m th e tap .  Thi s mean s tha t 
th e acto r  ha s a  fimctiona l  "representation "  o f  th e worl d tha t 
ca n includ e menta l  states .  I f  th e worl d include s menta l  state s 
th e situatio n ca n b e perceive d a s shared .  Not e tha t  a  share d 
situatio n i s no t  a  situatio n i n th e share d knowledg e bu t  a 
situatio n tha t  i s  directl y perceive d a s shared .  Fo r  example :  A 
i n A' s kitche n perceive s B  i n th e roo m an d th e possibilit y  fo r 
bot h o f  drinkin g fi-o m th e tap . 

Givin g th e affordance s o f  a  scen e th e possibilit y  o f  a n 
actio n wil l  b e perceive d b y a n acto r  dependin g o n he r  o w n 
e}q)erienc e o f  th e physica l  world .  Moreover ,  th e possibl e 
action s fro m th e poin t  o f  vie w o f  a n acto r  ca n b e th e resul t 
of  comple x processe s involving ,  goals ,  plans ,  motivations , 
self-esteem ,  self-decei t  and ,  perceptio n o f  self ,  o f  th e other s 
and o f  self-in-the-world ,  wit h th e relevan t  possibl e 
distortions . 

A scener y i s a  subjectiv e representatio n produce d b y a n 
acto r  A  o f  a  stat e o f  th e wori d an d o f  a  se t  o f  plan s tha t  i t  i s 
possibl e t o execut e withi n th e world .  Give n a  stat e o f  th e 
world ,  a  pla n i s possibl e if :  0 )  th e represente d stat e o f  th e 
worl d verifie s th e precondition s o f  a t  leas t  on e plan ,  (ii )  th e 
moves o f  th e pla n correspon d t o possibl e action s i n th e 
scene .  Th e pla n i s sai d t o b e executabl e withi n th e scener y 
and th e scener y i s sai d t o hos t  th e plan . 

For  example :  A  retain s { K I T C H E N }  a s a  scener y fo r  th e 
privat e pla n [ B R E W I N G C O F F E E ] .  A n attribute d scener y i s 
a scener y attribute d t o anothe r  actor .  Fo r  example :  A 
entertain s { K I T C H E N }  a s attribute d t o B  an d a s a  scener y 
fo r  th e privat e pla n [ B R E W I N G C O F F E ] .  A  share d scener y 
i s a  scener y withi n th e spac e o f  th e share d knowledge ,  an d a 
share d scener y ca n hos t  privat e o r  share d plans .  Fo r 
example :  A  entertain s { K I T C H E N }  a s share d betwee n A 
and B  an d a s a  scener y fo r  th e privat e pla n [ B R E W I N G 
C O F F E E ];  Fo r  example :  A  enteruin s { K I T C H E N }  a s 
share d b y A  an d B  an d a s a  scener y fo r  th e pla n share d b y A 
and B  [ C O O K I N G P A S T A T O G E T H E R ].  Finally ,  a  share d 
pla n ca n b e executabl e i n a  non-share d scenery .  Fo r 
example :  I f  onl y A  know s tha t  ther e i s past a i n hi s kitchen , 
A entertain s {A' s K I T C H E N }  a s a  scener y fo r  th e pla n 
share d b y A  an d B  [ C O O K I N G P A S T A T O G E T H E R ] . 

A scenari o i s a  subjectiv e representatio n produce d b y a n 
acto r  A  that ,  possibl y amon g othe r  things ,  represent s a 
scenery .  Fo r  example :  A  entertain s | B i n A' s K I T C H E N ]  a s a 
scenari o representin g B  w h o entertain s { K I T C H E N }  a s a 
scener y fo r  th e privat e pla n [ B R E W I N G C O F F E E]  an d fo r 
th e share d pla n [ C O O K I N G P A S T A T O G E T H E R ] .  A 
scenari o ca n b e a  rathe r  comple x representation ,  possibl y 
counterfactua l  o r  dynamic .  I n thi s sens e ou r  definitio n i s 
consisten t  wit h th e usua l  meanin g o f  a  hypothetica l 
situation . 

I t  i s  beyon d ou r  presen t  goa l  t o sho w h o w differen t 
approache s t o contex t  fi t  int o thi s framework ,  bu t  i t  i s 
relevan t  t o sho w h o w eac h concep t  ca n b e considere d a  sor t 
of  "context "  fo r  action s o r  communicativ e acts .  Scen e ca n 
be considere d a s th e contex t  i n a n objectiv e sens e (e.g .  th e 
roo m th e reade r  i s i n an d it s affordanc e fo r  reading ,  writin g 
etc.) .  Situatio n i s th e perceive d contex t  (e.g .  th e perceptio n 
of  th e roo m th e reade r  ha s now ,  whil e acting ,  namel y 
reading) ,  th e her e an d now .  Scener y emphasiz e th e rol e o f 
representatio n (e.g .  a  representatio n o f  th e roo m th e reade r 
hav e o r  ha d an d o f  th e fac t  tha t  ther e i t  i s  possibl e t o rea d a 
paper) .  ¥\n&\\ y scenari o i s relate d t o contex t  i n th e sens e o f 
encapsulabl e representation s (e.g .  th e representatio n th e 
reade r  ha d whil e thinkin g i n th e previou s tw o examples) . 
Oiu "  approac h i s consisten t  wit h th e pragmati c approac h t o 
th e relationshi p betwee n contex t  an d relevanc e propose d b y 
Ekbi a &  Maguitma n (2001) .  Earlie r  cognitiv e pragmatic s 
account s o f  contex t  (Bar a an d Bucciarelli ,  1998 ) 
concentrate d o n th e rol e o f  menta l  state s an d share d 
knowledg e i n th e comprehensio n o f  a  communicativ e ac t 
(Blanzier i  an d Bucciarelli ,  1996a ;  1996b) . 

4. A Theory for Situated Communication 

In this section we use the concepts of scene, situation and 
scener y fo r  elaboratin g a  theor y fo r  situate d communication . 
Th e ai m o f  th e theor y i s t o giv e a n accoim t  o f  th e interactio n 
betwee n menta l  state s involve d i n communicatio n an d th e 
subjectiv e representation s o f  th e stat e o f  th e world . 

The basi c assumptio n i s tha t  fro m a  cognitiv e poin t  o f 
vie w th e thre e level s w e hypothesiz e co-exis t  an d co -
operate .  W e assum e tha t  durin g situate d communicatio n th e 
actor s experienc e a  flo w o f  situation s an d eac h o f  thes e 
situation s infor m thei r  actions .  W e als o assum e tha t 
representation s lik e plan s an d scenerie s ca n b e mentall y 
constructe d a s private ,  share d o r  attributed .  Finally ,  th e acto r 
ca n entertai n comple x meta-representation s (scenarios ) 
involvin g sceneries .  Fro m a n objectiv e poin t  o f  vie w th e 
actor s execute s action s o n a  particula r  scen e tha t  ca n b e 
perceive d b y th e actor s i n differen t  subjectiv e situation s an d 
represente d i n differen t  subjectiv e sceneries . 

What  i s relevan t  i s th e relatio n o f  th e scener y wit h th e 
shared-plan s i n term s o f  precondition s an d possibl e moves . 
For  example ,  give n a n acto r  lik e Alic e i n th e Ex .  1-10 ,  he r 
representatio n o f  he r  offic e i n a  Universit y departmen t 
{OFFICE }  i s a  scener y fo r  th e pla n [ T U T O R I N G 
S E S S I O N ] ,  tha t  ha s it s precondition s verifie d an d it s move s 
ar e possible .  Bot h {OFFICE }  an d [ T U T O R I N G S E S S I O N ] 
ar e share d betwee n Bo b an d hersel f 
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The scener y represent s a  stat e o f  th e worl d includin g th e 
communicatio n channel .  I n Ex .  1  Alic e an d Bo b 
communicat e b y e-mai l  an d i n Ex .  2  b y phone .  I n bot h case s 
th e scener y ca n includ e th e remot e presenc e o f  th e actor s 
and,  i n th e cas e o f  e-mail ,  th e asynchronou s acces s t o th e 
messages . 

I t  i s  wort h notin g tha t  i n a  situate d perspectiv e an y 
attemp t  t o produc e a  representatio n o f  a  situation ,  produce s 
a scener y o r  a  scenario .  I n fact ,  a  situatio n i s a  direc t 
perception ,  no t  a  representation .  I n Ex .  2  w e ca n onl y 
suppos e th e share d situatio n Alic e perceive s durin g th e 
phon e call .  I t  wil l  probabl y includ e Bob ,  th e physica l  worl d 
Alic e perceive s throug h th e phon e an d action s suc h a s 
talkin g o r  listening .  Bu t  Bo b i s stuc k i n th e traffi c  s o h e ha s 
a privat e situatio n tha t  include s himsel f  facin g a  traffi c  ja m 
wit h waitin g o r  walkin g a s possibl e actions .  I n an y cas e i n 
th e attemp t  o f  representin g th e situatio n o f  th e othe r  agent , 
eac h acto r  entertain s an d attribute s sceneries . 

A situatio n i s subjective ,  s o i t  ca n chang e dependin g o n 
whethe r  a  chang e i n th e scen e occur s o r  not .  A  chang e o f  th e 
scen e produce s a  chang e o f  th e situatio n i f  th e acto r 
perceive s it .  I n Ex .  7  Alic e an d Bo b realis e the y ar e stuc k i n 
th e elevato r  an d tha t  change s thei r  situation .  A  scen e ca n 
chang e fo r  externa l  reason s o r  b y mean s o f  a n actio n 
performe d b y th e acto r  o r  b y th e partner .  I n Ex .  7  th e 
elevato r  stop s fo r  a n externa l  reaso n wherea s Alic e an d Bo b 
perfor m tw o action s (pres s th e alar m butto n an d cal l 
security )  tha t  change s th e scene . 

Scener y ar e subjective ,  henc e the y ca n b e unrelate d t o th e 
rea l  scene .  Fo r  instance ,  i n Ex .  8  Alic e attribute s t o Bo b a 
scener y o f  th e Universit y tha t  doe s no t  includ e th e shortcu t 
and using-the-shortcu t  a s a  possibl e action .  Obviously , 
scenerie s ma y als o b e privat e representations ,  permittin g 
non-standar d commimicatio n suc h a s iron y o r  deceit .  I n Ex . 
2 Bo b coul d li e abou t  th e traffi c  an d hav e a  privat e scener y 
tha t  differ s fro m th e supposedl y share d scener y h e propose s 
t o Alice .  Bein g a  representation ,  th e scener y ca n als o chang e 
by mean s o f  a  communicativ e ac t  withou t  an y chang e i n th e 
scene .  I n Ex .  8  Alic e inform s Bo b tha t  ther e i s a  shortcut , 
informatio n whic h change s hi s scener y {UNIVERSITY} . 
Finally ,  a  scener y chang e ca n b e a  goa l  o f  a  behaviou r 
game.  I n Ex .  6  Alic e an d Bo b star t  t o a  pla y a  behaviou r 
game aime d t o produc e th e scener y { T H E T A B L E A T T H E 
CAFETERIA} . 

A scener y host s differen t  plans ,  an d conversel y a  pla n i s 
executabl e i n differen t  sceneries .  Fo r  example , 
[SCIENTIFI C D ISCUSSION ]  an d [ T U T O R I N G SESSION ] 
ar e share d plan s playabl e i n th e scener y {OFFICE} .  Othe r 
scenerie s lik e fo r  instanc e { T H E T A B L E A T T H E 
C A F E T E R I A}  ca n hos t  som e o f  thos e share d plans .  A 
share d pla n i s i n principl e compatibl e wit h mor e tha n on e 
scenery .  Thus ,  a  chang e i n th e scener y doe s affec t  th e game , 
whic h normall y wil l  develo p withi n th e constraint s o f  th e 
ne w scenery .  I n Ex .  6  Alic e an d Bo b conside r  [ T U T O R I N G 
SESSION]  a s playabl e i n bot h { T H E T A B L E O F T H E 
C A F E T E R I A}  an d {OFFICE} .  A  scener y i s subjective ,  s o 
differen t  actor s ca n conside r  differen t  game s a s playabl e i n a 
scenery .  A  mor e forma l  professor ,  fo r  example ,  c< m conside r 

[ T U T O R I N G SESSION ]  no t  playabl e a t  { T H E T A B L E O F 
T HE C A F E T E R I A } . 

I n som e cas e a  gam e ma y b e playe d onl y i n a  specifi c 
scener y (e.g .  tria l  i n court) ;  i n othe r  case s a  gam e i s 
incompatibl e wit h a  scenery ,  henc e i f  th e scener y i t 
activated ,  th e gam e wil l  en d (e.g .  smokin g i n a  high-schoo l 
toile t  i s  interrupte d b y th e presenc e o f  th e supervisor) .  A 
chang e o f  th e scener y close s th e gam e onl y i f  th e ne w 
scener y doe s no t  hos t  th e game .  I n Ex .  4  Alic e an d Bo b 
continu e t o pla y [ T U T O R I N G S E S S I O N ]  afte r  th e entranc e 
of  anothe r  acto r  change d th e scener y fro m {OFFICE }  t o 
{OFFIC E W I T H M A I N T A N A N CE G U Y } .  Th e ne w 
scener y host s th e gam e s o th e actor s ca n continu e t o play . 
Thi s i s th e cas e als o i n Ex .  5  wher e th e scener y {OFFIC E 
W I T H M A I N T A N A N CE G U Y S}  ha s change d th e scener y 
{OFFICE} .  O n th e contrary ,  th e modificatio n o f  th e scener y 
{OFFICE }  t o th e scener y {OFFIC E W I T H 
M A I N T A N A N CE G U Y S}  i n th e Ex .  6  interrupt s 
[ T U T O R I N G SESSION] . 

The actors ,  b y modifyin g th e partners '  sceneries ,  shap e 
thei r  relationship .  T o settl e th e validit y condition s o f  a 
behaviou r  game ,  i s a n implici t  wa y o f  controllin g th e 
relatio n betwee n agents .  Acto r  A  mak e possibl e fo r  hersel f 
and B  t o engag e i n gam e [G] ,  b y guaranteein g a n adequat e 
scenery .  I n fact ,  proposin g th e scener y fo r  a  gam e amount s 
t o biddin g tha t  gam e (e.g .  drivin g hom e a  potentia l  sexua l 
partner) .  I n Ex .  9  Alic e choose s a  tabl e tha t  modifie s th e 
share d scener y wit h th e annoyin g professo r  i n a  wa y tha t 
prevent s th e playabilit y  o f  a  gam e { T H R E E P E O P L E 
D ISCUSSION} .  Th e dynami c o f  th e relationshi p produce s 
effect s i n th e lon g term ,  als o affectin g th e basi c relationship . 
I n Ex .  3  th e action s o f  openin g o r  closin g th e doo r  chang e 
th e scener y dramatically .  Actor s modif y th e scenerie s b y 
means o f  action s tha t  ca n b e communicativ e acts ,  a s note d 
i n Sectio n 3 . 

Give n th e co-presenc e o f  mor e tha n tw o agents ,  fo r  eac h 
agen t  th e thir d on e ca n b e par t  o f  th e scenery ,  o r  ca n b e 
involve d i n som e behaviou r  game .  I n Ex .  4  an d Ex .  6 ,  th e 
maintenanc e peopl e ar e par t  o f  th e modificatio n o f  th e 
{OFFICE }  i n a  ver y natura l  way .  I n Ex .  9 ,  th e annoyin g 
professo r  trie s t o pla y [ T H R E E P E O P L E D I S C U S S I O N ]  i n 
th e scener y { C A F E T E R I A } .  Alic e change s th e scener y t o 
{ T H E T A B L E O F T H E C A F E T E R I A }  tha t  doe s no t  hos t 
[ T H R E E P E O P L E D I S C U S S I O N ]  an d th e gam e i s closed . 
The professo r  doe s no t  joi n Alic e an d Bo b an d s o h e i s no t 
eve n par t  o f  th e scener y anymore . 

I n orde r  t o understan d th e kin d o f  phenomen a ou r  theor y 
account s for ,  i t  i s  interestin g t o not e tha t  a  communicatio n 
exchang e produce s action s tha t  ar e eithe r  move s o f  th e 
shared-pla n o r  action s aime d t o construct ,  maintai n o r 
modif y th e share d scenery .  A  shared-pla n theor y suc h a s 
Cognitiv e Pragmatic s account s onl y fo r  th e change s o f  th e 
scener y produce d b y th e executio n o f  th e share d plan .  I n thi s 
cas e i t  woul d b e possibl e t o assum e th e existenc e o f  a 
genera l  share d pla n tha t  give s a n accoun t  o f  th e whol e 
sequenc e o f  actions .  Fo r  example ,  th e pla y o f  [ T U T O R I N G 
SESSION]  i n th e scener y { T H E T A B L E A T T H E 
C A F E T E R I A}  coul d b e considere d a s th e executio n o f  a 
mor e comple x behavio r  gam e tha n [ G O I N G T O A  T A B L E 
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A T T H E C A F E T E R I A F O R A  T U T O R I N G SESSION] . 
Thi s operatio n i s no t  plausible ,  i n particula r  whe n th e 
modificatio n o f  th e scener y i s a  consequenc e o f  a  privat e 
pla n o r  o f  a n externa l  caus e tha t  change d th e scene .  I n fact , 
th e ide a o f  scener y prevent s th e explosio n o f  th e numbe r  o f 
th e behavio r  games . 

5. Conclusions 

We hav e presente d a  theor y base d o n th e concept s o f  scene , 
situation ,  scener y an d scenari o tha t  give s a n accoun t  o f  th e 
interactio n betwee n menta l  state s involve d i n 
conununicatio n an d representation s o f  a  stat e o f  th e wodd . 
The adoptio n o f  a  situate d cognitio n paradig m motivate s th e 
introductio n o f  th e concepts .  Differentl y from  preceden t 
approache s t o situate d communication ,  w e emphasiz e th e 
rol e o f  th e environmen t  an d o f  th e representation s agent s 
retai n o f  th e environment . 

The theor y presente d i n thi s wor k refer s t o th e cognitiv e 
proces s o f  tw o actor s involve d i n a  communicativ e 
exchange .  Therefore ,  w e d o no t  conside r  th e effect s an d 
phenomena produce d b y th e interactio n o f  thre e o r  mor e 
people .  Thi s require s furthe r  wor k i n orde r  t o bridg e th e ga p 
betwee n cognitiv e processe s involve d i n communicatio n an d 
phenomen a studie d b y socia l  psychology . 
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Abstrac t 

The present study investigated the role of restructuhng in 
th e sohitio n o f  insigh t  an d incrementa l  problems . 
Participant s wer e presente d wit h a  serie s o f  insigh t  an d 
algebr a wor d problem s i n a  hindsigh t  bia s paradig m 
(Fischoff ,  1975) .  Thos e wh o solve d th e insightfu l 
problem s correctl y showe d increase s i n inqx>rtanc e rating s 
on th e ke y proble m con^wnents .  However ,  n o increase s i n 
importanc e rating s wer e detecte d fo r  th e ke y proble m 
component s o f  algebr a problems .  Thes e results  ar e 
consisten t  wit h theorie s tha t  propos e tha t  representationa l 
restructuring  play s a  fundamenta l  rol e i n th e insightfu l 
proble m solvin g proces s (Davidso n &  Sternberg ,  1984 ; 
Ohlsson ,  1992) . 

Restructuring and Insightful Problem 
So lv in g 

A numbe r  o f  researcher s hav e suggeste d tha t  insigh t 
problem s m a y b e solve d i n a  qualitativel y differen t 
manner  from  incrementa l  o r  analyti c problem s (Duncker , 
1945 ,  Davidso n &  Sternberg ,  1984 ,  Metcalf e &  Wiebe , 
1987 ,  Ohlsson ,  1992) .  Fo r  example ,  whe n Metcalf e an d 
Wieb e (1987 )  ha d subject s mak e feelin g o f  warmt h 
rating s whil e solvin g algebr a an d insigh t  problems ,  the y 
foun d tha t  whil e solvin g algebr a problems ,  subjects ' 
warmt h rating s steadil y increase d toward s th e tim e o f 
solution ;  wherea s durin g th e solutio n o f  insigh t  problem s 
subjects '  warmt h rating s remaine d lo w an d suddenl y 
increase d right  befor e the y solve d th e problem .  Thes e 
results  sugges t  th e processe s fo r  solvin g insigh t  problem s 
ar e differen t  from  th e systemati c o r  analytica l  processe s 
use d fo r  incrementa l  problems .  However ,  thi s onl y 
represent s th e suddennes s o f  th e insightfu l  proces s an d 
doe s no t  she d ligh t  o n th e cause s o f  th e solutio n patterns . 

I t  ha s bee n suggeste d tha t  insigh t  problem s diffe r  fro m 
incrementa l  problem s i n tha t  th e natur e o f  th e solvers ' 
experienc e cause s the m t o construc t  a  representatio n o f 
th e proble m tha t  canno t  lea d t o th e correc t  solutio n 
(Duncker ,  1945 ,  Davidso n &  Sternberg ,  1984 ,  Ohlsson , 
1992) .  I n orde r  t o com e t o th e correc t  solution ,  solver s 
must  restructur e thei r  origina l  conceptio n o f  th e problem . 
Propose d evidenc e fo r  restructurin g i n insigh t  proble m 
solvin g ha s com e from a  wid e rang e o f  empirica l  findings . 
For  example ,  Dominowsk i  an d Buye r  (2000 )  foun d 
decrease s i n re-solutio n tim e fo r  thos e w h o correctl y solv e 
insigh t  problem s bu t  no t  fo r  thos e w h o wer e simpl y 
show n th e answer .  Knoblich ,  Ohlsson ,  an d Rane y (2001 ) 

analyze d ey e movement s durin g th e solutio n o f 
matchstic k arithmeti c problem s an d foun d evidenc e fo r 
impasse s followe d b y increase d fixation s o n component s 
of  th e problem s tha t  wer e ke y t o solution .  Durso , 
Cornelia ,  an d Dayto n (1994 )  attempte d t o find  a n 
independen t  measur e o f  restructurin g b y statisticall y 
modelin g successfu l  an d unsuccessfu l  proble m 
representation s afte r  th e proble m solvin g session .  The y 
foun d tha t  successfii l  solver s representation s centere d o n 
concept s ke y t o th e natur e o f  th e solution ,  wherea s non -
solver s representation s centere d o n th e principl e 
character s i n th e stor y problem ,  whic h wer e no t  relevan t 
t o th e solution . 

Thes e empirica l  studie s sugges t  a n insigh t  proble m 
solvin g proces s tha t  involve s th e restructurin g o f  th e 
menta l  proble m representation .  However ,  thes e studie s 
fal l  shor t  o f  provin g th e existenc e o f  a  restructurin g 
proces s becaus e the y fai l  t o directl y measur e 
representationa l  chang e befor e an d afte r  solvin g acros s a n 
individua l  an d fai l  t o compar e problem s tha t  involv e 
incrementa l  solution s t o th e problem s propose d t o elici t 
insightfu l  solutions .  W h a t  i s neede d i s a n independen t 
measur e o f  restructurin g i n orde r  t o tes t  theorie s tha t 
predic t  a n insigh t  proces s involvin g restructurin g agains t 
theorie s whic h d o no t  predic t  restructurin g i n an y proble m 
solvin g proces s (suc h a s Weisberg' s nothin g specia l  view , 
1986) .  Furthermore ,  thi s metho d mus t  b e abl e t o directl y 
tes t  whethe r  mor e restructurin g i s involve d i n insightfu l 
tha n incrementa l  proble m solving .  Th e presen t  stud y use s 
a hindsigh t  bia s paradig m t o produc e a n independen t 
measur e o f  th e amoun t  o f  restructurin g involve d i n 
solvin g differen t  type s o f  problems . 

Hindsight Bias 

Hindsigh t  bia s i s  th e observatio n tha t  peopl e wnt h 
outcom e knowledg e o f  a  situatio n falsel y believ e tha t  the y 
woul d hav e predicte d th e correc t  outeom e (Hawkin s & 
Hastie ,  1990) .  Fischof f  (1975 )  originall y develope d th e 
basi c paradigm .  H e ha d peopl e rea d a  narrativ e o f  a 
situatio n wit h o r  withou t  receivin g th e outcom e an d the n 
ha d the m rat e th e probabilit y  o f  alternat e outcome s a s i f 
the y ha d n o knowledg e o f  th e outcome .  Th e genera l 
finding  i s tha t  peopl e wit h outcom e knowledg e 
unknowingl y rat e th e outcom e the y wer e tol d a s mor e 
probabl e tha n alternatives ,  a s i f  the y "kne w i t  al l  along. " 
Individual s w h o receiv e outcom e knowledg e als o rat e th e 
sentence s i n th e narrativ e tha t  suppor t  th e give n outcom e 
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as mor e importan t  tha n thos e tha t  d o not ,  eve n thoug h 
the y ar e aske d t o ignor e th e give n outcome .  Thi s sam e 
effec t  ha s als o bee n showT i  i n within-subjec t  studie s i n 
whic h participant s ar e aske d t o rat e outcome s befor e the y 
receiv e outcom e information ,  an d the n aske d t o reproduc e 
thei r  origina l  questionnair e rating s afte r  receivin g 
outcom e informatio n (Fischof f  &  Beyth ,  1975) .  Mos t 
researc h suggest s tha t  hindsigh t  bia s i s no t  du e t o 
motivationa l  factor s bu t  involve s cognitiv e processe s tha t 
automaticall y restructur e one' s situatio n representatio n t o 
accommodat e th e n e w information ,  leavin g individual s 
unabl e t o acces s o r  reproduc e thei r  origina l  representatio n 
(Hawkin s &  Hastie ,  1990) . 

Thi s lead s t o th e hypothesi s tha t  processe s tha t  caus e 
mor e restructurin g wil l  lea d t o mor e hindsigh t  bias . 
Restructurin g theorie s o f  insightfu l  proble m solvin g mak e 
clea r  prediction s abou t  th e natur e o f  hindsigh t  bia s fo r 
insightfu l  problems .  I f  correctl y solvin g insigh t  problem s 
involve s restructurin g o f  th e proble m spac e t o com e t o a 
solution ,  the n thos e w h o correctl y solv e insigh t  problem s 
shoul d sho w hindsigh t  bia s o n th e proble m component s 
tha t  ar e ke y t o solution .  However ,  thos e w h o fai l  t o 
correctl y solv e th e insigh t  problem s shoul d no t  sho w an y 
hindsigh t  bia s o n thos e components . 

I f  thi s restructurin g occur s onl y a s a  resul t  o f  a n 
insightfii l  proble m solvin g process ,  the n bein g show n th e 
solutio n shoul d no t  lea d t o hindsigh t  bia s o f  a  simila r 
natur e t o thos e w h o solv e o n thei r  own .  Algebr a problem s 
shoul d b e solve d i n a n incrementa l  fashion .  Therefore , 
restructurin g theorie s o f  insightfu l  proble m solvin g woul d 
predic t  n o hindsigh t  bia s o n th e ke y component s o f 
algebr a problem s regardles s o f  correctnes s o f  solutio n o r 
bein g show n th e answer .  Finally ,  th e "nothin g special "  o r 
gradua l  transformatio n theor y o f  insightfu l  proble m 
solvin g (Weisberg ,  1986 )  predict s n o difference s i n 
betwee n insightfu l  an d incrementa l  solutio n processes . 
Therefore ,  thi s theor y woul d predic t  n o differenc e i n 
hindsigh t  bia s betwee n insigh t  an d algebr a problem s o r 
thos e w h o com e t o solution ,  an d thos e w h o d o no t  com e 
t o solutio n bu t  ar e show n th e correc t  answers . 

The presen t  stud y consiste d o f  tw o sessions . 
Participant s receive d a  serie s o f  insigh t  an d algebr a wor d 
problems .  Durin g sessio n one ,  S s firs t  wer e aske d t o rea d 
throug h eac h proble m carefiill y  an d rat e eac h componen t 
of  th e proble m o n it s importanc e i n findin g th e solution . 
The n the y wer e aske d t o attemp t  t o solv e eac h problem . 
Followin g th e solutio n phas e approximatel y hal f  th e S s 
wer e show n th e correc t  solution .  Afte r  a  on e wee k 
interva l  S s returne d fo r  th e secon d session .  A t  thi s tim e 
the y wer e aske d t o attemp t  t o remembe r  thei r  origina l 
importanc e rating s fo r  eac h o f  th e proble m components . 
Hindsigh t  bia s wa s measure d a s th e chang e i n irnportanc e 
rating s betwee n th e tw o sessions ,  i n favo r  o f  relevanc e fo r 
solution . 

Methods 
Participants .  O n e hundre d twent y eigh t  introductor y 
psycholog y student s participate d i n thi s stud y t o fulfil l  a 
clas s requirement .  The y wer e ru n i n group s o f  3  t o 12 . 

Design .  Thi s stud y consiste d o f  tw o one-hou r  session s 
separate d b y a  one-wee k interval .  Durin g th e firs t  sessio n 
Ss rated  th e importanc e o f  th e proble m component s o f 
severa l  insigh t  an d algebr a problems .  Nex t  the y 
attempte d t o solv e eac h problem .  Afte r  attemptin g t o 
solve ,  hal f  th e group s wer e show n th e solution .  Afte r  a 
one-wee k interva l  S s returne d an d wer e aske d t o 
reproduc e thei r  origina l  componen t  importanc e ratings. 
Thi s resulte d i n a  2  sessio n ratin g (sessio n I ,  sessio n 2 )  X 
2 show n answe r  (Yes ,  N O )  X  3  solutio n typ e (n o solution , 
incorrect ,  correct )  X  N  component s (varie s b y problem ) 
mixe d design .  Sessio n ratin g an d proble m component s 
wer e within-subjec t  variables ,  whil e show n answe r  an d 
solutio n typ e wer e groupe d betwee n subjects . 

Materials and Procedure. Participants completed the 
S I Q bookle t  first.  Th e S I Q bookle t  consiste d o f  si x 
insigh t  problem s an d fou r  algebr a wor d problems .  S s 
wer e instructe d t o carefull y rea d eac h problem ,  bu t  no t  t o 
attemp t  t o solv e th e problems .  Instead ,  S s wer e aske d t o 
rate  eac h sentenc e o r  componen t  o f  th e proble m o n h o w 
importan t  i t  i s  i n finding  th e solutio n t o th e problem . 
Each sentenc e o r  componen t  o f  th e proble m wa s liste d 
one a t  a  tim e followe d b y a  rating  scal e tha t  consiste d o f  a 
7. 3 c m continuum .  Th e fa r  lef t  sid e o f  th e continuu m wa s 
marke d a s representin g "ver y unimportant, "  whil e th e fa r 
right  sid e wa s marke d "ver y important. "  Participant s 
wer e instructe d t o mak e a  mar k anywher e o n th e 
continuu m tha t  bes t  represente d thei r  opinio n o f  th e 
particula r  proble m component .  Participant s wer e allowe d 
t o wor k throug h th e questionnair e bookle t  a t  thei r  o w n 
pac e bu t  wer e allowe d n o mor e tha n 1 5 min .  t o complet e 
al l  th e ratings .  Th e experimente r  periodicall y reminde d 
participant s no t  t o attemp t  t o solv e th e problem s 
throughou t  th e rating  phase .  Thes e ratings  ar e th e sessio n 
1 importanc e ratings. 

Next  participant s complete d th e problem-solvin g 
packe t  (SIS) .  Th e S I S bookle t  presente d th e sam e 1 0 
problems ,  eac h o n it s o w n page .  S s wer e instructe d t o 
attemp t  t o solv e eac h proble m an d tha t  the y woul d b e 
give n thre e minute s t o complet e eac h problem .  Th e 
direction s instructe d th e S s t o sho w al l  work ,  circl e thei r 
final  answer ,  an d i f  necessar y explai n th e solutio n usin g a 
fe w shor t  sentences .  S s wer e instructe d t o wor k throug h 
th e bookle t  i n order ,  sto p workin g o n a  proble m a t  th e 
experimenter' s signal ,  an d wai t  unti l  th e experimenter' s 
signa l  t o begi n th e nex t  problem .  S s wer e give n 3  min .  t o 
wor k o n eac h problem .  Th e S s performanc e eac h 
proble m wa s use d t o assig n participan t  int o on e o f  thre e 
solutio n typ e group s (n o answer ,  incorrect ,  correct )  fo r 
eac h problem . 

Afte r  attemptin g t o solv e al l  th e problems ,  hal f  o f  th e 
group s wer e dismisse d (show n answe r  no) .  Th e othe r  hal f 
(show n answe r  yes )  wer e show n step-by-ste p outline s o f 
th e solution s o f  eac h o f  th e problem s o n a n overhea d 
projector .  Th e experimente r  rea d a  scrip t  tha t  explaine d 
eac h answer .  Eac h proble m explanatio n too k 
approximatel y 1  min .  A t  th e conclusio n o f  sessio n 1  S s 
wer e aske d no t  t o discus s th e detail s o f  an y o f  th e 
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problem s the y sa w o r  thei r  solution s wit h anyon e els e i n 
th e Subjec t  Poo l  an d dismissed . 

Sessio n 2  occurre d exactl y one-wee k late r  i n th e sam e 
roo m a t  th e sam e time .  S s wer e firs t  issue d th e secon d 
sessio n questionnair e packe t  (S2Q) .  Thi s packe t  wa s 
identica l  t o th e firs t  excep t  tha t  th e participant s wer e 
aske d t o attemp t  t o reproduc e thei r  exac t  componen t 
importanc e rating s fro m th e firs t  experiment .  Thes e 
rating s ar e th e Sessio n 2  importanc e ratings .  The y wer e 
onc e agai n allowe d t o wor k throug h th e bookle t  a t  thei r 
o wn pac e bu t  ha d n o mor e tha n I S min .  t o complet e th e 
entir e memor y test .  Then ,  S s onc e agai n attempte d t o 
solv e eac h proble m i n th e sam e manne r  a s i n sessio n 1 . 
Finally ,  participant s wer e debriefe d a s t o th e natur e o f  th e 
stud y an d onc e agai n aske d no t  t o discus s th e study , 
problems ,  o r  solution s wit h anyon e els e i n th e Subjec t 
Pool . 

Tabl e 1 

Sol . 
typ e 
Trai n 

Age 
Triingl e 

Cups 

N u m b er  o f  Participant s Pe r  Cel l  b y Problem . 
Shown Answe r  Ye s 

NA 
14 

20 
22 
6 

IN 
27 

25 
23 
23 

CO 
30 

26 
26 
24 

Shown Answe r  N o 

NA 
11 

18 
20 
11 

IN 
16 

20 
17 
26 

CO 
30 

19 
20 
25 

Tota l 
128 

128 
128 

115 * 

Note :  N A =  N o Answer ;  I N =  Incorrect ;  C O =  Correc t 
*  1 3 S s ha d t o b e droppe d from  thi s proble m fo r  missin g dat a and/o r 
markin g th e to p importanc e leve l  fo r  al l  component s o n bot h sessions . 

Results 

T wo algebr a an d tw o insigh t  problem s fro m th e se t  o f 
problem s wer e chose n fo r  th e proble m componen t 
analysis .  Thes e problem s wer e selecte d o n th e basi s o f 
tw o criteria .  Th e firs t  criterio n wa s du e t o a  conceptua l 
constraint .  Eac h proble m componen t  o r  individua l 
sentenc e ha d t o contai n onl y eithe r  informatio n tha t  wa s 
ke y t o th e solutio n o r  not .  I n othe r  words ,  an y on e 
componen t  o f  a  proble m mus t  hav e bee n mutuall y 
exclusiv e fro m th e othe r  component s an d contai n uniqu e 
informatio n tha t  w a s onl y interpretabl e a s importan t  o r 
unimportan t  dependin g o n one' s interpretatio n o f  th e 
problem .  Th e secon d constrain t  wa s a  practica l 
constraint .  Eac h proble m ha d t o resul t  i n a  moderat e 
solutio n rat e suc h tha t  ther e woul d b e a  numbe r  o f 
individual s i n eac h o f  th e solutio n typ e groups ,  an d resul t 
i n a  simila r  numbe r  o f  individual s fo r  eac h solutio n typ e 
acros s "answe r  s h o w n "  groups .  Th e tw o insigh t  an d tw o 
algebr a problem s tha t  bes t  me t  thes e criteri a wer e selecte d 
fo r  analysis .  Th e problem s ar e presente d i n Figure s 1-4 , 
proble m component s ar e indicate d b y lowe r  cas e letters . 
Th e numbe r  o f  participant s i n eac h cel l  fo r  eac h proble m 
i s liste d i n Tabl e 1 . 

Problem Component Ratings Problem component 
score s wer e code d b y measurin g th e distanc e o f  th e 
participants '  mar k o n th e continuu m fro m th e lef ^  en d 
wit h a  ruler .  L o w e r  score s indicat e tha t  a  sentenc e o r 
componen t  i n a  proble m w a s perceive d a s o f  littl e 

importanc e towar d th e correc t  solution ,  whil e highe r 
score s indicat e tha t  a  sentenc e o r  componen t  i n a  proble m 
i s perceive d o f  grea t  importanc e i n comin g t o th e correc t 
solution .  Hindsigh t  bia s i s th e increas e o f  a n individual' s 
importanc e ratin g fo r  a  solution-relate d proble m 
componen t  betwee n th e firs t  an d secon d sessions . 

Restructurin g theorie s o f  insightfu l  proble m solvin g 
predic t  tha t  o n insigh t  problems ,  initia l  componen t 
importanc e rating s shoul d reflec t  solvers '  activatio n o f  a n 
inappropriat e proble m representation .  Thos e w h o 
overcom e th e impass e an d correctl y solv e th e problem s 
nee d t o restructur e thei r  representatio n o f  th e proble m t o 
activat e th e correc t  operator s o r  component s fo r  solution . 
Thi s n e w representatio n shoul d lea d t o hindsigh t  bia s i n 
th e importanc e rating s fo r  th e ke y component s o f  th e 
problem . 

Thos e w h o fai l  t o solv e th e proble m shoul d s h o w n o 
hindsigh t  bia s fo r  ke y proble m components ,  an d m a y eve n 
increas e thei r  importanc e rating s fo r  th e origina l 
inappropriat e component s o f  th e problem .  I n algebr a 
problem s n o restructurin g o f  th e proble m representatio n i s 
necessar y t o c o m e t o solution ,  therefor e n o chang e i n 
representatio n o f  th e proble m shoul d b e eviden t  i n th e 
hindsigh t  bia s measure s o f  algebr a w o r d proble m 
components . 

a)  T w o train s leav e th e sam e statio n a t  th e sam e time ,  b )  Eac h 
has enoug h fue l  fo r  a  200 0 mil e trip ,  c )  Th e train s trave l  i n 
opposit e directions ,  d )  On e trai n travel s 6 0 mile s pe r  hour ,  an d 
th e othe r  10 0 mile s pe r  hour ,  e )  I n h o w man y hour s wil l  th e 
train s b e 80 0 mile s  ̂ art ? 

Figur e 1 :  Trai n Proble m (Proble m Type :  Algebra ) 

a)  An n i s twic e a s ol d a s he r  son .  b )  The y wer e bot h bor a i n 
June ,  c )  Te n year s ag o A n n wa s thre e time s a s ol d a s he r  son . 
d )  Wha t  ar e thei r  presen t  ages ? 

Figur e 2 :  A g e Proble m (Proble m Type :  Algebra ) 

The triangl e show n belo w point s t o th e to p o f  th e page .  S h o w 
h o w yo u ca n mov e 3  circle s t o ge t  th e triangl e t o poin t  t o th e 
botto m o f  th e page . 

a) 0 

b)0 c)0 

d)0 e)0 1)0 

g)0 h)0 i)0 j)0 

Figur e 3 :  Triangl e Proble m (Proble m Type :  Insight ) 

The pictur e belo w i s o f  si x glasses .  Th e firs t  thre e contai n 
liquid .  Describ e ho w yo u coul d mak e i t  s o n o tw o glasse s 
containin g liqui d ar e nex t  t o eac h other ,  whil e keepin g thre e o f 
th e si x glasse s full .  T o d o this ,  yo u ar e onl y allowe d t o m o v e 
on e glass . 

a) ^  b )  'i > c )  ^  d )  i  e )  i 

V 

Figur e 4 :  Cup s Proble m (Proble m Type :  Insight ) 
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Trai n Algebr a Proble m Th e trai n proble m (se e Figur e 1 ) 
involve s constructin g an d solvin g equation s i n orde r  t o 
fin d h o w man y hour s i t  wil l  tak e fo r  tw o train s t o b e 80 0 
mile s apart .  T o solv e thi s proble m on e mus t  us e 
informatio n from  sentence s (components )  A ,  C ,  D ,  an d E . 
Thes e sentence s ar e therefor e th e ke y component s i n thi s 
problem .  T o investigat e whethe r  restructurin g wa s 
involve d i n solvin g thi s algebr a problem ,  a  2x3x2x 3 
(sessio n x  componen t  x  answe r  give n conditio n x  solutio n 
typ e (n o solution ,  incorrec t  solution ,  correc t  solution) ) 
A N O VA wa s conducted .  Evidenc e fo r  restructurin g a s 
measure d b y hindsigh t  bia s i s reveale d b y interaction s 
involvin g th e sessio n variable .  Specifically ,  a n increas e 
i n importanc e rating s o n ke y component s acros s session s 
(initia l  ratin g vs .  secon d rating )  fo r  thos e w h o correctl y 
solv e th e proble m i s evidenc e fo r  restructuring . 

Thi s analysi s reveale d a  significan t  sessio n x 
componen t  x  solutio n typ e interactio n F  (8 ,  484 )  =  2.69 ,  p 
< .05 ,  n ^  *  .04 .  Follow-u p analysi s reveale d tha t  thi s 
smal l  interactio n wa s du e t o significan t  decrease s i n 
importanc e rating s o n componen t  D ,  an d E  fo r  thos e w h o 
answere d incorrectl y an d wer e show n th e answe r  ( r  (26 )  = 
-3.71 ,  p  <  .01 ,  &  t  (26 )  =  -2.78 ,  p  <  .0 1 respectively) . 
Ther e wa s als o a  significan t  decreas e i n importanc e ratin g 
on componen t  E  fo r  thos e w h o answere d correctl y an d 
wer e show n th e solution .  /  (29 )  =  -3.21 ,  p  <  .0 1 (se e Tabl e 
2) .  I f  restructurin g o f  th e proble m representatio n wa s 
necessar y t o solv e thi s algebr a proble m on e woul d expec t 
t o se e increase s i n importanc e rating s o n component s A , 
C,  D  an d E  fo r  thos e w h o correctl y solve .  Thi s wa s no t 
th e case .  Clearl y ther e i s n o evidenc e o f  restructurin g i n 
thos e w h o solve d th e trai n algebr a problem . 

Age Algebra Problem The Aim and Son problem 
involve s constructin g equation s fro m th e give n 
informatio n t o calculat e A n n an d he r  son' s presen t  age . 
Sentence s (components )  A ,  C ,  an d D  ar e ke y component s 
fo r  thi s proble m (se e Figur e 2) .  T o investigat e whethe r 
restructurin g wa s involve d i n solvin g thi s algebr a 
problem ,  2x4x2x 3 (sessio n x  componen t  x  answe r 
conditio n x  solutio n type )  A N O V A wa s conducted . 
Thi s aiuilysi s onc e agai n reveale d a  significan t  sessio n x 
componen t  x  solutio n typ e interactio n F  (6 ,  353 )  =  3.35 ,  p 
< .05 ,  r ^  =  .05 .  However ,  follo w u p analyse s reveale d n o 
significan t  difference s betwee n sessio n 1  an d sessio n 2 
rating s fo r  an y o f  th e component s i n an y o f  th e group s 
(se e Tabl e 2) .  Thi s interactio n wa s mos t  likel y cause d b y 
th e tren d towar d hindsigh t  bia s o n componen t  C  b y thos e 
i n th e correc t  solution/no t  give n answe r  condition ,  an d b y 
a tren d toward s a  decreas e i n importanc e ratings  o n 
componen t  D  i n th e incorrect /  show n answe r  group . 
However ,  interactio n wa s smal l  i n effec t  size .  Thes e 
unsystemati c trend s ar e wea k evidenc e fo r  restructuring . 
Therefore ,  onc e again ,  w e find  n o clea r  evidenc e 
restructurin g i n th e solutio n o f  algebr a problems . 

Cups Insight Problem In order to solve this problem, 
on e mus t  pic k u p th e glas s i n positio n B  an d pou r  th e 
liqui d int o th e cu p i n positio n E .  Therefore ,  B  an d E  ar e 
th e ke y component s o f  thi s problem .  Th e insightfij l 

proces s theorie s woul d predic t  tha t  th e initia l 
representatio n shoul d b e biase d agains t  viewin g cu p E  a s 
bein g ke y i n findin g th e correc t  solution .  Thi s lead s t o th e 
predictio n tha t  importanc e level s shoul d increas e fo r  th e 
tw o ke y component s fo r  thos e w h o correctl y solve ,  whil e 
thos e w h o d o no t  correctl y solv e shoul d no t  sho w 
hindsigh t  bia s o n onl y th e tw o ke y components . 

To investigat e whethe r  restructurin g wa s involve d i n 
solvin g thi s problem ,  a  2x6x2x 3 (sessio n x  componen t  x 
answe r  conditio n x  solutio n type )  A N O V A wa s 
conducted .  Thi s analysi s reveale d a  significan t  sessio n x 
componen t  interaction ,  F  (5 ,  545 )  =  4.7,; ? <  .05 ,  n '  =  .02 . 
Follow-u p analysi s reveale d significan t  increase s i n 
importanc e rating s fo r  bot h ke y component s B  ( r  (119 )  = 
3.85 ,  p  <  .05 ,  n ^  -  .11 )  an d E  ( f  (119 )  =  2.10,/ > <  .05 ,  n ^  = 
.03 )  acros s al l  participants .  Eve n thoug h a  surve y o f  th e 
means (se e Tabl e 4 )  give s th e impressio n tha t  th e group s 
tha t  solve d th e proble m correc t  ar e drivin g thi s effect ,  a 
significan t  interactio n involvin g solutio n typ e wa s no t 
detected .  Thi s resul t  tend s t o follo w th e predicte d patter n 
of  hindsigh t  bia s tha t  woul d b e expecte d wit h regard s t o 
restructurin g account s o f  insightfu l  proble m solving ,  an d 
stand s i n contras t  t o th e algebr a result s tha t  showe d n o 
evidenc e o f  restructuring . 

Triangle Insight Problem To solve this problem, one 
must  m o v e th e come r  thre e circle s aroun d on e positio n i n 
orde r  t o mak e th e triangl e poin t  down .  Th e insightfu l 
proces s theorie s woul d predic t  tha t  th e initia l 
representatio n shoul d b e biase d toward s viewin g th e arra y 
as a  triangl e an d therefor e solver s wil l  inappropriatel y 
vie w th e poin t  o f  th e triangle ,  o r  th e to p thre e circles ,  a s 
mor e important .  I n orde r  t o solve ,  individual s wil l  nee d 
t o restructur e thei r  representatio n o f  th e middl e circle s o f 
th e triangl e a s invarian t  whethe r  th e triangl e point s u p o r 
down.  Therefore ,  th e come r  circle s A ,  G ,  an d J ,  ar e th e 
ke y component s fo r  solvin g th e proble m (se e Figur e 3) . 

To investigat e whethe r  restructurin g wa s involve d i n 
solvin g thi s insigh t  problem ,  a  2x10x2x 3 (sessio n x 
componen t  x  answe r  conditio n x  solutio n type )  A N O V A 
was conducted .  Thi s analysi s reveale d a  significan t 
sessio n x  componen t  interaction ,  F  (9 ,  1098 )  =  4.05 ,  p  < 
.05 ,  n '  =  .03 ;  a  significan t  sessio n x  componen t  x  answe r 
conditio n interaction ,  F  (18 ,  1098 )  =  2.04 ,  p  <  .05 ,  n ^  = 
.01 ,  an d a  significan t  sessio n x  componen t  x  solutio n typ e 
interaction ,  F  (18 ,  1098 )  =  1.91 ,  p  <  .05 ,  n '  =  .03 . 
Follow-u p analysi s foim d significan t  increase s i n 
importanc e ratings,  o r  stron g positiv e trends ,  o n eac h o f 
th e ke y component s fo r  thos e w h o successfiill y  solve d th e 
proble m regardles s o f  whethe r  the y wer e show n th e 
answe r  (se e Tabl e 5) .  Thi s evidenc e support s th e ide a tha t 
thos e individual s w h o solve d correctl y ha d a  differen t 
(mor e appropriate )  proble m representatio n o n thei r  secon d 
encounte r  wit h th e problem . 

Othe r  significan t  increase s wer e foun d o n component s 
D an d E  (bot h unimportan t  fo r  findin g correc t  solution ) 
fo r  thos e w h o cam e t o n o solutio n an d di d no t  receiv e th e 
answer .  I n th e group s tha t  receive d th e answer s bu t  di d 
not  fin d th e correc t  solution ,  increase s i n importanc e 
rating s wer e detecte d o n th e entir e botto m ro w o f  circle s 
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( G throug h J) .  Thes e finding s sugges t  tha t  bein g show n 
th e solutio n t o a n insigh t  proble m ca n lea d t o a  shit \  i n 
representation .  Howeve r  thi s shif t  i s  no t  exclusiv e t o th e 
ke y proble m solvin g components . 

Discuuion 

Thes e result s sugges t  tha t  hindsigh t  bia s ca n b e use d a s a n 
independen t  measur e o f  th e restructurin g involve d i n 
solvin g differen t  problems .  Thes e result s demonstrat e 
some o f  th e characteristic s predicte d b y insightfu l 
proble m solvin g theorie s tha t  involv e mechanis m o f 
sudde n restructurin g o f  one' s proble m representatio n i n 
orde r  t o com e t o solutio n (Duncker ,  1945 ,  Davidso n & 
Sternberg ,  1984 ,  Ohlsson ,  1992) .  Althoug h al l  o f  th e 
predicte d interaction s o n insigh t  proble m componen t 
rating s wer e no t  foun d t o b e significant ,  ther e wa s 
evidenc e o f  a n increas e i n importanc e rating s o n ke y 
component s i n insigh t  problem s an d no t  o n algebr a 
problems .  Als o ther e wa s evidenc e tha t  thes e increase s i n 
importanc e rating s occurre d i n group s tha t  ha d 
successfull y solve d th e insigh t  problem ,  regardles s o f 
whethe r  the y wer e show n th e correc t  solution .  Th e result s 
on th e insigh t  problem s contras t  wit h thos e fo r  th e algebr a 
problems ,  whic h showe d littl e evidenc e o f  an y increase s 
on importanc e rating s o n th e ke y components .  I n 
examinin g th e result s i t  i s  clea r  tha t  individual s initiall y 
wer e abl e t o recogniz e whic h component s o f  th e algebr a 
problem s wer e ke y i n solvin g th e problem .  However , 
eve n thoug h al l  individual s wer e abl e t o correctl y repor t 
th e importanc e o f  th e ke y components ,  man y stil l  faile d t o 
correctl y solv e th e algebr a problems .  Thi s suggest s tha t 
th e locu s o f  difficult y fo r  th e algebr a problem s di d no t  li e 
i n th e representation . 

Whil e al l  th e predicte d interaction s o n th e insigh t 
component s wer e no t  found ,  i t  i s helpfu l  t o kee p i n min d 
tha t  thi s wa s a  ver y stringen t  tes t  fo r  hindsigh t  bias .  Th e 
participant s i n thi s stud y wer e no t  aske d t o re-rat e th e 
question s durin g th e secon d sessio n o f  th e experiment . 
They wer e aske d t o "reproduce "  o r  remembe r  thei r 
origina l  ratings .  I t  ha s bee n estimate d tha t  2/ 3 o f 
participant s ar e actuall y abl e t o remembe r  thei r  origina l 
ratin g i n thi s typ e o f  within-subject s desig n (Fischof f  & 
Beyth ,  1975) .  Eve n thoug h step s wer e take n t o preven t 
thi s  (ex .  ratin g wer e don e o n continuum s instea d o f  Liker t 
scales ,  on e ful l  wee k betwee n sessions )  thi s surel y ma y 
hav e affecte d th e fma l  outcome .  Also ,  al l  theorie s o f 
insightfii l  proble m solvin g agre e tha t  restructurin g i s fa r 
more likel y whe n subject s ar e naiv e t o th e problems .  I n 
thi s desig n ther e wa s n o wa y t o separat e ou t  thos e w h o 
had experienc e wit h th e problem s an d wer e abl e t o solv e 
throug h som e othe r  metho d tha n restructurin g (i.e . 
memory search) .  O n th e sam e note ,  i t  m a y b e possibl e 
tha t  individual s di d no t  hav e th e expertis e i n algebr a t o 
solv e th e problem s i n a  totall y incrementa l  fashion .  I n thi s 
desig n ther e wa s als o n o wa y t o separat e ou t  thos e w h o 
experience d partia l  insight s whil e solvin g th e algebr a 
problem s (se e Ohlsson ,  1992) .  Thes e factor s m a y hav e 
als o confounde d th e hindsigh t  bia s results .  Despit e al l  o f 
thes e issues ,  ther e wa s clea r  evidenc e fo r  differentia l 
amount s an d pattern s o f  hindsigh t  bia s betwee n insigh t 

and algebr a problems .  Currentl y w e ar e i n th e proces s o f 
conductin g mor e detaile d studie s usin g th e hindsigh t  bia s 
paradig m o n a  wide r  rang e o f  problems ,  a s wel l  a s usin g 
thi s metho d t o investigat e th e rol e o f  impass e i n th e 
insightfu l  proble m solvin g process . 
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Tabl e 2 :  Trai n Algebr a Problem :  M e a n (SD )  Importanc e Rati n 

Sol . 
Sess . 
A* 
B 
C* 
D* 
E* 

S h o wn Answe r  Grou p 

No Answe r 
SI 

4.6(2.2 ) 
4.1(2.1 ) 
2.8(2.3 ) 
6.1(0.7 ) 
5.7(1.4 ) 

S2 
4.9(1.9 ) 
.8(2.4 ) 

3.9(2.6 ) 
5.9(1.0 ) 
5.2(1.8 ) 

Incorrec t 
SI 

5.7(2.0 ) 
3.3(2.5 ) 
4.3(2.4 ) 
6.8(0J ) 
6.5(0.7 ) 

S2 
5.3(2.0 ) 
3.6(2.4 ) 
4.1(2.4 ) 
6.3(0.7 ) 
6.1(0.8 ) 

Correc t 
SI 

5.8(1.3 ) 
3.3(2.5 ) 
5.3(2.0 ) 
6.5(1.0 ) 
6.4(0.8 ) 

S2 
5.8(1.8 ) 

3.2(2.5 ) 
5.0(2.1 ) 
6.4(0.6 ) 
6.1(1.0 ) 

gs b y Session ,  Answe r  Group , an d Solutio n Typ e 

Not  S h o w n Answe r  (Jrou p | 

N o Answe r 
SI 

6.2(1.1 ) 
3.5(2.8 ) 
4.2(2.9 ) 
6.3(1.7 ) 
6.2(1.2 ) 

S2 
5,4(1.9 ) 
3.8(2.8 ) 
5.5(1.5 ) 
6.6(0,5 ) 
6.5(0,7 ) 

Incorrec t 
SI 

6.1(0,8 ) 
3.6(2.9 ) 
4.6(2.0 ) 
6.4(1.0 ) 
6.2(1.1 ) 

S2 
5.5(1,7 ) 
4.4(2.6 ) 
5.3(1.6 ) 
6.1(1.0 ) 
5.9(1.0 ) 

Correc t  | 
SI 

5.7(1,9 ) 
2,9(2.6 ) 
5.4(2,1 ) 
6,5(0,5 ) 
6.3(0.9 ) 

S2 
5.8(1.7 ) 
2.3(2.2 ) 
4.8(2.4 ) 
6.4(0.6 ) 
6,3(0,9 ) 

Note :  Bold-foce d cell s denot e a  significan t  differenc e betwee n th e importanc e rating s o n sessio n 1  (SI )  an d sessio n 2  (S2) ,  p  <  .05 . 
Asteris k (• )  indicate s ke y component . 

Tabl e 3 :  A g e Algebr a Problem :  M e a n (SD )  Importanc e Rating s b y Session ,  Answe r  Group ,  an d Solutio n Typ e 

Sol . 
Sess 
A* 
B 
C* 
D* 

S h o wn Answe r  Gro u 
No Answe r 
SI 

6.6(0.5 ) 
1.5(1.5 ) 
6.3(0.7 ) 
5.6(2.0 ) 

S2 
6.0(1.3 ) 
2.2(2.0 ) 
6.1(0.7 ) 
5.2(1.8 ) 

Incorrec t 
SI 

6.3(1.1 ) 
2.1(2.0 ) 
6.3(1.0 ) 
6,l(/,l ) 

S2 
6.3(0.8 ) 
1.8(1.9 ) 
6.3(0.9 ) 

fMUl 

3 
Correc t 

SI 
6.3(0.7 ) 
2.3(2.2 ) 
6.2(0.8 ) 
5.7(1.5 ) 

S2 
6.3(0.6 ) 
2.2(2.2 ) 
6.3(0,7 ) 
6.1(0.8 ) 

N ot  S h o w n A n s w e r  Grou p | 

N o A n s w e r 
SI 

6.3(0.5 ) 
2.5(2.0 ) 
6.2(0.6 ) 
5.5(1.8 ) 

S2 
6,2(0,6 ) 
3,1(2.7 ) 
6.0(1.0 ) 
5.8(1.5 ) 

Incorrec t 
SI 

6.4(0.8 ) 
1.7(1.7 ) 
6.4(0.7 ) 
6.0(1.3 ) 

S2 
6,2(0.8 ) 
2,1(2,2 ) 
6,3(0,9 ) 
5,9(1,3 ) 

Correc t  1 
SI 

6,5(0.8 ) 
2.4(2.4 ) 
6.3(0.8 ) 
6.4(0.7 ) 

S2 
6.6(0,5 ) 
1,6(2,1 ) 
6.6(0.5 ) 
6,5(0,6 ) 

Note :  N o significan t  differenc e betwee n th e importanc e rating s o n sessio n 1  (SI )  an d sessio n 2  (82 )  wer e detected ,  p  <  .05 .  Italic s 
indicate s tren d towar d significanc e p  <  .08 ,  n ^  >  .  10 .  Asteris k (* )  indicate s ke y component . 

Tabl e 4 :  Cup s Insigh t  Problem :  M e a n (SD )  Importanc e Rating s b y Session ,  Answe r  Group ,  an d Solutio n Typ e 

Sol . 
Sess . 
A 
B* 
C 
D 
E* 
F 

S h o wn A n s w e r  Gro u 

N o A n s w e r 
SI 

4.1(2.3 ) 
5.4(1.2 ) 
4.2(1.7 ) 
4.5(1.4 ) 

4.2nS ) 
4.0(1.9 ) 

S2 
4.1(2.3 ) 
5.6(1.1 ) 
4.1(2.0 ) 
4.5(1.8 ) 
4.9(1.6 ) 
4.5(1.8 ) 

Incorrec t 
SI 

4J(2J ) 
s.oa.i ) 
3.9(2.0 ) 
3.7(2.2 ) 
4.1(2.1 ) 
3.7(2.3 ) 

S2 
3.4(2.7 ) 
5.9(1.3 ) 
3.6(2.4 ) 
3.8(2.3 ) 
4.5(2.1 ) 
3.7(2.4 ) 

P 
Correc t 

SI 
3.8(2.5 ) 
5.7(1.8 ) 
4.3(2.3 ) 
3.6(2.5 ) 
4.6(2.3 ) 
3.5(2.3 ) 

S2 
3.5(2.8 ) 
6.1(1.2 ) 
3.9(2.6 ) 
3.5(2.5 ) 
5.3(2.1 ) 
3.5(2.5 ) 

Not  S h o w n Answe r  Grou p | 

N o Answe r 
SI 

4.1(2.4 ) 
5,1(1,8 ) 
5,9(0,2 ) 
3,8(1,9 ) 
4,4(1,7 ) 
3,4(2,2 ) 

S2 
5.2(1.0 ) 
5.4(0.7 ) 
4.9(1.7 ) 
3.5(1.9 ) 
3.9(1.9 ) 
3.1(1.7 ) 

Incorrec t 
SI 

3.6(2.5 ) 
5.5(1,9 ) 
4.3(2.3 ) 
3.4(2.3 ) 
4.4(2.2 ) 
3.3(2.4 ) 

S2 
4.0(2.6 ) 
5,9(1.4 ) 
4,5(2.5 ) 
3.1(2.2 ) 
4,2(2.2 ) 
3,3(3,4 ) 

Correc t  | 
SI 

3,6(2,5 ) 
5.3(1.8 ) 
3.5(2.4 ) 
3.5(2.2 ) 
4J(2.1 ) 
3.9(2,1 ) 

S2 
3,8(2.7 ) 
6J(1.0 ) 
3,8(2.6 ) 
3,3(2,5 ) 
5.8(1.6 ) 

,  3.5(2.5 ) 
Note :  Bold-face d cell s denot e a  significan t  differenc e betwee n th e importanc e rating s o n sessio n 1  (SI )  an d sessio n 2  (82), p <  .05 . 
ItaUc s indicate s tren d towar d significanc e p  <  .08 ,  n^ > .10 .  Asteris k (* )  indicate s ke y component . 

Tabl e 5 :  Triangl e Insigh t  Problem :  M e a n (SD )  Importanc e Rating s b y Session ,  Answe r  Group ,  an d Solutio n Typ e 

Sol . 
Sess . 
A* 
B 
C 
D 

E 
F 

G* 
H 
I 
J* 

S h o wn Answe r  Gro u 

No Answe r 
SI 

5.7(1.7 ) 

5.4(1.8 ) 

5.4(1.6 ) 

3.8(2.3 ) 

3.2(2.3 ) 

4.0(2.2 ) 

3.5(2.4 ) 

3.1(2.4 ) 

3.1(2.3 } 

3.4(2.5 ) 

S2 
6.0(1.9 ) 

5.0(2.1 ) 

5.1(1.9 ) 

3.7(2.4 ) 

4.0(2.4 ) 

4.2(2.4 ) 

4.8(2.0 ) 

4.5(2J ) 

4.1(2.4 ) 

4.8(2.0 ) 

Incorrec t 
SI 

5.6(2.2 ) 

5.0(2.4 ) 

5.0(2.5 ) 

3,2(2.3 ) 

2.4(2.3 ) 

3.1(2.6 ) 

3.3(2.6 ) 

3.4(2.6 ) 

3.2f2.6 ) 

3,OT,$ 1 

S2 
6.0(1.4 ) 

5.4(1.9 ) 

5.2(2.0 ) 

3.0(2.2 ) 

3.1(2.4 ) 

3.7(2.5 ) 

4.5(2.1 ) 

4.1(2.3 ) 

4.)(?.} ) 

i.}(i.Q I 

p 
Correc t 

SI 
i.}(l.6 \ 
3.6(2.1 ) 

3.7(2.1 ) 

3.1(1.9 ) 

3.5(2.3 ) 

3.6(2.2 ) 

5.1(1.8 ) 

3.5(2.0 ) 

3.7(2.2 ) 

4.9(1.8 ) 

S2 
6,Qn.2 ) 
3.3(4.5 ) 

3.4(2.5 ) 

3.3(2,5 ) 

3,1(2.5 ) 

3.5(2.6 ) 

6.0(1.2 ) 

3.2(2.5 ) 

3.1(2.4 ) 

6.0(1.3 ) 

N ot  S h o w n Answe r  (jrou p | 

N o A n s w e r 
SI 

5,0(1.9 ) 

4.2(2.0 ) 

4.4(2.0 ) 

3.3(2.0 ) 

3.ia.0 ) 

3.6(2.3 ) 

4.4(2.2 ) 

4.1(2.1 ) 

4.0(2.1 ) 

4,6(2,2 ) 

S2 
4.8(2.3 ) 

3.8(2.4 ) 

3.7(2.3 ) 

4.4(2.3 ) 

4.3(2.4 ) 

4.5(2.3 ) 

4.2(2.3 ) 

4.0(2.5 ) 

3.9(2.3 ) 

4.3(2.3 ) 

Incorrec t 
SI 

5.7(1.7 ) 

5.2(1.6 ) 

5.3(2.1 ) 

3.6(2.3 ) 

3.9(2.4 ) 

3.5(2.3 ) 

4.1(2.4 ) 

4.2(2.4 ) 

4.1(2,4 ) 

3.9(2,4 ) 

S2 
6,0(1,2 ) 

5,0(2,1 ) 

5,2(2,0 ) 

3.9(2.4 ) 

3.5(2.5 ) 

4.1(2.4 ) 

3.7(2.3 ) 

4.0(2.5 ) 

4,0(2.5 ) 

4.4(2.4 ) 

Correc t  | 
SI 

5J(1.9 ) 

4,0(2,4 ) 

4J(2.1 ) 

3.1(2.2 ) 

3.0(2.1 ) 

3J(14 ) 

iJ(2, U 
3.7(2.2 ) 

3.8(2.2 ) 

4.9(1.9 ) 

S2 
6J(0.8 ) 

3,5(2,5 ) 

3.4(2.5 ) 

3,1(2,5 ) 

3.0(2.5 ) 

19(2.} ) 

}J(L7 ) 
3,0(2,5 ) 

3,0(2,5 ) 

5.8(1.5 ) 
Note :  Bold-face d cell s denot e a  significan t  differenc e betwee n th e importanc e rating s o n sessio n 1  (81 )  an d sessio n 2  (82) ,  p  <  .05 , 
Italic s indicate s tren d towar d significance/ ? <  .08 ,  n ^  >  .  10 ,  Asteris k (* )  indicate s ke y component . 
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Abstrac t 

Computer metaphors for cognitive processes have 
become date d an d ne w model s ar e require d t o hel p 
colleg e student s an d classroo m teacher s interpre t 
researc h i n th e neuroscience s a s i t  begin s t o impac t  th e 
field s o f  educatio n an d psycholog y A  mode l  o f  cognitio n 
usin g a  metapho r  o f  neura l  activatio n i s presente d an d 
suMJOrte d b y findin g i n th e neurosciences . 

Introduction 

I n 1986 ,  Rumelhar t  an d McClellan d publishe d Paralle l 
Distribute d Processin g an d revolutionize d ou r 
conceptio n o f  memor y an d though t  processes .  Thei r 
introductio n o f  neura l  network s a s a  mode l  o f  m e m o r y 
serve d a s a  startin g poin t  fo r  th e growt h o f 
neurologicall y base d computationa l  models .  Today , 
cognitiv e an d computationa l  neuroscienc e researc h i s 
continuin g t o enhanc e ou r  understandin g o f  cognition . 
However ,  whil e th e neuroscience s influenc e h o w 
researcher s comprehen d though t  processes ,  ther e ha s 
bee n littl e chang e i n th e model s w e teac h student s i n 
introductor y psycholog y an d educatio n classes .  W h a t  i s 
neede d ar e model s tha t  provid e student s wit h a 
framework  fo r  imderstandin g di e neura l  base s o f 
cognitio n an d ar e a t  th e sam e tim e simpl e t o 
communicat e an d conq)rehend . 

The Need for a New Model 

The informatio n processin g mode l  o f  cognitio n ha s 
provide d u s wit h man y usefu l  characterization s o f 
menta l  functions :  sensor y registers ,  short-ter m memory , 
workin g memory ,  an d long-ter m memory .  It s ultimat e 
failur e ha s bee n it s  inabilit y t o integrat e thes e 
characterization s wit h researc h finding s i n attention , 
imagery ,  an d reasonin g t o for m a  comprehensiv e mode l 
of  cognition .  Thi s failur e i s cause d i n par t  becaus e 
theoretica l  description s o f  behavio r  ar e weakl y 
constraine d an d allo w multipl e vali d interpretation s o f 
th e sam e phenomenon .  Thi s variabilit y  i n descriptio n 
has fractionalize d cognitiv e researc h int o narro w 
domain s focuse d o n particula r  aspect s o f  menta l 
activity .  Thus ,  student s stud y cognitiv e topic s suc h a s 
perception ,  memory ,  an d learnin g tha t  hav e littl e 
relatio n t o eac h other ,  leavin g the m withou t  a n 
associativ e framework . 

Anothe r  proble m wit h th e informatio n processin g 
model  i s  tha t  it s  conceptualization s o f  though t 
processe s ofte n clas h wit h researc h fmding s i n 
contemporar y neuroscience .  I t  i s  n o w clea r  tha t 

memorie s ar e no t  compartmentalize d int o boxe s o r 
transferre d from  locatio n t o locatio n a s the y ar e i n a 
computer .  Suc h characterization s ca n lea d student s t o 
inference s tha t  ar e no t  alway s valid ,  an d i n educatio n 
suc h inference s ca n lea d t o instructiona l  method s tha t 
ar e no t  alway s effective .  I n th e pas t  te n year s 
technologica l  an d methodologica l  advance s i n th e 
neuroscience s hav e produce d a  wealt h o f  researc h 
result s tha t  hav e greatl y increase d ou r  understandin g o f 
th e biologica l  underpinning s o f  cognition .  Thi s researc h 
has alread y impacte d traditiona l  cognitiv e theorie s 
(Miyak e &  Shah ,  1999) ,  bu t  wha t  i s neede d ar e no t 
model s tha t  hav e bee n update d t o accoun t  fo r  th e n e w 
data .  Wha t  i s neede d ar e model s tha t  ar e buil t  from  th e 
neuro n upwards ,  rathe r  tha n from  behavio r  downwards . 
Suc h model s stan d a  bette r  chanc e o f  providin g a n 
internall y consisten t  integrativ e framewor k fo r 
understandin g cognitiv e research . 

Thi s revolutio n i n orientatio n from  top-dow n t o 
bottom-u p analyse s represen t  a  fundamenta l  shif t  i n th e 
scienc e o f  cognitio n an d a s K u h n (1962 ,  p .  109 )  ha s 
pointe d out ,  "...whe n paradigm s change ,  ther e ar e 
usuall y significan t  shift s i n th e criteri a determinin g th e 
legitimac y bot h o f  problem s an d o f  propose d 
solutions. "  Thus ,  w e se e majo r  issue s i n popula r 
cultur e suc h a s th e divisio n betwee n min d an d bod y 
become irrelevan t  a s ol d axiom s ar e rejecte d an d n e w 
one s forme d (Crick ,  1994) .  Thi s paradig m shif t  i s  wel l 
underwa y i n th e fiel d o f  psycholog y (Gazzaniga ,  1998 ) 
an d cognitiv e science ,  bu t  ha s bee n hampere d i n 
educatio n b y th e dubiou s applicatio n o f  th e 
neurobiologica l  research ;  t o wit ,  "brain-base d learning " 
has becom e th e phrenolog y o f  th e n e w centur y (Bruer , 
1999a) .  Th e fac t  tha t  suc h questionabl e 
conceptualization s o f  cognitiv e neuroscienc e ar e bein g 
activel y markete d t o educationa l  practitioner s beg s fo r 
model s tha t  ar e wel l  grounde d b y researc h i n th e 
neurosciences .  Th e purpos e o f  thi s pape r  i s t o presen t 
on e suc h mode l  i n th e hop e tha t  i t  wil l  inspir e 
discussio n withi n th e educationa l  community .  I  wil l 
begi n b y presentin g th e mode l  a s i t  migh t  b e presente d 
t o student s an d th e followin g sectio n wil l  revie w th e 
scientifi c  justificatio n fo r  th e model . 

The Model 

Th e cognitiv e mode l  presente d belo w i s a  synthesi s o f 
th e curren t  researc h i n th e neurosciences .  I t  i s propose d 
as a  descriptiv e theor y i n whic h th e complexit y o f  som e 
neurologica l  processe s ha s bee n simplifie d fo r 

89 

mailto:athe0007@umn.edu


pedagogica l  advantage .  Fo r  th e mos t  par t  I  hav e trie d 
t o avoi d issue s tha t  ar e th e subjec t  o f  o n goin g debate , 
howeve r  I  d o mak e theoretica l  assumption s a t  som e 
point s t o creat e a n internall y consisten t  model .  Reader s 
shoul d kee p i n min d tha t  wha t  follow s i s a  hypothetica l 
descriptio n an d tha t  some ,  o r  many ,  aspect s o f  th e 
model  hav e ye t  t o b e verifie d empirically . 

Structure 

Neuron s Th e fiindamenta l  processin g elemen t  i n th e 
brai n i s th e neuron .  A  neuro n i s a  cel l  tha t  consist s o f 
dendrites ,  a  body ,  an d a n axon .  Signal s ar e transmitte d 
betwee n neuron s b y chemical s calle d neurotransmitter s 
at  junction s betwee n dendrite s an d axon s calle d 
synapses .  W h e n neurotransmitter s pas s acros s a 
synaps e fro m th e axo n o f  on e cel l  t o th e dendrit e o f 
anothe r  the y caus e chemica l  change s i n th e dendrit e an d 
th e bod y o f  th e neuro n an d hav e a n effec t  o n th e 
physica l  structur e o f  th e synapse .  W h e n a  sufficien t 
number  o f  signal s infring e o n a  neuron ,  the y caus e tha t 
neuro n t o releas e neurotransmitter s a t  th e synapse s o f 
it s  axons .  W h e n a  neuro n i s i n suc h a  state ,  i s  receivin g 
signal s an d releasin g neurotransmitters ,  i t  i s  sai d t o b e 
active .  Th e signal s tha t  a  neuro n send s ca n hav e eithe r 
an excitator y an d inhibitor y effect .  Excitator y effect s 
caus e othe r  neuron s t o increas e thei r  activity ;  inhibitor y 
effect s preven t  neuron s from  becomin g active ,  i.e. , 
from  sendin g signal s t o othe r  neurons . 

Networks Neurons are highly interconnected; a single 
neuro n ca n hav e thousand s o f  syn^se s connectin g t o 
thousand s o f  othe r  neurons .  Neuron s tha t  activat e i n 
c o m m on ar e linke d togethe r  b y synapse s int o networks . 
Network s o f  neuron s ca n b e loca l  t o a  particula r 
locatio n i n th e brain ,  o r  the y ca n b e globa l  an d 
distribute d acros s differen t  region s o f  th e brain .  Loca l 
network s ca n b e confine d t o a n are a a  thousandt h o f  a n 
inch ,  wherea s globa l  network s ca n exten d ove r 
distance s o f  severa l  inche s an d b e comprise d o f 
multipl e loca l  networics .  Network s ca n als o b e 
classifie d a s tas k network s o r  contro l  networks .  A  tas k 
networ k perform s a  specialize d fiuictio n suc h a s th e 
processin g o f  th e orientatio n o f  a  line ,  o f  a  color ,  o r  a 
phoneme.  Tas k network s ar e als o involve d i n mor e 
con^jle x processing ,  suc h a s th e graphica l 
representatio n o f  a  word ,  o r  a  h u m a n face .  A  contro l 
network ,  o n th e othe r  hand ,  regulate s th e processin g o f 
a tas k networ k vi a connection s tha t  inhibi t  o r  activat e 
neurons .  Thi s activatio n o r  inhibitio n b y contro l 
network s function s t o maintain ,  select ,  monitor , 
sequence ,  o r  integrat e activit y withi n tas k networks . 

Contro l  network s ca n b e eithe r  loca l  o r  global .  Loca l 
contro l  network s regulat e tas k network s an d ar e no t 
necessaril y  physicall y distinc t  from  them ,  bu t  instea d 
maybe spatiall y  intertwined .  Globa l  contro l  network s 
serv e t o regulat e th e activatio n betwee n multipl e tas k 

networks .  Withi n th e brai n loca l  contro l  an d tas k 
network s ar e generall y locate d i n region s know n a s th e 
occipital ,  parieta l  an d tempora l  lobes .  Globa l  contro l 
network s ar e generall y locate d i n th e frontal  lobe s 
(Figur e 1) .  Genera l  cognitiv e functions ,  suc h a s 
auditor y o r  visua l  processin g tha t  ar e execute d b y tas k 
network s ar e localize d t o particula r  area s i n th e brai n 
suc h a s th e tempora l  an d occipita l  lobes .  Whil e tas k an d 
contro l  network s mayb e localize d t o differen t  region s 
thi s doe s no t  mea n tha t  the y ar e disconnected ,  rathe r  a s 
a genera l  rul e al l  classe s o f  network s ar e highl y 
interconnected . 

Parieta l 
Lob e 

Fronta l 
Lob e Occipita l 

Lob e 

Tempora l 
Lob e 

Figure 1: Global control networks are located in the 
frontal  lobes ;  loca l  tas k network s ar e locate d i n th e 
occipita l  lobes ,  parietal ,  tempora l  lobes . 

Processes 

Wit h th e neura l  an d networ k structur e outline d abov e 
fraditional  cognitiv e processe s ca n b e redefine d i n 
relatio n t o thei r  neurologica l  processes .  I t  i s  assume d 
tha t  sinc e though t  processe s ar e a  fiuictio n o f  brai n 
activity ,  al l  o f  th e concept s i n traditiona l  cognitiv e 
psycholog y ca n b e redefine d withi n suc h a  framework . 
Thi s pape r  cover s fundamenta l  topic s suc h a s learning , 
basi c form s o f  memory ,  an d attention . 

Learning Learning is the process of making enduring 
change s i n th e relationship s betwee n neuron s throug h 
th e modificatio n o r  creatio n o f  synapses .  Learnin g i s 
th e intrinsi c resul t  o f  sensation ,  perception ,  thought , 
physica l  action ,  o r  th e resul t  o f  intention .  Sinc e though t 
or  perceptio n require s th e activatio n o f  neurons , 
activatio n induce s a  chang e i n th e physica l  stat e o f  th e 
synapse s involved .  W h e n thes e change s ar e retaine d 
ove r  tim e the y for m memories ;  whe n ephemera l  they , 
alon g wit h th e biochemica l  an d electrica l  processe s tha t 
caus e them ,  for m thoughts .  No t  al l  neuron s exhibi t  th e 
same properties ;  neuron s an d syns^se s diffe r  i n (h e rat e 
at  whic h change s ar e retained .  Thus ,  lon g ter m 
physica l  change s i n neuron s locate d i n area s tha t 
proces s sensor y stimul i  woul d occu r  slowly ,  wherea s 
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change s i n neuron s storin g lif e experience s woul d occu r 
mor e rapidly . 

Memory A memory is a stored pattern of synaptic 
connection s withi n loca l  network s o r  acros s a n 
interconnecte d networ k o f  neurons .  A  singl e neuro n 
migh t  contribut e t o severa l  memorie s b y releasin g 
varyin g amount s o f  neurotransmitter s dependin g o n 
h o w i t  i s  activated ,  bu t  th e activatio n o f  a  memor y 
require s interaction s betwee n neurons .  Tha t  i s t o say , 
no on e specifi c  memor y i s store d i n a  singl e neuron , 
rathe r  a  memor y i s distribute d acros s a  networ k o f 
neuron s a s a  patter n o f  synapti c relations .  Additionally , 
severa l  memorie s m a y b e store d i n th e sam e networ k b y 
differen t  pattern s o f  synapti c connections . 

Traditiona l  cognitiv e model s hav e identifie d differen t 
functiona l  categorization s o f  memory .  Traditionally , 
th e majo r  categorization s hav e bee n short-term , 
working ,  an d long-ter m memory .  Withi n th e curren t 
model  eac h o f  thes e ca n b e define d b y neurologica l 
processes .  Short-ter m m e m o r y represent s th e dynami c 
pattern s o f  activatio n i n network s acros s th e brain . 
Thes e pattern s o f  activatio n aris e fro m transitor y 
chemica l  an d electrica l  propertie s o f  neuron s lastin g a 
fe w seconds .  Workin g memor y represent s a 
combinatio n o f  short-ter m memor y processe s alon g 
wit h othe r  chemica l  an d transien t  physica l  syniq)ti c 
change s lastin g severa l  minutes .  Long-ter m m e m o r y 
represent s physica l  synapti c change s lastin g from 
minute s t o chys ,  weeks ,  o r  years ,  thu s long-ter m 
memory i s viewe d a s scale d physica l  change s i n 
synapse s o n a  continuu m acros s time ,  rathe r  tha n a s 
discret e storag e locations .  Physica l  change s i n 
synapse s m a y rever t  t o a  previou s stat e i n som e type s o f 
neuron s i f  no t  reactivated . 

Memory Capacity Traditional short-term or working 
memory ha s bee n show n t o hav e a  limi t  o n th e numbe r 
of  item s tha t  ca n b e hel d i n consciousnes s 
simultaneously .  I n th e curren t  mode l  memor y capacit y 
i s regulate d b y bot h th e physiologica l  an d structura l 
aspect s o f  neura l  networks .  Physiologicall y neura l 
activit y i s  limite d b y th e productio n an d transmissio n o f 
neurotransmitter s an d rat e a t  whic h cell s ca n produc e 
signals .  Whil e neurophysiolog y place s a  limi t  o n wha t 
ca n b e hel d i n neura l  network s a t  an y singl e poin t  i n 
time ,  workin g memor y capacit y ca n b e increase d b y 
adaptin g th e underlyin g networ k structur e fo r  particula r 
type s o f  memories .  Thus ,  expert s i n specialize d area s 
suc h a s ches s hav e bette r  workin g m e m o r y fo r 
meaningfu l  configuration s o f  piece s tha n d o novice s 
becaus e the y hav e tailore d synapti c pattern s t o 
particula r  stimuli . 

Forgetting In short-term memory forgetting occurs as 
cell s sto p sendin g signal s an d th e concentratio n o f 

neurotransmitter s decay s an d return s t o baseline .  Thi s 
proces s normall y occur s withi n second s unles s 
activatio n i s renewed .  I n long-ter m m e m o r y forgettin g 
m ay occu r  w h e n physica l  synapti c change s deca y o r  a s 
activatio n overlay s ne w synapti c pattern s ove r  existin g 
one s causin g interference . 

Attention Attention is the modulation of activation in a 
networ k b y a  contro l  network .  Modulatio n take s th e 
for m o f  eithe r  a  rise  o r  a  reductio n o f  activation .  Thi s 
modulatio n ca n occu r  acros s widel y separate d region s 
i n th e brai n o r  locall y withi n a  specifi c  par t  o f  th e brain . 
Attentio n ca n b e focuse d i n differen t  region s whe n a 
globa l  contro l  networ k o r  a  combinatio n o f  globa l 
contro l  network s modulate s activatio n withi n loca l  tas k 
networks .  Attentio n i s a  proces s whic h occur s w h e n 
specifi c  stimul i  o r  task s requir e specialize d processing . 
Attentiona l  processin g m a y b e require d t o kee p 
particula r  memorie s activ e (maintenance) ,  discriminat e 
betwee n simila r  stimul i  (selection) ,  whe n anticipatin g 
environmenta l  stimul i  (monitoring) ,  whe n plannin g a 
particula r  actio n (sequencing) ,  o r  w h e n i t  i s  necessar y 
t o coordinat e multipl e response s (integration) . 
Attentiona l  modulatio n m a y b e initiate d from  th e 
bottom-u p b y neura l  signal s originatin g i n tas k 
network s tha t  the n activat e globa l  contro l  networks ,  o r 
from  th e top-dow n w h e n globa l  contro l  network s 
execut e a  motivationa l  goal . 

Attentio n ca n als o b e focuse d i n specifi c  area s i n th e 
brai n b y loca l  contro l  network s withou t  modulatio n b y 
globa l  contro l  networks .  Thi s ca n occu r  withi n tas k 
network s w h e n a  loca l  contro l  networ k modulate s 
activation .  M a n y o f  th e sam e function s execute d b y 
globa l  contro l  network s (maintenance ,  selection , 
monitoring ,  an d sequencing )  ca n b e als o b e performe d 
by loca l  contro l  networks .  Th e proces s o f  transferrin g 
contro l  fro m a  globa l  contro l  networ k t o a  loca l  on e i s 
calle d automation .  Automatio n occur s b y adjustin g 
synapti c connection s withi n a  tas k networ k s o 
modulatio n o f  activatio n i s stimulate d an d responde d t o 
by activit y withi n th e tas k network .  Thi s adjustmen t  o f 
synapti c cormection s i n tas k network s occur s throug h 
attentiona l  modulatio n o r  b y sensor y activation .  Thi s i s 
generall y a  slo w proces s an d m a y requir e bot h focuse d 
attentio n an d repeate d practice . 

Retrieval from Memory Memory retrieval in 
traditiona l  psycholog y i s divide d int o tw o genera l 
classes :  recal l  an d recognition .  Recal l  involve s th e 
explici t  retrieva l  o f  informatio n from  memory . 
Recognition ,  o n th e othe r  hand ,  onl y require s knowin g 
i f  somethin g ha s bee n previousl y encountered .  I n th e 
curren t  mode l  retrieva l  i s  define d a s th e reactivatio n o f 
a previousl y activ e network .  Recal l  differ s from 
recognitio n i n tha t  recal l  require s ful l  activatio n o f  a 
loca l  networ k b y a  globa l  contro l  networ k i n a  top -
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d o wn process ,  wherea s recognition  involve s signalin g a 
contro l  networ k tha t  som e activatio n occur s i n som e 
loca l  networi c an d ca n occu r  a s eithe r  a  bottom-u p o r  a 
top-dow n process . 

An Activation Metaphor 

Bein g abl e t o imagin e h o w though t  processe s occu r  i n 
th e brai n ca n hel p teacher s pla n lesson s an d ca n als o 
hel p undergraduat e student s ti e togethe r  disparat e 
concept s i n psychology .  Th e curren t  mode l  lend s itsel f 
t o a  activatio n metapho r  s o tha t  student s ca n pictur e 
though t  processe s a s dynami c intensifyin g an d recedin g 
pattern s o f  activation ,  m u c h a s neura l  activatio n i s 
depicte d b y difference s i n bloo d oxygenatio n level s i n 
th e brai n b y functiona l  magneti c resonanc e imagin g 
(fMRI ;  se e Figur e 2) . 

right  sid e o f  th e brai n (Robertson ,  et .  al ,  2000 ;  S t 
George ,  Kutas ,  Martinez ,  &  Sereno ,  1999) . 

Figur e 2 :  Th e brighte r  area s identif y implie d pattern s 
of  neura l  activatio n a s detecte d b y fMRI . 

The processes of reading provides a good example of 
h o w level s o f  activatio n ca n b e use d t o represen t 
though t  processes .  W h e n a  wor d i s firs t  presente d th e 
visua l  area s i n th e rea r  o f  th e brai n becom e active . 
Activatio n i s nex t  see n i n th e wor d for m are a o n th e 
lowe r  lef t  sid e o f  th e brai n (Cohen ,  e t  al. ,  2000) .  A t 
abou t  thi s tim e ther e i s a n interactio n betwee n contro l 
network s i n th e lef ^  frontal  area s an d tas k network s i n 
th e latera l  an d posterio r  regions .  Ther e appear s t o b e 
separat e contro l  network s fo r  differen t  aspect s o f 
reading  suc h a s gramma r  an d thos e relatin g t o 
semantic s an d thes e differen t  network s appea r  t o 
contro l  specifi c  tas k networic s (Bokde ,  Tagamets , 
Friedman ,  &  Horwitz ,  2001 ;  Poldrack ,  e t  al ,  1999) . 
Readin g progresse s a s a n interpla y o f  activatio n 
betwee n th e contro l  an d tas k network s performin g th e 
function s o f  phonics ,  grammar ,  an d semantics .  Level s 
of  activatio n i n thes e area s ca n increas e o r  decreas e 
dependin g o n th e complexit y o f  th e task ,  whe n 
syntacti c error s ar e encountered ,  o r  whe n semanti c 
anomalie s occur .  Comprehensio n o f  longe r  passage s o f 
tex t  appear s t o activat e contro l  an d tas k network s o n th e 

tdii'jf V 

Figur e 3 :  Idealize d activatio n pattern s durin g 
reading .  (A )  Display s th e brai n a t  rest .  (B )  Activatio n o f 
visua l  areas .  (C )  Activatio n o f  th e wor d for m area .  (D ) 
Initia l  activatio n o f  fronta l  contro l  networks .  (E ) 
Additiona l  activatio n o f  phonologica l  an d semanti c 
areas .  (F )  Interpla y betwee n contro l  an d tas k networks . 
Th e uppe r  lin e indicate s area s associate d wit h 
phonologica l  processing ;  th e lowe r  lin e wit h semanti c 
processing . 

While patterns of activation can provide an 
understandin g o f  interactin g networks ,  attention ,  short -
ter m an d workin g memor y i t  shoul d b e kep t  i n min d 
tha t  long-ter m memor y i s th e resul t  b y physica l  change s 
and i s no t  necessaril y  reflected  directl y i n th e activatio n 
patterns ,  i.e. ,  long-ter m memor y i s resultant  effec t  o f 
th e activations . 

Supporting Evidence 

Whil e som e aspect s o f  th e mode l  hav e no t  ye t  bee n 
verifie d empirically ,  mos t  o f  th e concept s ar e accepte d 
by a t  leas t  a  portio n o f  th e neuroscientifi c  community . 
I n thi s sectio n I  wil l  outlin e som e o f  th e researc h 
supportin g th e model . 

The vie w tha t  th e change s i n synapti c junction s ar e a t 
leas t  on e o f  th e majo r  component s o f  learnin g ha s bee n 
accepte d fo r  som e tim e (CoUingridg e &  Bliss ,  1995 ; 
Larkma n &  Jack ,  199S )  an d curren t  research  ha s bee n 
supportiv e o f  thi s hypothesi s (Kennedy ,  2000 ;  Matus , 
2000) ,  howeve r  th e exac t  mechanism s underlin g 
learnin g (Barinaga,1999 )  an d forgettin g (Berma n & 
Dudai ,  2001 )  remai n th e objec t  o f  ongoin g research. 
Th e assumptio n tha t  learnin g occur s throug h th e 
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formatio n o f  ne w synapse s (Klintsov a & 
Grecnough,1999 )  i s mor e debatabl e an d ha s bee n 
questione d b y Goldman-Raki c a  leadin g researche r  (a s 
cite d i n Educatio n Commissio n o f  th e Slates ,  1996 ,  p . 
11) .  A  fa r  mor e controversia l  conjectur e ha s bee n th e 
formatio n o f  memorie s vi a th e creatio n o f  ne w neurons . 
Recent  publication s hav e indicate d that ,  contrar y t o 
previou s doctrine ,  ne w neuron s ar e create d afte r  birt h 
(Gould ,  Tanapat ,  Ryde l  &  Hastings ,  2000 ;  Shankle , 
Rafii ,  Landing ,  &  Fallon ,  1999 )  an d ma y als o b e 
involve d i n th e formatio n o f  memorie s (Shors ,  e t  al. , 
2001) ,  bu t  thes e conclusion s hav e bee n challenge d 
(Komack&Rakic,2001) . 

The interpretatio n o f  shor t  ter m memor y a s dynami c 
biochemica l  an d electrophysiologica l  processe s i s 
hypothetical ,  bu t  researc h ha s show n tha t  transmissio n 
betwee n nerv e cell s i s separabl e int o differen t 
chronologica l  processe s (Greengard ,  2001) .  Th e 
concep t  o f  woricin g memor y extendin g ove r  longe r 
period s o f  tim e wa s introduce d b y Ericsso n an d Kintsc h 
(199S )  an d i s suppor t  b y neuroscienc e researc h showin g 
dendriti c  change s occurrin g o n a  continuu m rangin g 
from  second s t o day s (Antonova ,  e t  al. ,  2001 ;  W o n g & 
Wong,  2001 ) 

The existenc e o f  larg e scal e modularit y i n th e brai n 
has bee n recognize d sinc e th e 1800 s whe n i t  wa s 
discovere d b y Broc a an d Wernick e (Gazzaniga ,  Ivr y & 
Mangun,  1998) .  Th e hig h degre e o f  specificit y i n loca l 
network s ha s bee n a  mor e recen t  finding.  Spatiall y 
limite d networks ,  characterize d b y th e curren t  mode l  a s 
tas k networks ,  hav e bee n foun d t o subserv e function s 
suc h as :  th e detectio n an d orientatio n o f  line s (Hube l  & 
Wiesel,1968) ,  th e motio n o f  pattern s (Movshon , 
Adelson ,  Gizzi ,  &  Newsome ,  1985) ,  th e recognitio n o f 
object s (Tanaka ,  1997) ,  an d th e recognitio n o f  face s 
(O'Crave n &  Kanwisher ,  2000) .  Th e existenc e o f 
globa l  network s i s widel y accepte d i n th e neuroscienc e 
and cognitiv e communitie s (Stus s &  Alexander ,  2000 ; 
Varela ,  Lachaux ,  Rodriguez ,  &  Martinerie ,  2001) ;  a s i s 
th e recognitio n o f  network s tha t  modulat e attention , 
althoug h agreemen t  o n th e specifi c  mechanism s o f 
modulatio n ma y diffe r  (Drive r  &  Frith ,  2000 ;  Posne r  & 
Rothbart ,  1998 ;  Rogers ,  Andrews ,  Grasby ,  Brook s & 
Robbins ,  2000) .  Th e concep t  o f  integrativ e network s 
can b e though t  o f  a s a  reformulatio n o f  accepte d view s 
of  th e functionin g o f  workin g memor y i n th e frontal 
lobe s (Dunca n &  Owen ,  2000 ;  Lev y &  Goldman-Rakic , 
2000) ,  bu t  onc e again ,  th e opinion s o n th e exac t 
organizatio n an d mechanism s differs . 

Conclusions 

Give n th e advance s i n th e neuroscience s i t  i s  no w bot h 
necessar y an d advantageou s t o formulat e cognitiv e 
model s base d o n neurologica l  processe s rathe r  tha n o n 
metaphor s derive d from  othe r  disciplines .  Inevitably , 
we wil l  se e man y ne w comprehensiv e model s linkin g 

cognitio n t o it s neurologica l  foundations .  Thi s pape r 
represent s a n initia l  attemp t  t o formulat e suc h a  mode l 
i n th e hop e tha t  i t  ca n b e use d a s a  pedagogica l  too l  fo r 
student s an d teachers . 
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Abstrac t 

Previous studies (e.g., Rieser, 1989) have established 
tha t  physica l  rotation s resul t  i n effortles s updatin g o f 
spatia l  informatio n containe d i n visuall y perceive d 
scenes .  Th e presen t  experimen t  provide d evidenc e tha t 
thi s i s no t  th e cas e fo r  scene s tha t  ar e encode d throug h 
texts .  Performanc e wa s bette r  unde r  th e perspectiv e tha t 
th e scene s wer e learne d tha n unde r  nove l  perspectives , 
regardles s o f  whethe r  rotation s wer e physica l  o r 
imagined .  I n addition ,  th e experimen t  suggeste d tha t  th e 
orientatio n o f  th e ecologica l  frame  affect s spatia l 
performanc e eve n whe n peopl e operat e i n a  purel y 
represente d framework. 

Introduction 

Variou s studie s (e.g. ,  Chance ,  Gaunet ,  Beall ,  & 
Loomis ,  1998 ;  Klatzky ,  Loomis ,  Beall ,  Chance ,  & 
College ,  1998 ;  Rieser ,  Guth ,  an d Hill ,  1986 ;  Simon s & 
W a n g,  1998 ;  W a n g &  Simons ,  1998 )  hav e establishe d a 
lin k betwee n activ e locomotio n an d th e successfu l 
spatia l  updatin g o f  previousl y viewe d scenes . 
Researcher s hav e propose d tha t  spatia l  updatin g i s 
carrie d ou t  b y a n interna l  mechanis m tha t  constantl y 
compute s th e relativ e location s o f  object s a s peopl e 
m o ve i n th e environmen t  (Wan g &  Spelke ,  2000) . 
Indeed ,  whe n peopl e chang e thei r  positio n withi n a n 
environmen t  the y see m t o experienc e littl e difficult y 
wit h keepin g trac k o f  h o w th e location s o f  object s 
change ,  eve n whe n th e object s ar e n o longe r  i n vie w 
(Attneav e &  Farrar ,  1977 ;  Fukusima ,  Loomis ,  &  D a 
Silva ,  1997 ;  Loomis ,  Klatzky ,  Colledge ,  Cicinelli ,  an d 
Pellegrino ,  1993) .  I n fact ,  respondin g t o location s o f 
object s afte r  locomotin g t o a  n e w positio n i s n o mor e 
difficul t  tha n doin g s o fro m th e origina l  standpoin t 
(Rieser ,  1989 ;  Riese r  etal ,  1986) .  However ,  difficultie s 
aris e whe n judgment s ar e m a d e from  perspective s tha t 
ar e imagine d (Presso n &  Montello ,  1994) .  Fo r  example , 
Riese r  ha s show n tha t  pointin g t o object s fro m a  nove l 
standpoin t  i s  slowe r  an d les s accurat e w h e n th e 
observe r  mentall y rotate s t o th e n e w standpoin t  tha n 
when sh e i s physicall y rotate d t o it . 

I n short ,  th e evidenc e suggest s tha t  movin g 
organism s ujxiat e thei r  representation s o f  thei r 
surrounding s i n a n efficien t  an d effortles s manner . 
However ,  non-movin g organism s nee d t o engag e i n 
additiona l  menta l  processin g i n orde r  t o reaso n abou t 
thei r  surrounding s from  imagine d standpoints . 

Th e majorit y o f  th e previou s studie s hav e examine d 
spatia l  updatin g wit h paradigm s tha t  involve d visuall y 
presente d stimuli .  Visua l  perceptio n i s not ,  however , 
th e onl y w a y w e for m menta l  representation s o f  th e 
world .  Ver y often ,  w e lear n abou t  spac e b y readin g o r 
listenin g t o verba l  descriptions .  A  numbe r  o f  studie s 
(e.g. ,  Deni s &  Cocude ,  1989 )  hav e show n tha t  a t  leas t 
i n term s o f  geometrica l  properties ,  menta l 
representation s constructe d fro m languag e ar e 
equivalen t  t o thos e create d throug h perception .  I n 
general ,  menta l  representation s o f  spac e see m t o 
preserv e man y o f  th e characteristic s o f  rea l 
envirormient s (Zwaa n &  Radvanksy ,  1998) . 

A n interestin g issu e tha t  arise s i s  whethe r  menta l 
representation s derive d from  tex t  ar e update d w h e n 
change s i n th e spatia l  relation s c o m e about .  A  stud y b y 
De Veg a an d Rodrig o (2001 )  attempte d t o provid e a n 
answe r  t o thi s questio n b y contrastin g h o w easil y 
peopl e locat e object s afte r  physica l  an d imagine d 
rotations .  I n tha t  study ,  participant s first  rea d sentence s 
tha t  describe d spatia l  layout s i n whic h object s wer e 
locate d a t  eac h o f  th e fou r  canonica l  horizonta l 
direction s from  a  protagonist .  Th e protagonis t  wa s the n 
describe d t o rotat e t o nove l  perspectives .  Th e subject s 
wer e probe d wit h th e name s o f  th e object s an d wer e 
aske d t o determin e thei r  location s fix) m th e perspectiv e 
of  th e protagonist .  O n e grou p o f  participant s performe d 
th e tas k b y physicall y rotatin g alon g wit h th e 
protagonist ,  whil e a  differen t  grou p performe d th e tas k 
wit h n o physica l  rotation .  D e Veg a an d Rodrig o 
contraste d th e judgmen t  latencie s o f  th e tw o group s t o 
asses s whethe r  spatia l  updatin g too k place .  I n on e 
experimen t  tha t  require d tha t  subject s us e spatia l  label s 
(i.e. ,  front,  lef t  etc )  t o provid e thei r  answers , 
performanc e wa s equall y fas t  fo r  th e tw o rotatio n 
modes.  I n anothe r  experimen t  i n whic h subject s pointe d 
t o objects ,  performanc e wa s faste r  w h e n rotatio n wa s 
physica l  instea d o f  imagined .  D e Veg a an d Rodrig o 
conclude d tha t  physica l  rotation s le d t o effortles s 
updatin g onl y i n th e pointin g experiment .  Furthermore , 
the y suggeste d tha t  th e actua l  bod y positio n o f  th e 
participan t  i s  no t  importan t  fo r  performin g th e tas k 
when response s ar e m a d e b y usin g spatia l  labels .  Tha t 
i s becaus e subject s performe d th e tas k i n a  represente d 
framework  from  whic h thei r  actua l  sel f  wa s disengaged . 

Certai n limitation s o f  th e stud y b y D e Veg a an d 
Rodrig o (2001 )  creat e concern s regardin g th e 
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interpretatio n o f  th e results .  First ,  th e absenc e o f  a 
differenc e betwee n physica l  an d imagine d rotatio n 
latencie s i n th e labelin g tas k doe s no t  necessaril y  mea n 
tha t  participant s faile d t o effortlessl y updat e thei r 
representations .  I t  coul d ver y wel l  b e th e cas e tha t  the y 
wer e successfu l  a t  updatin g thei r  representation s unde r 
bot h mode s o f  rotation .  Thi s i s quit e possibl e give n th e 
simplicit y o f  th e scen e an d it s relativel y lo w workin g 
m e m o ry demand s (onl y fou r  object s neede d t o b e 
tracked) .  Second ,  althoug h n o difference s wer e 
observe d i n th e latenc y measures ,  subject s wer e 
significantl y mor e accurat e i n thei r  judgment s wit h 
physica l  rotation s tha n wit h imagine d rotations . 

Th e presen t  stud y use s a  differen t  measur e t o 
examin e whethe r  spatia l  updatin g take s plac e unde r 
eidie r  imagine d o r  physica l  rotations .  Performanc e 
unde r  th e origina l  perspectiv e (i.e .  th e perspectiv e fro m 
whic h th e scen e i s encoded )  an d nove l  perspective s i s 
contraste d i n th e tw o mode s o f  rotation .  I f  subject s fai l 
t o updat e thei r  origina l  representatio n w h e n the y rotat e 
-  eithe r  physicall y o r  imaginar y -  t o a  nove l 
orientation ,  the n performanc e shoul d b e bette r  whe n th e 
tas k i s performe d fro m th e origina l  tha n fro m th e nove l 
perspectives .  I f  an y o f  th e tw o mode s o f  rotatio n result s 
i n successfu l  updating ,  thi s shoul d b e indicate d b y 
equa l  performanc e betwee n th e origina l  an d nove l 
perspectives . 

A secon d goa l  o f  th e stud y i s t o examin e mor e 
closel y th e rol e -  i f  an y -  o f  th e participants '  ecologica l 
fram e i n task s tha t  requir e judgment s usin g deicti c 
terms .  A  hypothesi s o f  th e presen t  stud y i s tha t  th e 
orientatio n o f  ecologica l  frame  affect s h o w easil y 
peopl e discriminat e th e tw o pole s o f  a n axi s an d m a p 
spatia l  term s t o th e t̂ jpropriat e region s o f  space .  I f  thi s 
i s tru e the n th e orientatio n o f  th e participants '  bodie s 
wil l  affec t  th e eas e o f  usin g deicti c term s i n th e task . 
Thi s shoul d b e particularl y tru e fo r  judgment s withi n 
th e lefl/righ t  axi s becaus e ou r  bodie s provid e th e onl y 
sourc e o f  asymmetr y fo r  thi s axis .  Manua l  dexterit y i s 
probabl y th e leas t  subtl e cu e tha t  peopl e ca n us e t o 
discriminat e lef t  fro m right  (Corballi s  &  Beale ,  1976) . 
Therefore ,  th e predictio n i s tha t  lef t  V s right  judgment s 
wil l  b e les s difficul t  w h e n th e ecologica l  referenc e 
frame  o f  th e participan t  i s aligne d wit h th e referenc e 
frame  impose d o n th e protagonist . 

Experimental Task 

Th e presen t  stud y use s a  paradig m tha t  ha s bee n use d 
widel y i n th e pas t  t o stud y th e accessibilit y  o f  direction s 
i n spatia l  memory .  Th e task ,  develope d b y Frankli n an d 
Tversk y (1990) ,  involve s th e presentatio n o f  a  narrativ e 
whic h describe s a  naturalisti c scen e i n th e secon d 
person .  Object s ar e describe d occupyin g position s a t 
canonica l  direction s fro m th e protagonis t  (i.e. ,  above ,  i n 
th e front,  o n th e lef t  etc) .  Participant s ar e give n 
unlimite d tim e t o stud y th e narrative .  Then ,  th e 

protagonis t  i s  describe d t o rotat e t o a  ne w orientation . 
Th e narrativ e continue s o n a  sentenc e b y sentenc e 
fashio n wit h participant s pressin g a  ke y t o reques t  a 
n e w sentence .  Occasionally ,  instea d o f  a  ne w sentence , 
th e nam e o f  a n objec t  appears .  Participant s ar e aske d t o 
repor t  wher e th e objec t  i s  wit h respec t  t o th e curren t 
perspectiv e o f  th e protagonist .  Th e tas k continue s unti l 
al l  object s ar e probe d from  variou s perspectives . 

Studie s tha t  use d thi s paradig m (e.g. ,  Bryan t  & 
Tverksy ,  1992 )  wer e primaril y focuse d o n th e 
accessibilit y  patter n fo r  th e variou s self-objec t 
directions .  Therefore ,  latencie s fro m th e variou s 
protagonis t  perspective s wer e collapse d t o provid e a 
singl e averag e valu e fo r  eac h direction ,  lli e majo r 
resul t  fro m thes e studie s i s tha t  object s o n th e 
above/belo w axi s ar e locate d faste r  tha n object s o n th e 
front/back  axis ,  whic h ar e i n tur n locate d faste r  tha n 
object s o n th e lefVrigh t  axis .  Furthermore ,  object s i n th e 
front  ar e retrieve d faste r  tha n object s a t  th e bac k o f  th e 
protagonist .  A n accoun t  fo r  thi s accessibilit y  patter n ha s 
bee n provide d b y th e Spatia l  Framework s mode l 
(Frankli n &  Tversky ,  1990 )  whic h posit s tha t  th e scen e 
i s represente d o n th e basi s o f  th e thre e orthogona l  bod y 
axes . 

The curren t  stud y use s th e Spatia l  Framework s 
paradig m t o examin e latenc y difference s -  i f  any -
betwee n th e origina l  an d th e nove l  perspective s o f  th e 
protagonist .  A s i n D e Veg a an d Rodrig o (2001) ,  a  m o d e 
of  rotatio n manipulatio n i s introduced .  A  grou p o f 
participant s perfor m th e tas k b y physicall y rotating  t o 
nove l  perspective s whil e a  differen t  grou p o f 
participant s perfor m th e tas k b y onl y imaginin g 
rotation s t o nove l  perspectives .  I n contras t  t o th e 
narrative s o f  D e V e g a an d Rodrigo ,  th e presen t  stud y 
involve s narrative s tha t  ar e somewha t  mor e complex .  I n 
additio n t o th e fou r  object s i n th e horizonta l  plane , 
anothe r  tw o object s ar e describe d t o occup y th e pole s o f 
th e above/belo w axis .  Becaus e al l  protagonis t 
reorientation s occu r  i n th e horizonta l  plane ,  th e 
position s o f  thes e tw o object s d o no t  nee d t o b e update d 
at  al l  throughou t  th e task, .  Nevertheless ,  the y ad d a n 
extr a loa d o n workin g memory ,  thu s makin g tfie  tas k 
mor e cognitivel y demanding . 

I n orde r  t o examin e th e rol e o f  th e ecologica l  frame, 
anothe r  variabl e i s infroduced .  Hal f  o f  th e narrative s 
requir e tha t  subject s respon d wit h a  directio n judgmen t 
(e.g. ,  lefl ,  front  etc )  whil e i n th e othe r  hal f  the y simpl y 
nee d t o respon d wit h a n axi s judgment .  I n A e latte r 
case ,  i f  fo r  exampl e th e objec t  i s  locate d o n th e lef t  o f 
th e protagonist ,  th e participan t  onl y nee d t o respon d 
wit h "left/right" .  Thi s manipulatio n ha s bee n previousl y 
use d wit h thi s paradig m i n a  stud y b y Bryan t  an d 
Wrigh t  (1999) .  Th e rational e fo r  includin g th e judgmen t 
typ e manipulatio n i n th e presen t  stud y i s tha t  i f  th e 
ecologica l  referenc e fiam e help s t o m a k e easie r 
directio n judgments ,  the n simpl y removin g th e nee d fo r 
suc h judgment s wil l  produc e th e sam e effect . 
Furthermore ,  i f  rea l  rotation s an d axi s judgment s affec t 
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performanc e i n th e sam e way ,  the n havin g on e o f  (lie m 
shoul d b e sufficient ;  tha t  is ,  n o bette r  performanc e wil l 
be observe d whe n bot h o f  the m appl y instea d o f  jus t 
one . 

Method 

Participant s Fort y student s (2 0 females )  fro m 
psycholog y classe s a t  th e Pennsylvani a Stat e Universit y 
participate d i n th e experimen t  i n exchang e fo r  cours e 
credit .  Te n mal e an d 1 0 femal e participant s wer e 
randoml y assigne d t o th e physica l  an d th e imagine d 
rotatio n conditions . 

Materials Four narratives, taken from those used by 
FrankU n an d Tversk y (1990 )  an d tw o take n from 
Bryan t  &  Wrigh t  (1999 )  wer e use d i n th e presen t  study . 
Th e firs t  portio n o f  th e narrative s describe d i n th e 
secon d perso n a  naturalisti c scen e ~  a  b a m ,  a 
constructio n site ,  a  hote l  lobby ,  a  spac e museum ,  a 
lagoon ,  an d a  nav y shi p -i n whic h object s wer e locate d 
at  th e si x canonica l  axe s o f  th e reader-protagonist . 
Narrative s wer e modifie d t o includ e 6  instea d o f  5 
object s an d i n contras t  wit h Frankli n an d Tversky ,  th e 
initia l  portion s wer e als o presente d o n computers .  Th e 
si x critica l  object s i n eac h narrativ e appeare d i n blu e 
upper-cas e characters ,  i n contras t  t o th e res t  o f  th e 
narrativ e whic h speare d i n lower-cas e blac k 
characters .  Th e orde r  i n whic h object s wer e introduce d 
i n th e initia l  portion s o f  th e narrative s wa s determine d 
wit h th e us e o f  a  6  X  6Lati n Squar e s o tha t  eac h objec t 
directio n appeare d a t  a  differen t  seria l  positio n i n eac h 
narrative .  Fo r  eac h participant ,  hal f  o f  th e narrative s 
wer e randoml y assigne d t o th e directio n judgmen t 
conditio n an d th e othe r  hal f  t o th e axi s judgmen t 
condition .  Narrative s wer e presente d t o participant s i n a 
rando m orde r  wit h th e constrain t  tha t  n o mor e tha n 2 
narrative s o f  th e sam e judgmen t  typ e wer e presente d i n 
sequence . 

Design The experiment was a 2 (mode of rotation: 
imagined ,  real )  x  2  (typ e o f  judgment ;  direction ,  axis )  x 
2 (perspective :  original ,  novel )  x  6  (self-objec t 
directions :  above ,  below ,  front,  back ,  left ,  right )  mixe d 
factoria l  design .  Th e typ e o f  rotatio n wa s manipulate d 
betwee n subject s whil e bot h th e typ e o f  judgmen t  an d 
self-objec t  direction s varie d withi n subjects .  Eac h self -
objec t  directio n wa s teste d fou r  time s i n eac h narrative , 
onc e unde r  eac h o f  th e fou r  possibl e perspectives .  Self -
objec t  direction s wer e teste d i n a  rando m orde r  withi n 
eac h perspective .  Also ,  th e origina l  perspectiv e wa s 
neve r  th e firs t  perspectiv e tha t  subject s wer e teste d on . 

Procedure The procedure was similar to the one used 
by Frankli n an d Tversk y (1990) .  T w o mai n difference s 
from  D e Veg a an d Rodrig o (2001 )  wer e tha t  a  voic e 
ke y wa s no t  use d t o collec t  response s an d tha t  th e 
narrative s include d object s locate d o n th e above/belo w 
axis .  Th e narrative s wer e presente d o n a  lapto p 

compute r  tha t  participant s hel d ont o thei r  lap s whil e 
sittin g i n a  swive l  chair .  Participant s wer e give n 
unlimite d tim e t o stud y th e fu^ t  portio n o f  th e 
narratives .  Th e narrativ e the n continue d i n a  sentenc e 
by sentenc e fashio n wit h subject s pressin g th e spac e ba r 
t o reques t  a  ne w sentence .  Th e secon d sentenc e afte r 
th e firs t  portio n describe d th e protagonis t  rotatin g t o a 
ne w orientatio n i n th e horizonta l  plane .  Dependin g o n 
th e conditio n the y wer e assigne d to ,  participant s wer e 
instructe d t o eithe r  tur n thei r  selve s b y swivelin g th e 
chai r  t o produc e th e reorientation s tha t  wer e describe d 
i n th e text ,  o r  t o imagin e thei r  selve s rotatin g withou t 
changin g thei r  actua l  orientatio n a t  an y poin t 
throughou t  th e experiment .  Afte r  tw o fille r  sentence s 
wer e presented ,  th e nam e o f  on e o f  th e object s i n th e 
scen e appeared .  Subject s wer e instructe d t o pres s th e 
spac e ba r  a s soo n a s the y wer e read y t o repor t  th e 
relativ e positio n o f  th e object .  Th e tim e betwee n th e 
appearanc e o f  th e objec t  prob e an d th e spac e ba r  pres s 
was th e critica l  latenc y measur e an d wil l  hereinafte r  b e 
referre d t o a s respons e latency .  Fo r  directio n 
judgments ,  w h e n subject s presse d th e spac e bar ,  a  lis t 
wit h th e term s "above" ,  "below" ,  "front" ,  "back" , 
"left" ,  an d "right" ,  presente d i n a  rando m orde r  eac h 
time ,  appeared .  Participant s wer e instructe d t o pres s th e 
ke y tha t  corresponde d t o th e intege r  ( 1 t o 6 )  tha t 
appeare d nex t  t o th e directio n the y chose .  Fo r  axi s 
judgments ,  th e lis t  containe d th e choice s 
"above/below" ,  "front/back" ,  an d "left/right" ,  an d 
participant s entere d thei r  answe r  usin g th e 1  t o 3  keys . 
Th e tim e betwee n th e appearanc e o f  th e lis t  an d th e ke y 
pres s fo r  selectin g th e directio n wil l  b e referre d t o a s 
answe r  latency .  Eac h narrativ e continue d i n th e sam e 
fashio n unti l  al l  si x object s wer e probe d i n eac h 
protagonis t  perspective .  Eac h narrativ e involve d 2 4 
probes ,  6  fo r  eac h protagonis t  perspective .  Fo r  eac h 
participant ,  thre e o f  th e narrative s wer e randoml y 
assigne d t o th e directio n judgmen t  type ,  an d th e res t  t o 
th e axi s judgmen t  type .  Belo w eac h objec t  prob e th e 
word s "direction "  o r  "axis "  wer e presente d t o remin d 
participant s o f  th e typ e o f  respons e die y neede d t o 
make. 

Results 

Participant s responde d correctl y t o 9 6 . 3 % o f  th e probes . 
Dat a from 2  subject s ~  on e from  eac h rotatio n 
conditio n -  wer e discarde d becaus e accurac y di d no t 
excee d 6 0 % . 
Latenc y Incorrec t  response s wer e discarde d from  th e 
latenc y analyses .  Outlier s i n latenc y dat a wer e defme d 
as reactio n time s deviatin g mor e tha n 3  standar d 
deviation s from  eac h participant' s typ e o f  judgmen t 
mean.  Outlier s i n respons e R T resulte d i n a n additiona l 
6 % o f  dat a an d wer e als o discarde d from  th e analyses . 
Latenc y dat a fo r  eac h self-objec t  directio n wer e 
collapse d t o for m thre e dimensio n mean s (i.e. ,  a 
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separat e mea n o f  eac h bod y axis) .  Moreover ,  latencie s 
fo r  th e thre e nove l  perspective s di d no t  diffe r  from  eac h 
othe r  s o the y wer e collapse d t o for m a  singl e nove l 
perspectiv e mean . 
Answer  Latenc y Analyzin g answe r  R T provide s a 
chec k o n wheAe r  subject s successfull y followe d 
instruction s o n h o w t o respond.  Frequently ,  spillove r 
effect s o f  respons e R T o n answe r  R T ar e observed . 
W h en thi s happens ,  however ,  answe r  R T pattern s ten d 
t o mimi c th e one s observe d i n th e response  R T dat a an d 
ar e eithe r  omitte d from  analyse s (e.g. ,  Bryant ,  Tversky , 
& Franklin ,  1992 )  o r  combine d wit h response  R T 
(Franklin ,  Tversky ,  &  Coon ,  1992) .  N o spill-ove r 
effect s wer e observe d i n th e presen t  study .  Th e onl y 
significan t  effec t  wa s a  mai n effec t  fo r  th e typ e o f 
judgment ,  F(l,36)=90.28 ,  MSE=105394 ,  p<.001 .  Th e 
averag e answe r  R T fo r  directio n judgment s wa s greate r 
tha n th e correspondin g R T fo r  axi s judgment s (194 4 m s 
and 16S S m s respectively).  Thi s i s expecte d becaus e th e 
response  choice s wer e 3  fo r  axi s judgment s an d 6  fo r 
directio n judgments . 
Respons e Latenc y Severa l  Analyse s o f  Varianc e 
( A N O V A ' s )  wer e performed .  Interaction s tha t  ar e no t 
discusse d wer e no t  significan t  a t  a=.05 . 

As predicted ,  a  significan t  m o d e o f  rotatio n x 
perspectiv e x  dimensio n interactio n wa s obtained , 
F(2,72)=4.23 ,  M S E = 7 5 5 3 0 .  E<.0 5 (figur e 1) . 

Separat e A N O V A S wer e performe d fo r  eac h m o d e o f 
rotation . 

W h en rotatio n wa s imagined ,  a  significan t 
perspectiv e x  dimensio n interactio n wa s obtained , 
F(2,36)=8.05 ,  MSE=114939 .  b<.01 .  Significan t  mai n 
effect s fo r  bot h perspectiv e an d dimensio n wer e 
obtained ,  F(l,18)=22.93 ,  MSE=264189 ,  e<.00 1 an d 
F(2,36)=19.57 ,  MSE=212008 ,  J2<.00 1 respectively . 
Performanc e wa s faste r  wit h th e origina l  tha n th e nove l 
perspectiv e fo r  above/belo w an d lefVright .  Fo r 
fix)nt/back  th e differenc e wa s no t  statisticall y 
significant ,  F(l,18)=2.73 ,  M S E = 193450 ,  e=.12 . 
Nevertheless ,  eve n i n thi s dimensio n th e averag e fo r  th e 
origina l  perspectiv e wa s smalle r  tha n tha t  fo r  nove l 
perspectiv e (212 7 m s an d 236 3 m s respectively) . 
Overall ,  th e pattern s o f  accessibilit y  o f  th e thre e axe s 
conforme d t o th e prediction s o f  th e Spatia l  Framework s 
model  fo r  bot h th e origina l  an d nove l  perspectives . 
Judgment s o n th e left/righ t  dimensio n wer e particularl y 
slo w whe n performe d unde r  a  nove l  perspectiv e (302 5 
ms)  tha n unde r  th e origina l  perspectiv e (220 8 ms) , 
F(l,18)=32.83 ,  M S E = 1 9 3 2 9 0 ,  e<.001 . 

W h en rotatio n wa s physical ,  latenc y fo r  th e origina l 
perspectiv e wa s shorte r  tha n th e averag e latenc y fo r  th e 
nove l  perspectiv e (182 1 m s an d 214 9 m s respectively) , 
F(l,18)=57.26 ,  M S E = 5 3 6 9 9 ,  e<.001 .  Th e perspectiv e x 
dimensio n interactio n wa s no t  significant , 
F(2,36)=1.99 ,  MSE=36120 .  e=.15 .  However ,  ther e wa s 
a mai n effec t  o f  dimension ,  F(2,36)=21.61 , 

MSE=5S533.  J2<.001 .  Th e patter n o f  latencie s fo r  th e 
thre e bod y axe s corresponde d wit h th e patter n predicte d 
by th e Spatia l  Framework s model . 
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Figure 1: Latency for body axes as a function of the 
m o de o f  rotatio n an d th e perspectiv e o f  th e protagonist . 

Additionally, the analysis revealed a mode of rotation 
X judgmen t  typ e x  dimensio n interaction ,  F(2,70)=3.49 , 
M S E = 6 0 3 3 4, 
E<.05 . 
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Figure 2: Latency for body axes as a function of the 
m o de o f  rotatio n an d th e judgmen t  type . 

Further analyses were performed separately for each 
judgmen t  type .  W h e n judgmen t  w a s direction ,  a 
significan t  rotatio n x  dimensio n interactio n w a s 
obtained ,  F(2,72)=6.61 ,  M S E = 1 3 4 3 2 9 ,  e<.01 .  Overal l 
wit h directio n judgments ,  subject s wer e faste r  w h e n th e 
rotatio n w a s physica l  tha n imagine d (250 7 m s an d 197 9 
ms respectively),  F(l,36)=5.48 ,  M S E = 1448481 ,  e<.05 . 
A n effec t  fo r  dimensio n w a s als o present , 
F(2,72)=31.49 ,  M S E = 134329 ,  jK.OOl .  U t e n c y pattern s 
conforme d t o th e Spatia l  F r a m e w o r k s mode l  fo r  bot h 
rotatio n m o d e s .  H o w e v e r ,  time s wer e longe r  fo r  al l 
dimension s w h e n rotatio n w a s imagined .  T h e 
interactio n w a s cause d b y a  ver y lon g latenc y averag e 
fo r  th e lefVrigh t  dimensio n unde r  imagine d rotations . 
W h en th e judgmen t  w a s axis ,  latencie s fo r  th e variou s 
axe s wer e simila r  fo r  bot h type s o f  rotation .  T h e 
rotatio n x  dimensio n interactio n di d no t  approac h 
significance ,  F(2,7)=1.23 ,  M S E = 8 4 6 4 1 ,  e=.30 . 
Similarly ,  n o ma i n effec t  fo r  rotatio n m o d e w a s 
obtained ,  F(l,35)=.07 ,  M S E = 1 3 5 3 6 7 3 ,  e=.80 . 
H o w e v e r ,  a  significan t  ma i n effec t  fo r  dimensio n w a s 
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obtained ,  F(2,70)=30.96 ,  M S I = 8 4 6 4 1 ,  p<.00l .  Th e 
Spatia l  Framework s patter n wa s observe d i n th e 
dimensio n latencies .  A s see n i n figur e 2 ,  th e averag e 
latenc y fo r  th e left/righ t  dimensio n (24S 2 ms )  wa s 
shorte r  tha n th e respectiv e averag e o f  imagine d rotatio n 
wit h a  directio n decisio n (304 5 ms )  bu t  longe r  tha n tha t 
of  rea l  rotatio n wit h a  directio n decisio n (217 0 ms) . 

A n interestin g resul t  wa s th e patter n observe d fo r  th e 
rotatio n x  judgmen t  interaction ,  F(1.35)=11.66 , 
MSE=216901.  E<.01 .  W h e n rotatio n wa s imagined , 
axi s judgment s (221 2 ms )  wer e faste r  tha n directiona l 
judgment s (246 3 ms) ,  F(l,17)=8 ,  M S E = 2 1 2 4 2 4 ,  p<.05 . 
However ,  whe n rotatio n wa s physical ,  th e patter n o f 
judgmen t  time s wer e actuall y opposit e tha n th e on e 
obtaine d wit h imagine d rotations .  Axi s judgment s too k 
longe r  tha n directio n judgment s (2155m s an d 1979m s 
respectively) .  Thi s differenc e wa s marginall y 
significant ,  F(l,18)=4 ,  MSE=221130 ,  e=.06 .  A  furthe r 
analysi s reveale d tha t  a  significan t  typ e o f  judgmen t  x 
perspectiv e interactio n fo r  imagine d rotations , 
F(l,17)=5 ,  M S E = 2 4 9 6 6 ,  e<.05 .  Fo r  nove l  perspective , 
directio n judgment s wer e performe d significantl y faste r 
tha n axi s judgments ,  F(l,17)=13.6 ,  M S E = 5 6 7 0 5 ,  e<.01 . 
However ,  fo r  th e origina l  perspectiv e th e tw o judgmen t 
type s wer e no t  statisticall y different ,  F(l,17)=0.95 , 
MSE=150568.  p=.34 . 
Accurac y I n contras t  t o th e latenc y analysis ,  th e 
A N O VA o n accurac y reveale d a  significan t  mai n effec t 
fo r  th e m o d e o f  rotation ,  F(l,36)=4.41 ,  MSE=.017 , 
E<.05 .  Accurac y wa s highe r  whe n rotation s wer e 
physica l  instea d o f  imagine d ( 9 8 % an d 9 4 % 
respectively) .  A n advantag e fo r  physica l  rotatio n i s als o 
reporte d b y D e Veg a an d Rodrig o (2001) .  A  significan t 
mode o f  rotatio n x  typ e o f  judgmen t  interaction , 
F(l,36)=5.32 ,  MSE=.017 .  e < 0 5 ,  reveale d dia t  th e 
effec t  o f  rotatio n wa s confine d t o directio n judgments . 

As i n th e latenc y analysis ,  a  significan t  m o d e o f 
rotatio n x  perspectiv e x  dimensio n interactio n wa s 
obtained ,  F(2,72)=3.84 ,  MSE=.0008 ,  p<.05 .  Th e m o d e 
of  rotatio n x  judgmen t  x  dimensio n interactio n tha t  wa s 
obtaine d i n th e latenc y analysis ,  wa s marginall y 
significant ,  F(2,72)=3.07 ,  MSE=.002 ,  2 = 0 5 .  Fo r  bot h 
interactions ,  th e patter n o f  result s resemble d th e 
pattern s obtaine d i n th e latenc y analysi s t o a  grea t 
extent .  Th e onl y deviatio n fro m th e latenc y dat a wa s 
tha t  sometime s th e judgment s fo r  front/bac k wer e n o 
les s accurat e tha n judgment s fo r  above/below . 

Discussion 

The present experiment produced results that deviated 
fro m thos e reporte d b y D e Veg a an d Rodrig o (2001) . 
W h en participant s mad e directio n judgment s -  th e 
conditio n teste d b y D e Veg a an d Rodrig o -  the y wer e 
bot h faste r  an d mor e accurat e wit h physica l  tha n 
imagine d rotations .  D e Veg a an d Rodrig o reporte d tha t 

thei r  subject s wer e mor e accurat e bu t  no t  faste r  wit h 
physica l  rotations .  Perhaps ,  th e us e o f  onl y fou r  object s 
i n thei r  narrative s mad e i t  eas y fo r  participant s t o kee p 
trac k o f  h o w thei r  relativ e location s o f  object s change d 
wit h th e protagonis t  reorientations . 

Althoug h th e performanc e advantag e fo r  physica l 
rotatio n woul d qualif y a s evidenc e fo r  successfu l 
updatin g unde r  D e Veg a an d Rodrigo' s (2001 ) 
methodology ,  othe r  result s fro m th e presen t  stud y 
sugges t  otherwise .  Result s sugges t  tha t  th e fastes t 
performanc e unde r  physica l  rotation s wa s du e t o th e 
relativ e eas e wit h whic h directio n judgments ,  especiall y 
lef t  V s right,  wer e mad e whe n rotatio n wa s physical . 
Th e sam e resul t  wa s obtaine d fo r  imagine d rotatio n 
when axi s judgment s wer e introduced .  Indeed ,  w h e n 
participant s wer e no t  require d t o mak e a  directio n 
judgment ,  thei r  performanc e wa s simila r  t o tha t  o f 
participant s wit h physica l  rotations .  Thi s suggest s tha t 
th e orientatio n o f  th e ecologica l  referenc e fram e i s 
importan t  fo r  makin g difficul t  discrimination s betwee n 
th e pole s o f  body-centri c axes .  Th e difference s betwee n 
th e thre e dimension s wer e smalle r  whe n th e ecologica l 
fram e wa s aligne d wit h th e fram e o f  th e protagonist . 
Thi s wa s tru e bot h whe n participant s performe d th e tas k 
fro m th e origina l  perspective ,  unde r  whic h thei r 
ecologica l  fram e i s aligne d wit h th e protagonis t  frame , 
i n eithe r  m o d e o f  rotation . 

Despit e th e performanc e advantag e wit h physica l 
rotations ,  th e presen t  result s provid e clea r  evidenc e tha t 
participant s di d no t  updat e th e self-objec t  directio n wit h 
eithe r  imagine d no r  physica l  rotations .  I n bot h cases , 
performanc e wa s bot h faste r  an d mor e accurat e w h e n 
th e tas k wa s performe d from  th e origina l  tha n a  nove l 
perspective .  Thi s resul t  i s  no t  obtaine d i n studie s tha t 
us e visuall y presente d scene s (e.g. ,  Riese r  e t  al. ,  1986) , 
and suggest s on e aspec t  tha t  menta l  representation s 
derive d fro m text s migh t  diffe r  from  thos e derive d from 
perception .  A  possibl e accoun t  fo r  thi s dissociatio n i s 
provide d b y D e Veg a an d Rodrig o (2001) .  Whil e 
visuall y perceive d scene s ar e anchore d i n a 
sensorimoto r  framewor k base d o n th e ecologica l 
referenc e fram e o f  th e observer ,  menta l  representation s 
of  describe d scene s ar e grounde d int o a  menta l 
fiamework  from  whic h th e sel f  i s  detached .  Whil e 
physica l  movement s ca n provid e proprioceptiv e 
feedbac k tha t  help s updatin g th e menta l  representatio n 
i n th e sensorimoto r  framework ,  thi s feedbac k i s no t 
ver y helpfu l  fo r  representation s tha t  ar e anchore d i n a 
menta l  framework .  However ,  a s show n i n th e presen t 
study ,  althoug h th e ecologica l  sel f  migh t  b e disengage d 
from  th e menta l  framework,  i t  i s  stil l  importan t  fo r 
makin g spatia l  decision s i n it . 

Finally ,  th e accessibilit y  pattern s fo r  th e thre e 
dimension s conforme d t o th e prediction s o f  th e Spatia l 
Framework s mode l  (Frankli n &  Tversky ,  1990) . 
Object s o n th e above/belo w axi s wer e locate d faste r 
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tha n object s o n th e front/back  axis ,  whic h wer e i n tur n 
locate d faste r  tha n object s o n th e left/righ t  axis .  Th e 
difference s amon g th e dimension s wer e greate r  whe n 
rotation s wer e imagine d an d judgment s wer e fo r 
direction .  Whil e thi s resul t  migh t  b e du e t o th e highe r 
difficult y o f  performin g th e tas k unde r  thes e 
circumstances ,  i t  coul d alternativel y mea n tha t  a  par t  o f 
th e Spatia l  Framework s effec t  i s  du e t o th e nee d fo r 
discriminatin g th e pole s o f  th e axes .  Result s from 
Bryan t  an d Wrigh t  (1999 )  sugges t  tha t  th e difficult y o f 
makin g discriminatin g decision s withi n th e axe s doe s 
not  fiill y  accoun t  fo r  th e Spatia l  Framework s results . 

I n summary ,  th e presen t  stud y provide d mor e 
substantia l  evidenc e t o confir m th e conclusion s o f  D e 
Vega an d Rodrig o (2001) ,  whil e a t  th e sam e tim e 
provide d a  bette r  understandin g o f  ho w th e ecologica l 
sel f  interact s wit h spatia l  reasonin g abou t  imagine d 
space s derive d from  texts .  Whil e physica l  rotation s le d 
t o n o spatia l  updatin g o f  di e origina l  menta l 
representation ,  the y produce d bette r  performanc e b y 
reducin g th e difficult y wit h makin g discriminatio n 
betwee n th e pole s o f  body-centri c  axes .  Thi s resul t  ca n 
hav e importan t  practica l  implication s fo r  situation s 
wher e spatia l  reasonin g occur s fro m imagine d 
perspective s (e.g. ,  teleoperatin g robot s fo r  rescu e 
missio n an d spac e exploration) . 
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Abstrac t 

Despite the postulated importance of analogising to 
human cognition ,  th e stud y o f  analogica l  proble m 
solvin g i n th e laborator y ha s foun d disappointin g results . 
Providin g a n analogu e t o a  participan t  prio r  t o askin g 
the m t o solv e a  proble m give s onl y a  smal l  benefi t  a t 
best .  Recently ,  studie s outsid e th e laborator y hav e 
suggeste d tha t  expert s frequently  us e analogie s i n real -
worl d situations .  I t  i s  les s clea r  whethe r  novice s ca n als o 
spontaneousl y invok e an d us e analogie s t o solv e realisti c 
problems .  I n th e curren t  investigation ,  undergraduate s 
wer e observe d solvin g a  large-scal e managemen t 
proble m ove r  tw o weeks .  I t  wa s foun d tha t  man y 
analogie s wer e produce d (o n averag e 4. 6 pe r  one-hou r 
session) ,  an d tha t  7 7 % o f  thes e analogie s reflecte d a 
structura l  rathe r  tha n a  superficia l  mappin g betwee n a 
base an d a  target .  I t  wa s als o determine d tha t  5 6 % o f 
thes e structura l  analogie s involve d non-trivia l  mapping s 
of  higher-orde r  relations .  Further ,  i t  wa s foun d tha t 
analogie s wer e draw n t o serv e tw o differen t  purposes : 
proble m solvin g an d illustration .  I n generatin g 
illustrativ e analogies ,  participant s frequentl y mad e 
superficia l  mappings ,  bu t  whe n generatin g analogie s t o 
solv e problems ,  the y neve r  mad e purel y superficia l 
mappings . 

Analogy is defmed by the Oxford English Dictionary as 
th e "resemblanc e o f  relation s o r  attribute s a s a  groun d 
of  reasoning. "  Th e abilit y t o dra w analogie s i s 
considere d t o b e fundamenta l  t o intelligen t  huma n 
behaviou r  (Holyoa k &  Thagard ,  1995) .  Analog y 
appear s t o b e centra l  t o bot h th e processin g o f 
informatio n an d it s retrieva l  fro m long-ter m memor y 
(Shank ,  1999 )  an d underpin s theorie s o f  creativ e 
thinkin g an d intelligenc e (Holyoa k &  Thagard ,  1995 ; 
Poze,  1983 ;  Raven ,  1938 ;  Sternberg ,  1977) . 

The postulate d importanc e o f  analogisin g fo r 
intelligen t  huma n behaviou r  stand s i n contras t  t o th e 
finding s fro m laborator y studie s o f  analogica l  proble m 
solving .  I t  i s ofte n foun d tha t  providin g a  superficiall y 
dissimila r  bu t  structurall y analogou s sourc e t o a 

participan t  prio r  t o the m solvin g a  targe t  problem , 
withou t  a  hin t  abou t  eithe r  it s relevanc e o r  relatednes s 
t o th e target ,  give s littl e o r  n o gai n i n targe t  solutio n 
rate s (Anoli ,  Antonietti ,  CrisafuU i  &  Cantoia ,  2001 ; 
Gic k &  Holyoak ,  1980 ,  1983) . 

Transfe r  o f  th e analogou s solutio n withou t  a  hin t  i s 
not  improve d by :  providin g a  stati c diagrammati c 
representatio n o f  th e structura l  analogu e (Gic k & 
Holyoak ,  1983 ;  Podone ,  H u m m el  &  Holyoak ,  2001) ; 
providin g a n abstrac t  verba l  statemen t  o f  th e underlyin g 
structura l  analogu e (Gic k &  Holyoak ,  1983) ;  o r  simpl y 
re-presentin g th e sourc e t o th e participan t  whil e the y 
ar e processin g th e targe t  (Anol i  e t  al. ,  2001 ;  Gic k & 
Holyoak ,  1980) .  Ther e i s som e evidenc e o f  analogica l 
transfe r  whe n multipl e analogou s source s ar e provide d 
(Catrambon e &  Holyoak ,  1989 ;  Gic k &  Holyoak , 
1983) ,  an d als o whe n th e analogou s sourc e i s a  genera l 
concep t  (Schun n &  Dunbar ,  1996) .  Generally , 
however ,  th e finding s fro m laboratory-base d studie s o f 
analog y hav e bee n disappointing . 

Recently ,  analog y ha s begu n t o b e investigate d i n 
applie d a s wel l  a s experimenta l  contexts .  Thi s researc h 
has particularl y focuse d o n th e behavioiu "  o f  experts . 
For  example ,  Hargado n (1999 )  describe s h o w 
'knowledg e brokers '  i n managemen t  dra w comparison s 
betwee n differen t  area s i n orde r  t o mov e idea s fro m 
wher e the y ar e know n t o wher e the y ar e not .  Marchant , 
Robinson ,  Anderso n an d Schadewal d (1993 ) 
investigate d th e us e o f  analogie s i n th e interpretatio n o f 
ta x statute s i n graduat e student s an d professiona l 
lawyers .  The y foun d tha t  bot h group s demonstrate d 
hig h rate s o f  transfe r  fro m a  structura l  analogue . 
Dunbar  an d Blanchett e (2001 ;  Dunbar ,  2001 )  hav e 
documente d th e us e o f  analog y b y immunologist s an d 
molecula r  biologists ,  findin g tha t  structura l  analogisin g 
was particularl y prevalen t  whe n th e scientis t  wa s 
engage d i n theor y building .  Dunba r  an d Blanchett e 
(2001 )  wer e als o abl e t o determin e th e functio n o f  th e 
analogie s i n thei r  observations .  W h e n isolate d 
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unexpecte d result s occurre d th e scientist s dre w 
analogie s t o simila r  experiments ,  wha t  Dunba r  an d 
Blanchett e (2001 )  cal l  loca l  analogies .  However ,  whe n 
a serie s o f  unexpecte d result s occurre d th e scientist s 
dre w mor e distan t  analogie s t o th e functio n o f  simila r 
component s i n othe r  organisms .  Th e typ e o f  mappin g 
appear s t o diffe r  dependin g o n th e purpos e fo r  whic h i t 
i s drawn . 

Thus ,  i t  appear s tha t  expert s i n applie d setting s ar e 
abl e t o dra w analogie s betwee n bas e an d targe t 
problems .  Thi s i s consisten t  wit h th e widel y hel d vie w 
tha t  difference s betwee n expert s an d novice s reflec t 
differen t  representationa l  level s o f  informatio n 
encoding .  Expert s ar e abl e t o encod e informatio n a t  a 
deeper ,  structura l  level ,  whil e novice s generall y onl y 
encod e informatio n a t  a  surfac e o r  superficia l  leve l 
(Chi ,  Feltovic h &  Glaser ,  1981 ;  Klein ,  1999 ;  Novick , 
1988) .  Consisten t  wit h thi s explanatio n i s a  stud y b y 
Thompson ,  Centne r  an d Loewenstei n (2000) ,  whic h 
foun d tha t  unles s managemen t  student s wer e activel y 
encourage d t o compar e sourc e analogue s i n orde r  t o 
dra w ou t  structura l  relations ,  the n rates  o f  transfe r  o f  a n 
underlyin g concep t  wer e low . 

Ther e i s som e evidence ,  however ,  tha t  novice s ca n 
als o mak e us e o f  structura l  analogie s withou t  bein g 
encourage d t o creat e structura l  mappings .  Blanchett e 
and Dunba r  (2000 ,  2001 ;  Dunbar ,  2001 )  foun d tha t 
novice s wer e abl e t o dra w structura l  inference s whe n 
reasonin g usin g metaphors .  I n a  stud y wher e 
participant s ha d t o explai n a  concep t  t o anothe r  perso n 
usin g a  metaphor ,  i t  wa s foun d tha t  th e metapho r  wa s 
frequently  chose n from a  domai n outsid e th e on e bein g 
explained ,  suggestin g tha t  cross-structura l  mappin g wa s 
occurring .  Chi e o f  th e importan t  aspect s o f  Blanchett e 
and Dunbar' s stud y ma y b e tha t  participant s wer e abl e 
t o dra w o n an y are a o f  thei r  knowledg e i n creatin g th e 
analogies .  Thi s i s i n contras t  t o th e previou s studie s 
involvin g novice s tha t  hav e examine d th e abilit y  t o 
produc e a  specifi c  analogica l  mapping .  Thus ,  i t  ma y b e 
tha t  novice s ar e abl e t o us e analog y effectivel y i f  the y 
ar e allowe d t o dra w o n memor y mor e generally . 

Metaphor s are ,  however ,  slightl y differen t  from  th e 
type s o f  analogie s draw n t o solv e problems .  Althoug h 
metapho r  relie s upo n th e mechanis m o f  analog y i t  i s 
differen t  from  th e kind s o f  analog y use d i n proble m 
solvin g i n tw o ke y respects .  First ,  th e relationshi p 
betwee n sourc e an d targe t  i s different .  I n usin g analog y 
t o solv e problem s th e perso n mus t  find a  sourc e tha t 
inform s a  les s wel l  understoo d target ,  whils t  i n drawin g 
a metapho r  a  perso n ha s a  targe t  an d mus t  generat e a 
sourc e tha t  explicate s th e underlyin g topi c (Holyoa k & 
Thagard ,  1995) .  Second ,  metaphor s ofte n depen d upo n 
a combinatio n wit h metonym y (wher e idea s substitut e 
fo r  eac h other )  an d th e patter n o f  relation s ofte n shift s 
becaus e o f  thi s i n a  wa y tha t  proble m solvin g analogie s 
rarel y d o (Holyoa k &  Thagard ,  1995) . 

The presen t  stud y was ,  therefore ,  designe d t o exten d 
existin g researc h b y addressin g th e questio n o f  whethe r 
novice s ca n spontaneousl y mak e analogica l  mapping s 
i n orde r  t o solv e managemen t  problem s i f  the y ar e 
allowe d t o dra w mor e widel y o n store d knowledge . 
Also ,  i n ligh t  o f  Blanchett e an d Dunbar' s (2001 ) 
observation s concernin g th e differin g function s o f 
analogie s i n real-worl d situations ,  w e wer e aler t  t o th e 
possibilit y  tha t  managemen t  context s migh t  similarl y b e 
associate d with  analog y us e aime d a t  achievin g 
differen t  fiinctions . 

Method 

The stud y investigate d undergraduate  student s i n 
Management  conductin g a n analysi s o f  a  "busines s case ' 
as par t  o f  a  'cas e method '  course ,  a  teachin g metho d 
designe d t o simulat e real-lif e managemen t  decision -
makin g (Easton ,  1992) .  Participant s worke d i n group s 
and wer e require d t o specif y th e problem s an d 
opportunitie s inheren t  i n th e case ,  an d t o produc e a  se t 
of  solution s tha t  migh t  optimis e th e busines s describe d 
i n th e case .  Th e tas k ma y b e describe d a s ill-defme d 
(Va n Lehn ,  1989 )  an d i n som e respects ,  un-defmed .  N o 
restriction s wer e place d o n th e knowledg e source s tha t 
participant s migh t  emplo y durin g th e cas e analysis .  N o 
sourc e analogue s wer e presente d t o participants ,  an d th e 
concep t  o f  analog y wa s no t  mentione d t o the m a s par t 
of  th e cours e o r  th e investigation . 

Materials 

The case s consiste d o f  description s o f  a  busines s o r 
industr y facin g a  loosel y define d threa t  o r  opportunity . 
The busines s case s wer e chose n fo r  thei r  pedagogica l 
meri t  b y th e assessin g tuto r  an d consiste d o f  thre e 
differen t  situation s tha t  describe d th e positio n o f  a 
busines s o r  industry .  Th e case s wer e 'Th e Champagn e 
Industr y i n 1993 '  (Cool ,  H o w e &  Henderson ,  1994) , 
'Petro l  Retailin g i n Europe :  Th e U K Market '  (Levy , 
1999) ,  an d 'Delt a Dairies '  (Easto n &  Dritsas ,  1992) . 
The case s wer e 19 ,  1 3 an d 1 1 page s long ,  respectively , 
and ar e availabl e from  th e Europea n Cas e Clearin g 
House Collectio n (http://www.ecch.cranfield.ac.uk.) . 

Participants 

The participant s wer e 2 4 final  yea r  undergraduat e 
student s from  Lancaste r  University .  Th e outcome s o f 
eac h group' s analysi s wa s examine d b y a  tuto r  a s par t  o f 
th e student' s cours e assessment .  Participant s wer e no t 
paid . 

Procedure 

Si x group s o f  fou r  peopl e wer e forme d o n th e basi s o f 
w ho woul d an d wouldn' t  wor k wel l  wit h eac h othe r  b y 
th e assessin g tutor .  Eac h grou p examine d a  singl e cas e 
wit h eac h cas e bein g analyse d twic e b y tw o separat e 
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groups .  Th e group s spen t  tw o week s conductin g t n 
analysi s o f  thei r  case .  Durin g thi s perio d th e group s 
met  bot h o n thei r  o w n an d wit h th e tutor .  Th e group s 
met  wit h th e tuto r  betwee n thre e an d fou r  time s fo r 
approximatel y a n hour .  I t  i s  dat a fro m thes e session s 
tha t  wer e use d fo r  th e presen t  investigation .  A t  th e en d 
of  th e analysi s perio d th e group s wer e require d t o mak e 
a 2 0 minut e presentatio n t o thei r  peers ,  i n th e for m o f 
reconunendation s fo r  th e business . 

Results 

19 tutorial s (ou t  a  possibl e 22 )  wer e observe d an d 
audio-taped .  Instance s o f  analogisin g i n th e tutorial s 
wer e transcribe d fro m th e audio-tape s (off-tas k 
analogie s wer e excluded) .  Fo r  th e purpose s o f  thi s 
study ,  analog y wa s considere d t o hav e occurre d whe n 
referenc e wa s mad e t o a n episod e o f  prio r  experienc e ( a 
base )  an d wa s applie d t o a  curren t  ide a i n som e w a y ( a 
target) .  Th e extrac t  wa s exclude d whe n th e bas e wa s 
draw n from  lectures ,  th e assessin g tuto r  o r  directl y from 
th e case .  Th e applicatio n o f  managemen t  knowledg e o r 
genera l  knowledg e wa s no t  considere d t o b e a n analog y 
i n thi s study .  A  1 5 % sampl e o f  thes e tape s wa s re -
code d b y a  secon d coder ,  an d an y discrepancie s i n 
analog y extractio n wer e discusse d unti l  consensu s wa s 
reached .  Ove r  th e 1 9 tutorial s ther e wer e 8 6 occasion s 
when a n analog y wa s made ,  a  mea n o f  4. 5 analogie s pe r 
hour-lon g tutoria l  (standar d deviatio n =  4.98 ,  rang e =  0 -
20 )  an d onl y on e tutoria l  containe d n o discernibl e 
analogising . 

Structure of the Analogies 

Th e extract s o f  analogie s wer e sorte d int o thre e 
categorie s base d o n a  for m o f  predicat e calculu s simila r 
t o tha t  use d b y Genme r  (1983) .  Extract s wer e define d 
i n term s o f  whethe r  th e mappin g betwee n th e bas e an d 
th e targe t  involve d merel y superficia l  attributes ,  a  first -
orde r  relation ,  o r  a  comple x systemi c relation .  A n 
extrac t  wa s classe d a s superficia l  i f  th e mappin g wa s i n 
term s o f  object s only ,  wit h n o discernibl e structura l 
mapping .  A  simple ,  first-order  relationa l  mappin g 
occurre d whe n a  simpl e relatio n tha t  hel d i n th e soiu-c e 
was als o observe d t o hol d i n th e target .  A  comple x 
mappin g o f  system s o f  relation s occurre d whe n higher -
orde r  relation s wer e see n t o b e mapped ,  suc h a s causa l 
relation s o r  plo t  structur e (c f  Gentoer ,  1983) . 

I t  wa s foun d tha t  4 3 % o f  th e analogie s generate d tha t 
include d a n explici t  mentio n o f  a  targe t  an d bas e 
situatio n involve d mapping s o f  higher-orde r  relations , 
suc h a s ca n b e see n i n th e followin g extract : 

PI: "The marketing option, as well, which we'll use on 
th e short-term ;  hav e yo u see n th e B P advert ? 
CL:  Yes . 

PI :  We'r e goin g dow n tha t  line .  W e wer e sayin g s o th e 
othe r  day .  Th e amoun t  a t  whic h i t  b u m s cleane r  i s 
negligible ,  bu t  perception s -  s o g o fo r  a  cleane r  imag e 
i n th e wa y B P ar e doin g now .  They'r e playin g o n th e 
fac t  tha t  tha t  pollutio n i s becomin g mor e an d mor e 
evident .  Everybod y i s startin g t o understan d i t  now , 
accep t  it ,  rathe r  tha n jus t  saying ,  'it' s  rubbis h that ,  we'r e 
not  Greenpeac e people' .  It' s  becomin g mor e o f  a  facto r 
i n societ y agains t  dirt y pollutin g petrol .  So ,  I  mean , 
usin g th e B P model ,  tr y t o chang e people' s perception s 
abou t  wha t  you r  compan y a t  th e moment ,  wha t  th e fue l 
i s  i n [inaudible ]  i t  a  greene r  alternative. "  [Grou p 4 ,  2" * 
tutorial ] 

The analogical mapping from base and target that is 
apparen t  i n thi s extrac t  ca n b e restate d usin g a 
propositiona l  formalism ,  a s follows : 

Cause [Cause [Becoming-more-evident(Pollution), 
Becommg-greener(Society)] ,  Use-as-marketing-option 
(BP ,  Green-standpoint) ]  <- * 
Caus e [Caus e [Becoming-more-evident(Pollution) , 
Becoming-greener(Society)] ,  Use-as-marketing-option 
(Company-Y ,  Green-stan^oint) ] 

The initial set of propositions capture the idea that the 
compan y i n th e bas e situatio n (Britis h Petroleum )  i s 
takin g a  gree n standpoin t  becaus e societ y i s becomin g 
greene r  i n respons e t o pollutio n becomin g mor e 
evident .  I t  i s  thes e system s o f  causa l  relation s tha t  thi s 
management  grou p i s mappin g acros s t o thei r  o w n 
marketin g option .  I t  i s  noteworthy ,  too ,  tha t  ther e ar e a 
number  o f  higher-orde r  relationship s eviden t  i n th e bas e 
situation ,  an d th e fac t  tha t  thes e relation s ge t  mappe d 
betwee n bas e an d targe t  appear s t o demonstrat e tha t 
novice s ca n produc e non-trivia l  analogie s wit h 
sophisticate d relationa l  structures . 

A furthe r  3 4 % o f  th e analogie s tha t  involve d th e 
explici t  mentio n o f  bas e an d targe t  situation s involve d 
first-order  relationa l  mappings .  A n exampl e o f  suc h a 
mappin g ca n b e observe d i n th e followin g extract : 

PI: "That does happen though doesn't it, in 
supermarkets ? 
C L:  What ? 
PI :  Tha t  yo u could ,  i t  goe s bot h -  th e exclusivit y goe s 
bot h way s bu t  fo r  hug e brands ,  no t  th e sam e siz e a s 
ours .  The y stat e tha t  a  competito r  can' t  b e (sol d i n th e 
supermarket). "  [Grou p 2 ,  3" ^  tutorial ] 

This analogy can be represented propositionally as: 

Has-exclusivity-deal-with(Huge-brand, Supermarket) 

Has-exclusivity-deal-with(Company- Y, Supermarket) 
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Her e th e grou p i s thinkin g o f  copyin g th e ide a tha t  the y 
thin k i s use d b y bi g companie s o f  forcin g a  competito r 
of f  th e shelve s o f  a  supermarke t  b y signin g a n 
exclusivit y deal . 

Overall ,  then ,  7 7 % o f  th e analogie s produce d b y th e 
novice s observe d i n thi s stud y wer e base d o n struchira i 
mapping s (eithe r  first-orde r  relation s o r  higher-orde r 
relations) . 

Function of the Analogies 

The dat a wer e subjecte d t o a  themati c analysi s i n orde r 
t o investigat e fiirther  th e typ e an d functio n o f  th e 
analogie s employe d b y th e managemen t  novice s i n thi s 
study .  Th e emphasi s i n thi s analysi s wa s o n th e 
solutio n o r  ide a tha t  emerge d from  th e mapping ,  rathe r 
tha n o n th e natur e o f  th e mappin g itsel f  I n a  themati c 
analysi s extract s ar e groupe d togethe r  base d o n thei r 
similarity ,  suc h tha t  categorie s ar e develope d base d o n 
c o m m on themes .  Themati c analysi s i s a  usefu l  w a y o f 
sortin g qualitativ e dat a s o tha t  categorie s ar e allowe d t o 
emerg e i n a  relativel y atheoretica l  w a y (se e Plummer , 
1995 ;  Smith ,  1995) .  A  secon d code r  wa s abl e t o 
recreat e th e theme s identifie d wit h 8 8 % accurac y 
(followin g a  trainin g sessio n usin g 1/ 3 o f  th e data) .  Thi s 
analysi s indicate d tha t  analogie s wer e appearin g t o 
serv e tw o differen t  functions :  proble m solvin g an d 
illustration . 

Problem-Solving Analogies Of these analogies, 23% 
wer e direc t  base-to-targe t  solutions ,  wit h bot h bas e an d 
targe t  presen t  i n th e sam e extract .  Thes e too k th e for m 
of' x di d y ,  s o w e ca n cop y them' .  Fo r  example : 

"You could go on convenience a bit because there is an 
Ess o statio n i n Southampton ,  wher e I' m from,  tha t  i s 
totall y self-sufficient .  I t  doesn' t  hav e anybod y workin g 
there ,  an d has ,  like ,  Cok e dispensers ,  an d al l  th e kind s 
of  foo d dispensers ,  an d yo u pa y a t  th e p u m p an d the n 
you ,  yo u know ,  I'v e see n peopl e pic k u p snack s from 
thes e machine s an d the n the y go .  They'r e completel y 
unmanned .  Tha t  migh t  b e a  possibilit y  fo r 
convenience. "  [Grou p 3 ,  l "  tutorial ] 

This type of analogy may be represented 
propositionall y as : 

Market-on-convenienceCEsso-station,Fully-self-service) 

Market-on-convenience(Company-Y,Fully-self-service) 

A fiirther 15% of the analogies were elaborated base-
to-targe t  solutions .  I n thes e cases ,  a  bas e wa s mappe d 
t o th e targe t  a s i n th e direc t  base-to-targe t  solutions ,  bu t 
th e informatio n gaine d from  th e analog y wa s use d t o 
for m a  n e w solution ,  rathe r  tha n simpl y mappin g th e 
solutio n acros s wholesal e from  th e base .  Fo r  example : 

"Anothe r  thin g tha t  w e wer e havin g difficult y comin g 
up wit h i s a n actua l  price ,  becaus e w e wer e thinking , 
'Shal l  w e out-pric e Moe t  e t  Chando n b y onl y a  smal l 
amount  becaus e i t  give s tha t  exclusivity ,  an d w e didn' t 
want  t o g o fo r  exactl y th e sam e pric e becaus e we'v e go t 
thi s uniqu e sellin g point? *  S o i f  yo u jus t  di d i t  a  tin y bi t 
mor e expensive ,  goin g t o tha t  bi t  muc h it' s  a s goo d a s 
and it' s  go t  thi s uniqu e sellin g point ,  an d it' s  onl y a  tin y 
bi t  mor e s o tha t  it' s  no t  to o muc h o f  a  stretc h t o bu y i t 
ove r  Moe t  e t  Chandon .  S o peopl e realis e tha t  i t  mus t  b e 
better ,  becaus e it' s  tha t  bi t  mor e expensive ,  an d it' s  go t 
thi s uniqu e sellin g point. "  [Grou p 2 ,  2" ^  tutorial] . 

This analogy and its associated solution development 
m ay b e represente d i n propositiona l  for m as : 

Analogy: llse-as-marketing-points (Moet-et-Chandon, 
Product-quality-and-product-exclusivity )  an d Indexed -
by (Product-quality ,  High-price )  <- • 
Use-as-marketing-point s (Company-Y ,  Product-quality -
and-product-exclusivity )  an d Indexed-b y (Product -
quality ,  High-price ) 
Solutio n idea :  Caus e [More-expertsive-tha n (Company -
Y-one-press-champagne ,  Moet-et-Chandon -
champagne) .  Gain-market-advantage-ove r  (Company -
Y,  Moet-et-Chandon) ] 

An additional 35% of the analogies were sources that 
shape d th e group' s decisio n makin g bu t  whic h lacke d a 
targe t  tha t  wa s explicitl y  reference d i n th e extrac t  itsel f 
An exampl e o f  thi s come s from  Grou p 2,2'* '  tutorial : 

"You know, like, how Safeway have got a grading 
syste m where ,  like ,  they'v e go t  bronze ,  silve r  an d gol d 
labelle d wines ,  an d thing s lik e that ,  yo u know ,  i f  the y 
hav e something ,  I  don' t  kno w wha t  Casin o have .  Bu t 
th e supermarket' s recommendatio n ca n b e quit e 
powerful .  I f  you'r e lookin g fo r  a  win e i n Safeway' s an d 
yo u don' t  particularl y recognis e th e label ,  i f  yo u rea d 
th e littl e Safewa y bi t  o n th e bac k yo u kno w it' s  thi s 
leve l  o f  sweetness ,  an d i t  goe s wit h thi s an d tha t  an d th e 
other .  You'r e quit e tempte d t o tr y som e firs t  time. " 

This extract shows that the group has taken the idea 
of  th e powe r  o f  th e supermarket' s reconunendatio n an d 
thi s late r  guide s th e group' s solutio n toward s strikin g a 
deal  wit h a  Frenc h supermarke t  whic h lead s t o th e 
recommendatio n o f  a  dual-brandin g scheme ,  wher e th e 
supermarke t  an d th e producer' s nam e i s o n th e bottle . 

Al l  o f  th e analogie s produce d i n orde r  t o serv e a 
problem-solvin g purpos e use d eithe r  higher-orde r 
relationa l  mapping s o r  first-orde r  relationa l  mappings . 
Ther e wer e n o purel y superficia l  mapping s use d t o 
solv e a  problem . 

104 



Illustrativ e Analogie s Twenty-seve n percen t  o f  th e 
analogie s wer e designe d no t  t o facilitat e directl y th e 
generatio n o f  a  ne w solutio n idea ,  bu t  instea d fo r  th e 
purpos e o f  exemplifyin g o r  illustratin g a n existin g idea . 
Such analogies ,  therefore ,  appeare d t o b e metaphorica l 
i n natur e an d inten t  rathe r  tha n directe d a t  proble m 
solvin g pe r  se .  I n suc h cases ,  th e participan t  generate d 
a sourc e t o explicat e th e target .  Fo r  example ,  a  member 
of  Grou p 4  (2" ^  tutorial )  dre w parallel s betwee n th e 
marke t  position s o f  Coc a Col a an d Peps i  t o illustrat e 
th e positio n face d b y a n oi l  compan y unde r 
consideration : 

"You know, you said the other day that Coca Cola and 
Pepsi  ar e withi n a n arm' s reach ,  -  there' s no t  muc h o f  a 
differentiation .  It' s  th e sam e here .  It' s  jus t  we'v e go t 
more petro l  station s an d mor e peopl e buyin g ou t  o f 
convenience. " 

The previous extracts concerned global target ideas 
of  facilitatin g convenienc e a t  petro l  stations ,  an d th e 
pricin g fo r  a  ne w one-pres s champagne .  I n contrast ,  th e 
illustratio n analogie s lac k thes e overarchin g idea s an d 
exten d n o furthe r  tha n th e bas e t o targe t  mapping .  The y 
ar e merel y designe d a s a  compariso n o f  on e ide a wit h 
another . 

I n contras t  t o th e analogie s draw n t o solv e problem s 
wher e ther e wa s n o superficia l  mappings ,  whe n th e 
analog y wa s draw n fo r  illustrativ e purposes ,  5 7 % o f  th e 
analogie s wer e base d o n superficia l  mapping s (wit h 
2 6 % base d o n higher-orde r  mapping s an d 1 7 % base d 
on first-order  relations) . 

When participant s ar e solvin g problem s i t  doe s no t 
make an y sens e t o ma p a  superficiall y  simila r  bu t 
structurall y dissimila r  sourc e t o a  target ,  sinc e thi s 
woul d no t  ai d proble m solving .  I n contrast ,  whe n a n 
analog y i s merel y bein g use d fo r  illustrativ e purposes ,  i t 
i s  possibl e simpl y t o us e a  superficia l  mapping ,  sinc e 
th e purpos e i s merel y t o facilitat e understandin g rathe r 
tha n advanc e solutio n development . 

Discussion 

Thes e result s ar e importan t  fo r  tw o mai n reasons .  First , 
by demonstratin g spontaneou s analogisin g b y novic e 
problem-solver s i n a  naturalisti c domain ,  the y 
corroborat e th e widel y hel d vie w (e.g. ,  Anderson ,  2000 ; 
Holland ,  Holyoak ,  Nisbett t  &  Thagard ,  1986 )  tha t 
analogisin g play s a  fundamenta l  rol e i n huma n 
problem-solving .  Second ,  th e emphasi s o n structura l 
rathe r  tha n superficia l  mapping s demonstrate s a 
sophisticatio n i n th e manipulatio n o f  domai n 
knowledg e tha t  i s no t  usuall y associate d wit h novices . 
I t  ma y b e that ,  i n som e domain s a t  least ,  novice s ar e 
quit e capabl e o f  recognisin g an d manipulatin g 
informatio n a t  a  conceptua l  rathe r  tha n superficia l  level . 

Lik e th e expert s observe d b y Dunba r  an d Blanchett e 
(2000) ,  i t  wa s observe d i n thi s stud y tha t  novice s als o 
dre w analogie s t o serv e differen t  purposes ,  an d tha t  th e 
natur e o f  th e mappin g differ s dependin g o n thi s 
purpose .  W h e n solvin g problems ,  th e novice s use d 
onl y first-order  an d higher-orde r  relationa l  mappings . 
However ,  whe n the y wer e illustratin g a n idea ,  ove r  hal f 
of  th e analogie s wer e mad e usin g superficia l  mappings . 

The analysi s als o highlighte d a  potentiall y  importan t 
distinctio n betwee n solution s tha t  ar e simpl y mappe d 
acros s fro m a  sourc e analogue ,  an d solution s tha t  ar e 
develope d a s a  resul t  o f  additiona l  ide a generatio n 
subsequen t  t o th e attainmen t  o f  a n analogica l  mapping . 
I t  ma y b e tha t  muc h o f  th e skil l  i n managemen t  proble m 
solvin g i s t o exten d an d elaborat e upo n initia l 
analogica l  mappings . 

Ther e ar e som e importan t  qualification s t o ou r 
results .  Perhap s th e ke y on e i s tha t  th e dat a w e repor t 
her e reflec t  grou p tutoria l  activit y i n whic h a  fai r 
proportio n o f  th e exchange s consis t  o f  th e 
communicatio n o f  idea s an d outcome s amon g 
participants .  O n th e basi s o f  thes e dat a alone ,  w e 
caimo t  ascertai n whethe r  th e rol e playe d b y analog y i s 
one o f  genuin e problem-solving ,  o r  whethe r  i t  serve s a 
mainl y communicativ e role ,  makin g idea s an d solution s 
tha t  hav e bee n discovere d an d worke d throug h usin g 
othe r  problem-solvin g strategie s easie r  t o shar e betwee n 
individuals .  I n a  sense ,  i t  doe s no t  affec t  th e outcome s 
reporte d here ,  sinc e eithe r  rol e i s crucia l  i n 
collaborativ e problem-solving .  However ,  futur e studie s 
tha t  ar e no t  tutorial-base d eir e neede d t o determin e th e 
precis e functio n o f  novic e analogisin g i n thi s domain . 

Thi s investigatio n differ s fro m experimenta l  studie s 
of  analog y i n th e followin g ke y ways .  First ,  analogie s 
coul d b e draw n fro m an y are a o f  a  participant' s 
experience ,  an d source s wer e no t  provide d b y th e 
experimenter .  Second ,  participant s solve d th e problem s 
i n group s rathe r  tha n individually .  Third ,  th e 
participant s ha d tw o week s o f  discussion-base d learnin g 
t o analys e an d solv e th e presente d problem .  I t  i s  clea r 
tha t  th e metho d o f  explorin g analog y us e employe d 
her e an d th e standar d experimenta l  metho d represen t 
ver y differen t  paradigms ,  suc h tha t  direc t  comparison s 
betwee n th e tw o shoul d b e draw n wit h caution . 
However ,  considerin g tha t  experiment s ar e suppose d t o 
be analogue s o f  real-worl d situation s i n a  simplifie d 
form ,  a  reconsideratio n a s t o ho w analogica l  proble m 
solvin g ca n fruitfull y  b e investigate d experimentall y 
may nee d t o b e undertake n i n ligh t  o f  th e mountin g 
evidenc e tha t  peopl e frequentl y mak e cross-structura l 
analogie s i n th e real-world . 
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Abstrac t 

Newborn face perception is controversial, but the current ev-
idenc e suggest s tha t  (a )  newborn s follo w face-lik e schemati c 
pattern s furthe r  tha n simila r  patterns ,  (b )  inftnt s ca n lear n in -
dividua l  face s soo n afte r  birth ,  an d (c )  ful l  fac e processin g 
abilitie s develo p throug h month s o r  year s o f  experienc e w i £ 
faces .  Previou s model s hav e no t  adequatel y accounte d fo r  al l 
thre e type s o f  results .  I n prio r  work ,  w e showe d ho w a  biolog -
icall y base d self-organizin g syste m an d spontaneou s activit y 
pattern s ca n explai n newbor n fiice  preferences .  I n thi s p ^ r 
we sho w tha t  thi s general-purpos e leamin g syste m ca n explai n 
bot h neonata l  an d late r  leaming .  Usin g computationa l  simula -
tions ,  w e demonstrat e tha t  newbor n leamin g nee d no t  b e base d 
on th e externa l  outhne ,  a s ha s bee n supposed ,  an d tha t  postic -
ta l  decrease s i n respons e t o schemati c face s nee d no t  represen t 
a decreas e i n respons e t o rea l  faces .  Thes e simulation s provid e 
concret e prediction s t o guid e futur e experiment s wit h infants , 
whil e suggestin g ne w technique s fo r  designin g comple x adap -
tiv e system s i n general . 

Introduction 
Specifi c  region s i n th e adul t  visua l  corte x respon d preferen -
tiall y  t o huma n faces .  H o w thi s fac e processin g capabilit y 
develop s i s no t  ye t  clear .  M a n y researcher s hav e argue d tha t 
infant s proces s onl y genera l  visua l  propertie s lik e siz e an d 
spatia l  frequency  unti l  afte r  week s o r  month s o f  experienc e 
(Maure r  &  Barrera ,  1981) .  Other s hav e foun d a  preferenc e fo r 
face s a t  birt h (Goren ,  Sarty ,  &  W u ,  1975 ;  Johnson ,  Dziuraw -
iec ,  Ellis ,  &  Morton ,  1991 ;  Simion ,  Valenza ,  &  Umilta ,  1998 ) 
and tha t  infant s ca n lear n an d discriminat e betwee n specifi c 
face s eve n i n th e first  fe w hour s an d day s afte r  birt h (Bush -
nell ,  2001 ;  Pascalis ,  d e Schonen ,  Morton ,  Deruelle ,  &  Fabre -
Grenet ,  1995) .  Ful l  fac e processin g abilitie s clearl y tak e sev -
era l  year s t o develop . 

I n thi s pape r  w e sho w tha t  a  singl e leamin g syste m ca n 
accoun t  fo r  al l  thre e type s o f  results ,  i.e .  fac e preference s a t 
birth ,  fac e leamin g i n th e firs t  fe w day s afte r  birth ,  an d th e 
gradua l  developmen t  o f  ful l  fac e processin g abilities .  Us -
in g th e H L I S S O M self-organizin g mode l  (Hierarchica l  Lat -
erall y Intercoimecte d Synergeticall y Self-Organizin g M a p ) , 
we hav e previousl y show n h o w prenata l  leamin g o f  sponta -
neou s neura l  activit y ca n lea d t o newbor n fac e preference s 
(Bedna r  &  Miikkulainen ,  2000) .  I n thi s pape r  w e sho w tha t 
th e sam e self-organizin g syste m ca n lear n from  face s i n rea l 
images ,  an d tha t  th e leamin g proces s ca n explai n postna -
ta l  change s i n infan t  fac e detectio n abilities .  Togethe r  thes e 
simulation s sho w ho w geneti c informatio n ca n b e expresse d 
withi n a  highl y adaptiv e system ,  an d provid e concret e predic -
tion s fo r  futur e experiment s wit h infants . 
Development of face detection 
Face detectio n abilitie s chang e significantl y betwee n birt h 
and tw o month s o f  age .  W h e n show n movin g schemati c face s 

i n th e visua l  periphery ,  newborn s an d on e mont h old s wil l 
follo w the m iiirthe r  tha n othe r  simila r  pattern s (Gore n e t  al. , 
1975 ;  Johnso n e t  al. ,  1991 ;  se e exampl e schematic s i n fig-
ur e 5a-d) .  Olde r  infant s d o no t  sho w a  periphera l  schemati c 
fac e preferenc e (Johnso n e t  al. ,  1991 )  bu t  betwee n on e an d 
tw o month s the y begi n t o respon d t o facia l  feature s i n centra l 
visio n (Maure r  &  Barrera ,  1981) . 

Previou s model s invok e separat e visua l  processin g mech -
anism s fo r  thes e newbor n an d late r  fac e preferences .  Fo r 
instance ,  Johnso n an d Morto n (1991 )  propose d tha t  infant s 
ar e b o m wit h a  simpl e subcortica l  syste m the y terme d C O N -
S P E C.  C O N S P EC serve s onl y t o detec t  an d direc t  attentio n 
t o face-lik e pattern s i n th e periphery ,  perhap s usin g a  sim -
pl e three-do t  templat e (tw o dot s fo r  th e eye s an d a  thir d fo r 
th e nos e an d mouth) .  A  separat e cortica l  syste m C O N L E RN 
woul d begi n t o contro l  behavio r  afle r  on e month ,  an d woul d 
graduall y develo p mor e sophisticate d fac e processin g throug h 
leamin g i n centra l  vision . 

However ,  th e C O N S P E C / C O N L E RN mode l  doe s no t  ac -
coun t  fo r  neonata l  fac e leaming .  Fo r  instance ,  a n infan t  onl y 
a fe w day s ol d wil l  prefe r  t o loo k a t  it s mother' s face ,  relativ e 
t o th e fac e o f  a  strange r  (Pascali s e t  al. ,  1995) .  Thi s mothe r 
preferenc e ha s bee n though t  t o involv e th e extema l  outlin e o f 
th e fac e only ,  i n contras t  t o th e interna l  facia l  featur e leam -
in g o f  C O N L E R N,  becaus e th e preferenc e disappear s w h e n 
intema l  feature s ar e maske d (Pascali s e t  al. ,  1995) . 

Accordingly ,  Johnso n an d Morto n (1991 )  an d subsequen t 
author s hav e propose d extendin g th e C O N S P E C / C O N L E RN 
model  t o includ e face-outlin e leamin g i n C O N S P E C,  o r  a 
third ,  separat e subsyste m fo r  leamin g fac e outline s a t  birt h 
(d e Schonen ,  Mancini ,  &  Leigeois ,  1998 ;  Simio n e t  al. , 
1998) .  However ,  recen t  studie s sugges t  tha t  newborn s ca n 
als o lea m intema l  feature s (Slater ,  Bremner ,  Johnson ,  Sher -
wood,  Hayes ,  &  Brown ,  2000) .  Suc h leamin g coul d requir e a 
fourt h subsystem ,  lik e C O N L E RN bu t  fo r  th e peripher y an d 
operationa l  a t  birth .  ( C O N L E R N itsel f  canno t  explai n new -
b o m leamin g o f  intema l  features ,  becaus e wer e i t  presen t  a t 
birth ,  i t  woul d n o longe r  explai n th e shif t  from  periphera l  t o 
centra l  fac e preference s afte r  on e month. ) 

We wil l  sho w tha t  suc h increasingl y comple x model s ar e 
unnecessary .  A  single ,  C O N L E R N - l i k e syste m processin g 
th e entir e visua l  field  i s sufficien t  t o explai n th e experimen -
ta l  data ,  i f  C O N S P EC i s replace d b y a  syste m tha t  generate s 
trainin g pattem s befor e birth .  W e hav e previousl y show n tha t 
a syste m traine d o n suc h spontaneou s activit y ca n accoun t  fo r 
th e measure d fac e preference s o f  n e w b o m s (Bednar ,  2002 ; 
Bedna r  &  Miikkulainen ,  2000) .  Th e 3  hypothese s o f  th e 
presen t  pape r  ar e that :  (1 )  network s traine d o n spontaneou s 
activit y lea m mor e robustl y afte r  birth ,  compare d t o system s 
expose d onl y t o environmenta l  stimuli ,  (2 )  th e declin e i n re -
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Figur e I :  H L I S S O M mode l  o f  fac e detection .  Th e mode l  i s a 
hierarch y o f  sheet s o f  neura l  units ,  modelin g th e infan t  visua l  path -
way.  Th e mode l  Icam s i n tw o phases ,  eac h drive n b y inpu t  from 
a differen t  source .  Durin g prenata l  learnin g (a) ,  activit y originate s 
internall y i n A e P G O patter n generator .  I n postnata l  learnin g (6) , 
visua l  image s ar e draw n o n th e photorecepto r  sheet .  Fo r  eithe r  typ e 
of  input ,  tiiiie  L G N i s strongl y activate d b y high-contras t  edge s an d 
borders .  Th e FS A i s activate d b y th e strongl y respondin g unit s i n 
th e L G N ,  an d activit y the n spread s laterall y withi n th e FSA .  F S A 
weight s ar e adapte d whe n th e activit y settles .  Th e FS A weight s ar e 
initiall y  unifor m an d unselcctive ,  bu t  throug h self-organizatio n the y 
become selectiv e fo r  facelik e pattern s a t  th e correspondin g locatio n 
on d> e retina.  Thei r  response  i s the n informatio n tha t  a n organis m 
can us e directl y  t o contro l  behavior s lik e visua l  fixation . 
sponse to schematic patterns after one month results from 
learnin g o f  rea l  fiace s an d thei r  outlines ,  no t  fro m a  shif t  t o 
a separat e system ,  an d (3 )  learnin g o f  bot h facia l  feature s an d 
outline s ca n explai n th e developmen t  o f  a  mothe r  preference , 
includin g w h y i t  disappear s w h e n th e outlin e i s masked .  Eac h 
o f  thes e hypothese s wil l  b e teste d i n a  computationa l  exper -
imen t  wit h th e H L I S S O M model .  Togethe r  th e experiment s 
wil l  sho w tha t  infan t  fac e learnin g an d fac e preference s ca n 
be explaine d b y a  single ,  general-purpos e learnin g system , 
whic h learn s fro m bot h internall y generate d pattern s o f  activ -
it y an d fi-om  th e visua l  environment . 

HLISSOM Model 

Th e architectur e fo r  th e H L I S S O M mode l  i s  show n i n fig -
ur e 1 ,  an d wil l  b e briefl y reviewe d below .  (Fo r  mor e details , 
see Bednar ,  2002. )  Th e mode l  consist s o f  a  hierarch y o f  two -
dimensiona l  sheet s o f  neura l  unit s modelin g differen t  area s 
o f  th e nervou s system :  tw o sheet s o f  inpu t  unit s (th e retina l 
photoreceptor s an d th e ponto-geniculo-occipita l  ( P G O )  pat -
ter n generator ,  describe d unde r  Prenata l  learnin g below) ,  tw o 
sheet s o f  L G N unit s (ON-cente r  an d OFF-center) ,  an d a  shee t 
o f  cortica l  unit s ("neurons" )  representin g a  high-leve l  area , 
th e face-selectiv e are a (FSA)' .  Eac h F S A neuro n correspond s 
t o a  vertica l  colum n o f  cell s throug h th e si x anatomica l  layer s 
o f  th e cortex . 

'Th e F S A represent s th e firs t  region  i n th e ventra l  processin g 
pathwa y tha t  ha s receptiv e field s spannin g approximatel y 45 °  o f  vi -
sual  arc ,  i.e .  larg e enoug h t o spa n a  huma n fac e a t  clos e range .  Ar -
eas V 4 v an d L O ar e likel y FS A candidate s base d o n adul t  pattem s 
of  connectivity ,  bu t  th e infan t  connectivit y pattem s ar e no t  know n 
(Rolls ,  1990) .  Th e generi c ter m "face-selectiv e area "  i s use d rather 
tha n V 4 v o r  L O t o emphasiz e tha t  th e mode l  result s d o no t  depen d o n 
th e region's  precis e locatio n o r  architecture ,  onl y o n th e fac t  tha t  th e 
regio n ha s receptiv e fields  larg e enoug h t o allo w face-selectiv e re -
sponses .  Cortica l  area s betwee n th e L G N an d th e F S A hav e bee n by -
passe d fo r  simplicity ;  se e Bedna r  (2002 )  fo r  a  mor e comple x mode l 
mcludin g th e primar y visua l  corte x (Vl) . 

Th e inpu t  t o th e mode l  i s a n activit y patter n o n a  shee t  o f 
photoreceptor s o r  th e P G O generato r  (se e example s i n fig -
ur e 1) .  Eac h cel l  (i,j )  i n th e O N -  an d OFF-cente r  layer s 
of  th e L G N compute s it s respons e rji j  a s a  scala r  produc t  o f 
a fixe d weigh t  vecto r  an d it s  receptiv e field s o n eac h inpu t 
sheet :  /  \ 

% =  < ^  [ U p a b lpXpabVlij,pab )  ,  (1 ) 

where (T is a piecewisc linear sigmoid activation function, p 
specifie s th e inpu t  shee t  (cithe r  photoreceptor s o r  P G O ) ,  7 ^ 
i s a  constan t  scalin g factor ,  Xpa b i s th e activatio n o f  inpu t 
uni t  (a ,  b )  o n shee t  p ,  an d tuy.pa b i s th e correspondin g weigh t 
value .  Th e lowe r  boun d 8  o f  th e sigmoi d act s a s a n activatio n 
threshold ;  ther e i s n o respons e fo r  activatio n belo w 6 .  Eac h 
F SA neuro n compute s it s initia l  respons e lik e tha t  o f  a n L G N 
cell ,  excep t  tha t  p  i s eithe r  th e O N o r  O F F L G N laye r  Afle r 
th e initia l  response ,  th e F S A activit y evolve s throug h short -
rang e excitator y an d long-rang e inhibitor y latera l  interaction : 

T)ij{t) = a (X)p„j, -ypXpabit - \)Wij,pab) , (2) 

where p specifies the weight type (either ON channel afferent, 
O FF channe l  afferent ,  latera l  excitatory ,  o r  latera l  inhibitory) , 
7p i s a  constan t  scalin g facto r  fo r  eac h weigh t  typ e (negativ e 
fo r  inhibitor y latera l  weights) ,  an d Xpab{ t  -  1 )  i s th e activa -
tio n o f  targe t  uni t  (a ,  b )  durin g th e previou s tim e step .  Th e 
F SA activit y patter n start s ou t  diffuse ,  bu t  withi n a  fe w iter -
ation s o f  equatio n 2 ,  converge s int o a  smal l  numbe r  o f  stabl e 
focuse d patche s o f  activity ,  o r  activit y bubble s (a s i n figure  1). 
Afte r  th e activit y ha s settled ,  th e connectio n weight s o f  eac h 
F S A neuro n ar e modified .  Al l  F S A weight s adap t  accordin g 
t o th e H e b b rule ,  normalize d s o tha t  th e s u m o f  th e weight s 
of  eac h typ e p  i s constan t  fo r  eac h neuro n {i,j) : 

Wij,pab{ t  +  A t )  = 
_ îj.pabjt )  +  CkpT)ijXpa b 

E a 6 [•<JJii,pab{t )  +  OpTJijXpab] ' 
(3 ) 

wher e rji j  stand s fo r  th e activit y o f  neuro n (i ,  j )  i n th e fi-
nal  activit y bubble ,  Wiĵ pa b i s th e connectio n weight ,  q  i s th e 
learnin g rat e fo r  eac h typ e o f  coimection ,  an d Xpa b i s th e 
presynapti c activity .  Th e large r  th e produc t  o f  th e pre -  an d 
jjost-synapti c activit y rjijXpab ,  th e large r  th e weigh t  change . 

For  thes e experiments ,  a  pai r  o f  7 4 x  7 4 ON-cente r  an d 
OFF-cente r  cel l  layer s receive d inpu t  fro m a  17 0 x  17 0 pho -
torecepto r  shee t  an d a n 8 5 X  8 5 P G O sheet .  Eac h O N / O F F 
cel l  ha d a  fixed  Differenc e o f  Gaussian s receptiv e field  (RF ) 
withi n th e photorecepto r  arra y (cente r  a  =  0.75 ,  surroun d 
(T =  L 2 ) .  Th e 2 4 x  2 4 F S A neuron s eac h ha d a  circula r 
afferen t  receptiv e field  o f  siz e 25 ,  centere d o n th e locatio n 
i n th e centra l  2 4 x  2 4 portio n o f  th e O N / O F F cel l  laye r  cor -
respondin g th e neuron' s locatio n i n th e F S A .  Thi s mappin g 
ensure s tha t  ever y neuro n ha s a  complet e se t  o f  circula r  af -
feren t  connections .  Initially ,  th e afferen t  an d latera l  weight s 
i n th e F S A ha d a  smoot h circula r  Gaussia n profile ,  an d al l 
weight s o f  eac h typ e wer e identical .  Othe r  parameter s wer e 
fro m Bedna r  an d Miikkulaine n (2000) ,  scale d fo r  thi s corte x 
siz e usin g th e equation s fro m Bedna r  (2002) . 

Prenatal learning 

Th e simulation s i n thi s pape r  focu s o n postnata l  learning , 
but  the y continu e fro m ou r  earlie r  result s o n prenata l  learn -
in g (Bedna r  &  Miikkulainen ,  2000) ,  whic h w e summariz e 

108 



(a )  Prenata l  l y  traine d networ k (b )  Naiv e networ k 

Figur e 2 :  Startin g point s fo r  postnata l  learning .  Thes e plot s 
sho w th e RF s fo r  ever y thir d neuro n from  th e 2 4 x  2 4 arra y o f  neu -
ron s i n th e FSA .  Fo r  th e prenatall y traine d networ k (a) ,  th e RF s 
wer e visualize d b y subtractin g th e O F F weight s from tiie  O N .  Th e 
resul t  i s  a  plo t  o f  th e retina l  stimulu s tha t  woul d mos t  excit e tha t 
neuron .  Lik e C O N S P E C,  th e prenatall y traine d networ k consist s o f 
an arra y o f  roughl y fecelike  RFs .  I n contrast ,  th e neuron s i n th e 
naiv e networ k ar e mitiall y  uniforml y Gaussian .  Th e O N an d O F F 
weight s wer e identical ,  s o onl y tfie  O N weight s ar e show n i n (fc) . 
Late r  figure s wil l  compar e th e postnata l  leamm g o f  eac h networic . 

here .  W e hypothesiz e tha t  befor e birth ,  trainin g pattern s aris e 
from  ponto-geniculo-occipita l  ( P G O )  wave s generate d dur -
in g rapid-eye-movcmen t  ( R E M )  sleep .  Developin g embryo s 
spen d a  larg e percentag e o f  thei r  tim e i n a  precurso r  o f  R E M 
sleep ,  whic h suggest s tha t  thi s stat e ha s a  majo r  rol e i n de -
velopmen t  (Roffwarg ,  Muzio ,  &  Dement ,  1966) .  Durin g an d 
jus t  befor e R E M sleep ,  P G O wave s originat e i n th e brai n ste m 
and trave l  t o th e L G N ,  visua l  cortex ,  an d m a n y othe r  brai n ar -
eas (se e Callaway ,  Lydic ,  Baghdoyan ,  &  Hobson ,  198 7 fo r  a 
review) .  P G O wave s ar e strongl y correlate d wit h ey e move -
ment s an d wit h vivi d visua l  imager y i n dreams ,  suggestin g 
tha t  the y activat e th e visua l  syste m a s i f  the y wer e visua l 
input s (Marks ,  Shaffery ,  Oksenberg ,  Speciale ,  &  Roi!\varg , 
1995) .  P G O wave s elici t  differen t  distribution s o f  activit y 
i n differen t  species ,  an d interruptin g the m ha s bee n show n 
t o increas e th e influenc e o f  th e environmen t  o n developmen t 
(Mark s etal. ,  1995) . 

Al l  o f  thes e characteristic s sugges t  tha t  P G O wave s m a y b e 
providin g species-specifi c  trainin g pattern s fo r  developmen t 
(se e Bednar ,  200 2 fo r  mor e details) .  However ,  du e t o limita -
tion s i n experimenta l  imagin g equipmen t  an d techniques ,  th e 
spatia l  shap e o f  th e P G O wav e activit y pattern s ha s no t  ye t 
bee n measured .  Base d o n th e C O N S P EC model ,  w e chos e 
th e three-do t  pattern s illustrate d i n th e P G O are a o f  figyr e la . 
Othe r  pattern s ar e als o possible ,  an d wil l  provid e greate r  o r 
lesse r  fac e selectivit y (Bednar ,  2002) . 

As describe d i n previou s wor k (Bedna r  &  Miikkulainen , 
2000) ,  F S A neuron s expose d t o prenata l  pattern s develope d 
receptiv e field s (RFs )  preferrin g upright ,  triangula r  arrange -
ment s o f  thre e dot s (figur e 2a) .  Th e resultin g m a p respond s 
t o mos t  frontal  fac e images ,  an d no t  t o mos t  object s o r  back -
grounds .  A t  thi s stage ,  th e traine d m a p ca n b e considere d a n 
implementatio n o f  C O N S P E C,  excep t  tha t  i t  wa s constructe d 
by learnin g an d wil l  continu e t o lear n afte r  birth . 

To determin e whethe r  th e prenata l  trainin g biase s subse -
quen t  learnin g (hypothesi s 1  above) ,  w e als o simulate d a  con -
tro l  conditio n calle d th e naiv e network .  Th e naiv e networ k 

Figur e 3 :  Sampl e postnata l  learnin g iterations .  Th e to p ro w 
shows si x randornl y generate d image s draw n o n th e retina l  photore -
ceptor s a t  differen t  iterations .  Eac h imag e contain s a  foregroun d 
ite m chose n randoml y from a  se t  o f  thre e me n an d tiiree  w o m e n 
(adapte d from  Rowle y e t  al. ,  1998 )  an d si x objec t  image s (fio m pub -
li c domai n cli p ar t  collections) .  Eac h foregroun d ite m wa s overlai d 
ont o a  rando m portio n o f  a n imag e fro m a  databas e o f  5 8 natura l 
scene s (Nationa l  Par k Service ,  1995) ,  a t  a  rando m locatio n an d a t  a 
nearl y vertica l  orientatio n (draw n fro m a  norma l  distributio n aroun d 
vertical ,  wit h a  =  7r/36) .  Th e secon d ro w show s th e L G N response 
t o eac h o f  thes e sampl e patterns ,  visualize d b y subtractin g th e O F F 
cel l  response s from  th e O N cel l  responses.  Dar k area s indicat e hig h 
O FF cel l  response ,  ligh t  indicat e hig h O N cel l  response ,  an d mediu m 
gra y indicate s n o response.  Th e botto m ro w show s di e prenatall y 
traine d F S A response  t o eac h pattern ,  a t  th e star t  o f  postnata l  train -
ing .  Fo r  th e FSA ,  onl y neuron s wit h complet e receptive  field s (thos e 
i n th e unshade d inne r  box )  wer e simulated ,  becaus e thos e i n th e gra y 
are a woul d hav e RF s cu t  oflFb y th e edg e o f  th e retina .  Th e gra y are a 
shows th e FS A are a tha t  correspond s t o th e sam e portio n o f  tfie  vi -
sual  fiel d a s i n th e L G N an d retin a plots ,  t o fecilitate  comparison . 
The F S A respond s t o group s o f  dar k spot s o n th e retina ,  suc h a s th e 
eye s an d mouth s i n (b-cf )  an d th e horse' s marking s i n (d) ;  th e loca -
tio n o f  th e FS A activit y correspond s t o th e positio n o f  th e grou p o f 
retina l  pattern s tha t  cause d th e response . 
i s s o calle d becaus e i t  model s neuron s tha t  hav e no t  ha d ex -
perienc e wit h coheren t  activit y pattern s unti l  afte r  birth .  S o 
tha t  th e naiv e an d prenatall y organize d network s woul d matc h 
on a s m a n y parameter s a s possible ,  w e constructe d th e naiv e 
networ k from  th e prenatall y traine d networ k pos t  ho c b y ex -
plicitl y  resettin g afferen t  receptiv e field s t o thei r  uniform -
Gaussia n startin g poin t  (figur e 2b) .  Thi s procedur e remove d 
th e prenatall y develope d fac e selectivity ,  bu t  kep t  th e latera l 
weight s an d al l  o f  th e associate d parameter s th e same .  Th e 
activatio n threshol d 6  fo r  th e naiv e F S A networ k wa s the n ad -
juste d s o tha t  fo r  a  give n trainin g patter n bot h network s woul d 
hav e simila r  activatio n levels ;  otherwis e th e parameter s wer e 
th e sam e fo r  eac h network .  Thi s procedur e ensure s tha t  th e 
compariso n betwee n th e tw o network s wil l  b e a s fai r  a s pos -
sible ,  becaus e beside s th e threshold s th e network s diffe r  onl y 
by whethe r  th e neuron s hav e face-selectiv e weight s a t  birth . 

Postnatal testing and learning 

The postnatal learning experiments reported in this paper sim-
ulat e gradua l  learnin g o f  specifi c  individual s an d object s see n 
agains t  a  variet y o f  differen t  backgroimds .  Figur e 3  show s 
sample s o f  th e image s w e use d an d describe s h o w the y wer e 
generated .  Th e prenatall y traine d an d naiv e network s wer e 
eac h expose d t o di e sam e pseudorando m sequenc e o f  30,00 0 
of  thes e images . 

109 



(a )  Prenatall y traine d networ k 
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(c )  Snapshot s o f  typica l  prenatall y traine d R F 
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{d )  Snapshot s o f  naiv e networ k R F 

Figure 4: PrenaUl patterns bias postnatal learning in the FSA. 
Plot s (a )  an d (6 )  sho w th e final  RF s fo r  ever y thir d neuro n from  th e 
24 X  2 4 arra y o f  neuron s i n th e FSA ,  visualize d a s i n figure  2a . 
As th e prenatall y traine d networ k Icam s fro m rea l  images ,  th e RF s 
morp h s m o o ^ y int o prototypes ,  i.e .  representation s o f  aveiag c fa -
cia l  feature s an d hai r  outline s (c) .  B y postnata l  iteratio n 30,000 , 
nearl y al l  neuron s hav e learne d fiace-Uk e RFs ,  wit h ver y littl e ef -
fec t  from  th e backgroun d pattern s o r  non-fiic e object s (a) .  Postnata l 
learnin g i s  les s unifor m fo r  th e naiv e network ,  a s ca n b e see n i n 
th e R F snapshot s i n (</) •  I n th e end ,  man y o f  th e naiv e neuron s d o 
Ica m face-Uk e RFs ,  bu t  other s becom e selectiv e fo r  genera l  textur e 
patterns ,  an d som e becom e selectiv e fo r  object s lik e th e cloc k (b) . 
Overall ,  th e prraatall y traine d networ k i s biase d toward s learnin g 
feces,  whil e ftc  initiall y  unifoi m networi c mor e faithftill y  represents 
dt e environment .  Thu s prenata l  learnin g ca n allo w th e genom e t o 
guid e developmen t  i n a  biologicall y relevant  direction . 

At  th e beginnin g o f  th e postnata l  phase ,  an d a t  interval s 
throughout ,  w e teste d th e networ k usin g schemati c image s 
previousl y teste d wit h newborns ,  an d wit h photograph s o f 
faces .  I n orde r  t o compar e th e neura l  activit y i n th e mode l  t o 
babies '  attentiona l  preferences ,  w e assum e tha t  newborn s pa y 
m o r e attentio n t o th e stimul i  tha t  ar e mos t  effectiv e a t  activat -
in g thei r  visua l  processin g system ,  focusin g o n th e highes t 
leve l  activated .  Pattern s activatin g th e F S A wil l  b e preferre d 
ove r  thos e activatin g onl y lowe r  areas ,  an d pattern s tha t  bot h 
activat e th e F S A wil l  b e ranke d b y thei r  F S A activity .  W e 
quantif y thes e comparison s b y presentin g eac h stimulu s 2 S 
time s a t  differen t  retina l  locations ,  an d averagin g th e s u m 
o f  th e F S A activity .  A s i n th e psychologica l  studie s w e ar e 
modeling ,  difference s betwee n pattern s wil l  b e teste d wit h 
th e two-taile d Student's  t-test ,  treatin g p  value s belo w 0.0 5 a s 
significant . 

R e s u l t s 

Exper imen t  1 :  Bia s f ro m prenata l  learnin g 

Figur e 4  show s tha t  wit h postnata l  exposur e t o rea l  images , 
bot h th e naiv e an d prenatall y traine d network s develo p R F s 
tha t  ar e average s (i.e .  prototypes )  o f  face s an d hai r  outlines . 
R Fs i n th e prenatall y traine d networ k smoothl y increas e i n 

(6 )  Naiv e networ k 

(« )  ib ) 

Figur e S :  Declin e i n respons e t o schemati c faces .  Befor e postna -
ta l  training ,  th e prenatall y traine d F S A (thir d ro w fro m top )  respond s 
significantl y mor e t o th e facelik e stimulu s (o )  tha n t o th e threê do t 
stimulu s (b ;  p  =  0.05 )  o r  th e scramble d face s (c-d ;  p  =  10"*) . 
Assumin g tha t  infant e atten d mos t  strongl y t o th e stimul i  tha t  caus e 
th e greates t  neura l  response,  thes e responses  replicat e th e schemati c 
fac e preference s foun d b y Johnso n an d Morto n (1991 )  i n infant e u p 
t o on e mont h o f  age .  Som e o f  th e Johnso n &  Morton ,  199 1 expcr -
iment e foun d n o significan t  differenc e betwee n (a )  an d (6) ,  whic h 
i s unsurprisin g give n tha t  the y ar e onl y barel y significantl y differen t 
here .  A s th e F S A neuron s Ica m fro m rea l  feces  postnatally ,  the y re-
spon d les s an d les s t o schemati c feces.  Th e botto m ro w show s th e 
F SA response  afte r  100 0 postnata l  iterations .  Th e F S A no w rarel y 
responds  t o (a )  an d (b) ,  an d th e averag e differenc e betwee n the m 
i s n o longe r  significan t  ( p =  0.25) .  Thu s n o preferenc e woul d b e 
expecte d fo r  th e facehk e schemati c afte r  posmata l  learning ,  whic h 
i s wha t  Johnso n an d Morto n (1991 )  foun d fo r  olde r  infants ,  i.e .  6 
weeks t o 5  month s old .  Th e respons e t o rea l  face s als o decrease s 
slightl y throug h learning ,  bu t  t o a  muc h lesse r  exten t  (e-/) .  Th e 
response  t o rea l  feces  decline s becaus e th e newl y learne d averag e 
fece  an d hai r  outlin e RF s ar e a  weake r  matc h t o an y particula r  hc c 
tha n wer e th e origina l  thre e do t  RFs .  Tha t  is ,  th e externa l  feature s 
var y mor e betwee n individual s tha n d o th e interna l  feanires ,  an d 
thu s thei r  averag e i s no t  a  clos e matc h t o an y particula r  fece.  Eve n 
so ,  ther e i s onl y a  comparativel y smal l  decreas e i n respons e t o rea l 
faces ,  becaus e real  face s ar e stil l  mor e simila r  t o eac h othe r  tha n t o 
th e schemati c feces.  Thu s H L I S S O M predict e tha t  olde r  infent e wil l 
stil l  sho w a  fac e preferenc e i f  teste d wit h more-realisti c  stimuli ,  suc h 
as photographs . 

fac e selectivity ,  an d eventuall y nearl y al l  b e c o m e highl y se -
lectiv e fo r  face s (figur e 4b) .  Postnata l  self-organizatio n i n th e 
naiv e networ k i s les s regular ,  an d th e final  resul t  i s  les s fac e 
selective .  Thu s prenata l  trainin g biase s posmata l  learnin g to -
ward s biologicall y relevan t  stimuli ,  i.e .  face s (hypothesi s 1) . 

Experiment 2: Decline in response to schematics 

Figur e 5  show s tha t  th e H L I S S O M mode l  replicate s th e dis -
appearanc e o f  periphera l  schemati c fac e preference s afte r  on e 
m o n t h (hypothesi s 2 ;  Johnso n e t  al. ,  1991) .  I n H L I S S O M , 
th e decreas e result s fro m th e afferen t  weigh t  normalizatio n 
(equatio n 3) .  A s th e F S A neuron s i n H L I S S O M lear n th e hai r 
an d fac e outline s typicall y associate d wit h rea l  faces ,  th e con -
nection s t o th e interna l  feature s necessaril y  becom e weaker . 
Unlik e rea l  faces ,  th e facelik e schemati c pattern s matc h onl y 
o n thes e interna l  features ,  no t  th e outlines .  A s a  result ,  th e re -
spons e t o schemati c facelik e pattern s decrease s a s rea l  face s 
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ar e learned .  Eventually ,  th e respons e t o th e schemati c pat -
tern s approache s an d drop s belo w th e fixed  activatio n thresh -
ol d S .  A t  tha t  point ,  th e mode l  respons e i s n o longe r  highe r 
fo r  schemati c face s (becaus e ther e i s n o F S A response ,  an d 
VI  response s ar e similar) .  I n a  sense ,  th e F S A ha s learne d 
tha t  rea l  face s typicall y hav e bot h inne r  an d oute r  features , 
and doe s no t  respon d whe n eithe r  typ e o f  featur e i s absen t  o r 
a poo r  matc h t o rea l  faces . 

Yet  th e F S A neuron s continu e t o respon d t o rea l  face s (a s 
oppose d t o schematics )  throughou t  postnata l  learnin g (fig -
ur e 5e-J) .  Thu s th e mode l  provide s a  clea r  predictio n tha t  th e 
declin e i n periphera l  fac e preference s i s limite d t o schemat -
ics ,  an d tha t  i f  infant s ar e teste d wit h sufficientl y realisti c  fac e 
stimuli ,  n o declin e i n preference s wil l  b e found . 

Experiment 3: Mother preferences 

Figur e 6a- b show s tha t  whe n on e fac e (i.e .  th e mother )  ap -
pear s mos t  often ,  th e F S A respons e t o tha t  fac e become s 
stronge r  tha n t o a  simila r  stranger .  Thi s resu h replicate s th e 
mothe r  preferenc e foun d i n infant s a  fe w day s ol d (hypothe -
si s 3 ;  Bushnell ,  2001 ;  Pascali s  e t  al ,  1995) .  Interestingly ,  fig-
ur e 6c-< /  show s tha t  th e mothe r  preferenc e disappear s whe n 
th e hai r  outlin e i s masked ,  whic h i s consisten t  wit h Pascali s 
et  al.' s  clai m tha t  newborn s lear n outline s only .  However , 
Pascali s e t  al .  (1995 )  di d no t  tes t  th e crucia l  convers e condi -
tion ,  i.e .  whethe r  newborn s respon d whe n th e facia l  feature s 
ar e masked ,  leavin g onl y th e outlines .  Figur e 6(e-f )  show s 
tha t  ther e i s n o respons e t o th e hea d an d hai r  outlin e alon e 
either ,  an d thu s tha t  thi s fac e learnin g i s clearl y no t  outline -
only . 

I n th e model ,  th e decrease d respons e wit h eithe r  typ e o f 
maskin g result s fro m holisti c learnin g o f  al l  o f  th e feature s 
typicall y presen t  i n rea l  faces .  A s rea l  face s ar e learned ,  th e 
afferen t  weigh t  normalizatio n ensure s tha t  neuron s respon d 
onl y t o pattern s tha t  ar e a  goo d overal l  matc h t o al l  o f  th e 
weights ,  no t  simpl y matchin g o n a  fe w features .  M a n y au -
thor s hav e argue d tha t  adult s als o lear n face s holisticall y (e.g . 
Fara h e t  al. ,  1998) .  Thes e result s sugges t  tha t  newborn s m a y 
lear n face s i n th e sam e way ,  an d predic t  tha t  newborn s wil l 
no prefe r  thei r  mothe r  whe n he r  hai r  outlin e i s visibl e bu t  he r 
facia l  feature s ar e masked . 

Discussion and future work 

The H L I S S O M simulation s sho w tha t  internall y generate d 
pattern s an d a  self-organizin g syste m ca n togethe r  accoun t 
fo r  newbor n fac e preferences ,  neonata l  fac e learning ,  an d 
longe r  ter m developmen t  o f  fac e detection .  Th e result s sug -
ges t  simpl e bu t  nove l  explanation s fo r  w h y newbor n learnin g 
appear s t o depen d o n th e fac e outline ,  an d w h y th e respons e t o 
schemati c face s decrease s ove r  time .  Thes e explanation s lea d 
t o concret e prediction s fo r  futur e infan t  experiments .  Ove r 
th e first  tw o month s th e respons e t o rea l  face s i n th e periph -
er y shoul d continu e eve n a s respons e t o schematic s dimin -
ishes ,  an d th e mothe r  preferenc e o f  newborn s shoul d disap -
pear  whe n th e facia l  feature s ar e masked .  Th e result s als o 
sho w tha t  internall y generate d pattern s allo w th e genom e t o 
stee r  developmen t  toward s biologicall y relevan t  processing , 
makin g learnin g o f  mor e sophisticate d abilitie s quicke r  an d 
mor e robust . 

The result s abov e d o no t  addres s on e interestin g phe -
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Figur e 6 :  Mothe r  preference s depen d o n bot h interna l  an d ex -
terna l  features .  Initially ,  th e prenatall y traine d F S A respond s wel l 
t o bot h wome n abov e (a-b ;  fsa-o) ,  wit h n o significan t  differenc e 
( p =  0.28) .  Th e respons e i s primaril y  du e t o th e interna l  ̂ ia l 
features  {c-d ;  fsa-o) ,  althoug h ther e ar e som e spuriou s three-do t  re -
qjonse s du e t o alignmen t  o f  th e hai r  wit h th e eye s (a-b ;  to p o f  fsa -
o) .  Designatin g imag e (a )  a s th e mother ,  w e presente d i t  i n 2 5 % o f 
th e postnata l  learnin g iterations .  (Thi s rati o i s take n fro m Bushnell , 
2001 ,  wh o foun d tha t  newborn s loo k a t  thei r  mother' s fece  fo r  a n av -
erag e o f  abou t  one-fouxt h thei r  tim e awak e ove r  th e firs t  fe w days. ) 
Imag e (b) ,  th e stranger ,  wa s no t  presente d a t  al l  durin g training .  Af -
te r  50 0 postnata l  iterations ,  th e respons e t o th e mothe r  i s signifi -
cantl y greate r  tha n t o fac e (6 )  ( p =  0.001) .  Thi s resu h replicate s th e 
mothe r  preferenc e foun d b y Pascali s  e t  al .  (1995 )  i n in&nt s 3- 9 day s 
old .  Th e sam e result s ar e foun d i n th e counterbalancin g conditio n 
— whe n traine d o n fece  (fc )  a s th e mother ,  (b )  become s preferre d 
( p =  0.002 ;  no t  shown) .  Afte r  trainin g wit h rea l  faces ,  ther e i s n o 
longe r  an y FS A respons e t o th e facia l  feature s alon e (c-d) ,  whic h 
replicate s Pascali s e t  al.' s  (1995 )  finding  tha t  newborn s n o longe r 
preferre d thei r  mothe r  whe n he r  fac e outlin e wa s covered .  Ye t  con -
tr a Pascali s e t  al .  (1995) ,  w e canno t  conclud e tha t  wha t  ha s bee n 
learne d "ha s t o d o wit h th e oute r  rathe r  tha n th e inne r  feature s o f  th e 
face" ,  becaus e n o preferenc e i s foun d fo r  th e fac e outlin e alon e ei -
the r  (e-f) .  Thu s fac e learnin g i n H L I S S O M i s holistic .  Fac e learnin g 
i n adult s i s als o though t  t o b e holisti c (Fara h e t  al ,  1998) ,  an d thes e 
result s sho w tha t  w e d o no t  nee d t o assum e tha t  newborn s ar e usin g 
a differen t  typ e o f  fece  learnin g tha n adults . 

nomenon :  i n centra l  vision ,  preferenc e fo r  schemati c face s 
i s no t  measurabl e unti l  2  month s o f  ag e (Maure r  &  Barrera , 
1981) ,  an d i s gon e b y 5  month s (Johnso n e t  al. ,  1991) .  Thi s 
tim e cours e i s delaye d relativ e t o periphera l  vision ,  wher e 
preference s ar e presen t  a t  birt h bu t  disappea r  b y 2  months . 

Johnso n an d Morto n (1991 )  originall y propose d tha t  i n th e 
peripher y th e preference s disappea r  becaus e C O N L E RN m a -
ture s an d inhibit s C O N S P E C,  whil e i n centra l  visio n the y 
disappea r  becaus e C O N L E RN learn s propertie s o f  rea l  faces . 
H L I S S O M provide s a  unifie d explanatio n fo r  bot h phenom -
ena :  a  singl e learnin g syste m stop s respondin g t o schemati c 
face s becaus e i t  ha s learne d fro m rea l  faces . 

W h y,  then ,  woul d th e tim e cours e diffe r  betwee n periphera l 
and centra l  vision ? A s Johnso n an d Morto n acknowledged , 
th e retin a change s significantl y ove r  th e firs t  fe w months .  I n 
particular ,  a t  birt h th e fove a i s m u c h les s matur e tha n th e pe -
riphery,  an d m a y no t  eve n b e functiona l  ye t  (Abramov ,  Gor -
don ,  Hendrickson ,  Hainline ,  Dobson ,  &  LaBossiere ,  1982 ; 
Kiorpe s &  Kiper ,  1996) .  Thu s schemati c fac e preference s 
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i n centra l  visio n ma y b e delaye d relativ e t o thos e i n periph -
era l  visio n simpl y becaus e th e fove a mature s later .  A  sin -
gl e cortica l  learnin g syste m lik e H L I S S O M i s thu s sufficien t 
t o accoun t  fo r  th e tim e cours e o f  bot h centra l  an d periphera l 
schemati c fac e preferences . 

The developmen t  o f  th e fove a ma y als o aflFec t  mothe r  pref -
erences .  Consisten t  wit h ou r  results ,  Bartrip ,  Morton ,  an d 
de Schone n (2001 )  foun d tha t  infant s 19-2 5 day s ol d d o no t 
significantl y prefe r  thei r  mother s whe n eithe r  he r  interna l  fea -
ture s o r  externa l  feature s ar e covered .  Interestingly ,  Bartri p 
et  al .  foun d tha t  olde r  infants ,  35-4 0 day s old ,  d o prefe r  thei r 
mother s eve n whe n th e externa l  feature s ar e covered .  Th e 
gradua l  maturatio n o f  th e fove a ma y agai n explai n thes e later -
developin g capabilities .  Unlik e th e periphery ,  th e fove a con -
tain s man y gangli a wit h smal l  RFs ,  an d whic h connec t  t o cor -
tica l  cell s wit h smal l  RFs .  Thes e neuron s ca n lear n smalle r 
region s o f  th e mother' s face ,  an d thei r  response s wil l  allo w 
th e infan t  t o recogniz e th e mothe r  eve n whe n othe r  region s 
of  th e fac e ar e covered .  Thu s simple ,  documente d change s i n 
th e retin a ca n explai n wh y mothe r  preference s woul d diffe r 
ove r  time . 

I n general ,  th e ide a tha t  artificiall y  generate d trainin g pat -
tern s ca n in f  uenc e th e developmen t  o f  learnin g system s i s 
powerful ,  an d coul d b e use d t o construc t  artificia l  system s 
as well .  Simple ,  engineere d trainin g pattern s ca n provid e a n 
initia l  o r  ongoin g bias ,  whil e learnin g algorithm s incorporat e 
th e fii U complexit y o f  th e environment .  Thi s approac h ca n 
allo w mor e comple x adaptiv e system s t o b e designe d an d im -
plemented . 

Conclusion 

A singl e learnin g syste m ca n explai n th e seemingl y comple x 
postnata l  tim e cours e o f  fac e processing ,  i f  tha t  syste m i s ex -
pose d t o internall y generate d patterns .  Initia l  fac e selectivit y 
develop s fro m thes e non-visua l  inputs ,  an d postnata l  experi -
enc e interact s wit h thes e geneti c factor s t o develo p ful l  fac e 
processin g abilities .  Thes e result s provid e clea r  prediction s 
fo r  futur e infan t  experiments ,  an d provid e ne w tool s fo r  con -
structin g comple x artificia l  systems . 
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Abstrac t 

Conditional  promises and threats are speech acts that can 
be use d t o manipulat e th e behavio r  o f  othe r  persons . 
Althoug h reasonin g studie s hav e bee n abl e t o revea l  som e 
peculiaritie s o f  thes e concepts ,  th e explanatio n ha s 
remaine d fragmentaiy .  T o fill  i n thi s g^> ,  a  theoretica l 
analysi s o f  conditiona l  inducement s i s proposed ,  whic h 
integrate s cognitiv e a s wel l  a s emotiona l  aspects .  A n 
experimen t  -  focussin g o n linguistic ,  pragmatic ,  emo -
tional ,  an d deonti c consequence s -  corroborate s th e anal -
ysi s an d show s tha t  person s hav e a  clea r  understandin g o f 
conditiona l  inducements . 

Introduction 

Conditiona l  promise s an d threat s ar e speec h act s 
(Searle ,  1971 )  uttere d b y a  perso n t o manipulat e a n 
addressee' s behavio r  b y settin g u p consequence s o f  hi s 
behavio r  (c f  Conison ,  1997 ;  vo n Wright ,  1962) .  Walk -
in g hom e from  school ,  Henr y m a y mak e th e followin g 
proposa l  t o hi s classmat e Bob : 

(1) "If you lend me your bike, 
the n I  wil l  hel p yo u wit h you r  homework" . 

Bob ca n infe r  fh) m thi s statemen t  tha t  Henr y woul d lik e 
t o borro w hi s bike ,  an d tha t  Henr y believe s tha t  h e (Bob ) 
need s Henry' s help . 

Researc h o n huma n reasonin g usuall y focusse s o n th e 
inferentia l  us e o f  conditiona l  promises/threat s withi n th e 
normativ e framework  o f  propositiona l  logic :  Whic h 
inference s d o peopl e dra w from  conditiona l  arguments ? 
Suppose ,  (2 )  Bo b lend s Henr y hi s bike .  Wha t  follow s 
the n from  (1 )  an d (2) ? Wil l  Henr y hel p Bob ? -  Althoug h 
we canno t  kno w fo r  sur e whic h actio n a  perso n wil l 
actuall y take ,  w e woul d expec t  tha t  Henr y wil l  hel p him , 
or  a t  leas t  w e thin k tha t  h e wil l  hav e to .  Thi s answe r  i s 
logicall y warrante d b y Modu s Ponen s (MP) .  Bu t  wha t 
shoul d b e conclude d from  th e promis e (1) ,  i f  (3 )  Bo b 
doe s no t  len d ou t  hi s bike ? Usually ,  person s answe r  tha t 
Henr y wil l  no t  hel p Bo b either .  Thi s inference ,  however , 
correspond s t o a  logicall y invali d patter n know n a s 
Denia l  o f  th e Anteceden t  (DA) . 

I n general ,  th e vali d M P an d M T {Modu s Tollens )  a s 
wel l  a s th e invali d D A an d A C {Affirmatio n o f  th e Con -
sequent )  ar e draw n mor e frequently from  conditiona l 
promise s an d threat s tha n fro m universa l  conditional s 
(e.g. ,  Fillenbaum ,  1978 ;  Markovit s &  Lesage ,  1990 ; 
Newstead ,  Ellis ,  Evans ,  &  Dennis ,  1997 ;  bu t  se e Evan s 
& Twyman-Musgrove ,  1998 ,  fo r  a  divergin g result) . 

Most  peopl e accep t  th e complementar y conditiona l 
'I f  not-? ,  the n n o ^ Q '  a s followin g from  inducement s o f 
th e for m 'If? ,  the n Q '  (Fillenbaum ,  1978) .  Gei s an d 
Zwick y (1971 )  spea k o f  "invite d inferences "  i n norma l 
linguisti c usage .  Accordingly ,  th e associate d trut h table s 
ofte n reflec t  a n equivalenc e relatio n instea d o f  a n impli -
catio n (Newstea d e t  al. ,  1997) . 

Treatin g conditiona l  inducement s i n thi s w a y enable s 
one t o detec t  effect s o f  differen t  propositiona l  content s 
on reasoning ,  bu t  i t  i s  no t  sufficien t  t o explai n th e under -
lyin g causes .  Wha t  i s th e reaso n fo r  th e D A inferenc e i n 
th e introductor y example ? Furthermore ,  a  simpl e truth -
tabl e analysi s i s muc h to o restricte d t o captur e concep -
tua l  aspect s o f  conditiona l  inducement s beyon d th e if -
the n relation .  W h y ,  fo r  example ,  i s  Henr y oblige d t o 
hel p B o b unde r  certai n circumstances ? H o w wil l  B o b 
reac t  emotionall y i f  Henr y doe s no t  hel p him ? A  detaile d 
theoretica l  analysi s i s presente d t o overcom e thes e limi -
tations .  I t  integrate s severa l  aspect s o n differen t  levels : 
goal s an d incentive s o n th e motivationa l  level ,  formula -
tion s an d inference s o n th e linguisti c  level ,  obligatio n 
and permissio n o n th e deonti c level ,  actio n sequence s o n 
th e pragmati c level ,  an d finally,  affectiv e reaction s o n 
th e emotiona l  level .  Th e multi-leve l  analysi s explain s 
th e phenomen a observe d i n reasonin g studies ;  n e w phe -
nomena ar e predicte d an d experimentall y confirmed . 

Levels of Conditional Inducements 

(1 )  Motivationa l  level :  Th e basi c leve l  o f  analysi s con -
cern s th e motivationa l  situatio n i n whic h a  perso n utter s 
an inducement .  I t  i s  determine d b y expectations ,  goal s 
and incentives .  Th e speake r  (S )  want s a n addresse e (A ) 
t o sho w a  certai n goa/-behavio r  (i.e. ,  t o perfor m a  cer -
tai n actio n o r  t o refrai n from  performin g a n action )  wit h 
a positiv e valu e fo r  himself ,  th e speake r  (S+ :  Behaviory^) . 
I n th e introductor y example ,  i t  wa s Henr y w h o wante d 
B ob t o len d hi m hi s bike .  Henr y mus t  expec t  tha t  th e 
addresse e i s no t  willin g t o sho w thi s behavio r  voluntar -
ily ,  otherwis e a n inducemen t  woul d no t  b e necessary . 
Thus ,  th e speake r  ha s t o induc e a  behaviora l  change : 

Expected behavior {grey boxes) S-: -iBehavior^ 

i 
Goal  o f  th e speaker s S+ :  Behavio r  y, , 

This change can be motivated in two ways: First, the 
speake r  m a y promis e t o rewar d th e desire d goa l  behav -
io r  S + wit h a  positiv e consequenc e fo r  th e addresse e 
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(* » A + :  Rewards) .  Believin g tha t  Bo b need s hel p wit h 
hi s homework .  Henr y m a y promis e t o hel p hi m (A+ )  i f 
B ob lend s hi m hi s bik e (S+) .  Th e rewar d shoul d b e 
unde r  th e speaker' s contro l  an d shoul d no t  occu r  fo r  an y 
othe r  reason ,  a s otherwis e i t  canno t  develo p it s motiva -
tiona l  effec t  (e.g. ,  Evan s &  Twyman-Musgrove ,  1998) . 
Th e whol e motivationa l  schem a m a y b e represente d as : 

Promis e 
S- :  -tBehaviof A A- :  -iReward s 

S-t- :  Behavior ^  ^  A+ :  Reward s 

Instea d o f  rewardin g th e desire d behavior ,  th e speake r 
m ay punis h th e undesin d behavio r  h e fear s (S- )  wit h a 
negativ e consequenc e (A-) .  I f  h e usuall y help s Bo b wit h 
hi s homework ,  Henr y ca n us e Bob' s expectatio n an d 
threate n t o withdra w hi s hel p (A- )  i f  Bo b doe s no t  len d 
hi m hi s bik e (S-) .  Th e correspondin g schem a is : 

Threa t 
S- :  -iBehaviof A ^  A- :  Puniihrnent s 

S+: Behavior^ A+: -JPuniihments 

I n bot h cases ,  th e speake r  aimounce s (explicitl y  o r 
implicitly )  tha t  h e wil l  reac t  positivel y (A+ )  i f  th e 
addresse e show s th e desire d behavio r  (S+) ,  an d nega -
tivel y otherwise .  Ther e i s a n essentia l  difference ,  how -
ever :  I f  th e addresse e cooperate s (S+) ,  the n i n th e firs t 
cas e h e get s somethin g h e canno t  expec t  withou t  th e 
promis e (th e rewar d A + ) ,  wherea s i n th e secon d cas e h e 
onl y avoid s th e punishmen t  (A- )  withou t  gettin g any -
thin g positiv e i n return . 

(2 )  Linguisti c level :  Th e motivationa l  schema s 
directl y determin e whic h formulation s ar e appropriat e 
t o expres s th e intende d speec h act .  Conditional s 'If? , 
the n Q '  ca n b e use d equall y wel l  wit h bot h schemas . 
Conditional s poin t  ou t  a  necessar y consequenc e 'Q '  o f 
an anteceden t  conditio n 'P' ,  an d tha t  i s exactl y wha t  th e 
speake r  intend s o n th e motivationa l  level :  t o establis h a 
new,  definit e consequenc e fo r  on e o f  th e addressee' s 
behaviora l  options .  Th e canonica l  formulation s are : 

"If you do P [S+], then I will reward you with Q [A+]" vs. 
"I f  yo u d o P  [S-] ,  the n I  wil l  punis h yo u b y Q  [A-]" . 

Looking at the underlying motivational schemas, it 
becomes clea r  w h y th e complementar y for m 'Ifnot-V , 
the n not-Q '  i s  inferred ,  an d w h y conditiona l  inference s 
(MP,  M T ,  D A ,  A C )  seemingl y correspon d t o a n equiva -
lenc e relation .  Th e motivationa l  leve l  suggest s tha t  ther e 
ar e tw o actio n sequences :  a  cooperativ e on e an d a  not -
cooperativ e one .  Th e complementar y conditiona l 
reflect s tha t  par t  o f  th e motivationa l  backgroun d tha t  i s 
not  expresse d explicitl y  b y th e canonica l  statement . 
Together ,  th e canonica l  an d th e complementar y condi -
tiona l  yiel d th e equivalenc e interpretation .  Differen t 
fro m a  logica l  equivalence ,  however ,  th e reverse d for m 
(e.g. ,  "I f  I  rewar d yo u wit h Q  [A+] ,  the n yo u wil l  d o 
P [S+]" )  i s no t  reall y equivalen t  t o th e canonica l  one .  B y 
reversin g anteceden t  an d consequent ,  th e tempora l  orde r 

change s a s well ,  s o tha t  th e speake r  ca n n o longe r  guar -
ante e tha t  actio n 'P '  i s  a  necessar y consequenc e o f  th e 
anteceden t  even t  'Q '  ('P '  i s no t  unde r  hi s control) . 

The difference s betwee n th e motivationa l  schema s 
als o explai n w h y onl y threat s ar e formulate d disjunc -
tively ,  wherea s bot h promise s an d threat s ca n b e formu -
late d conjunctivel y (Fillenbaum ,  1978) .  Th e conjunctiv e 
formulatio n expresse s th e connectio n betwee n th e ne w 
consequenc e se t  b y th e speake r  an d th e addressee' s 
behavior : 

"Do P [S+] and I will reward you with Q [A+]" vs. 
"D o P  [S- ]  an d I  wil l  punis h yo u b y Q  [A-]" . 

A disjunction points out alternatives. In the case of a 
threat ,  i t  enable s th e speake r  t o expres s bot h hi s goa l  S + 
and th e punishmen t  A- ,  whic h ar e par t  o f  alternativ e 
actio n sequences :  "Refrai n fro m doin g P  [S+ ]  o r  I  wil l 
punis h yo u b y Q  [A-]" .  I f  a  promis e wer e t o b e refor -
mulate d disjunctively ,  the n eithe r  th e speaker' s goa l  o r 
hi s rewar d coul d n o longe r  b e expressed . 

(3 )  Th e deonti c leve l  deal s wit h th e questio n o f 
whic h actio n a  perso n m a y o r  mus t  perfor m wit h respec t 
t o a  socia l  rul e (e.g. ,  Beller ,  2001) .  Conditiona l  prom -
ise s an d threat s establis h suc h a  rul e an d determin e 
whic h action s person s ar e oblige d t o perform .  Sinc e th e 
addresse e ca n freel y decid e whethe r  o r  no t  h e cooper -
ates ,  ther e i s n o deonti c constrain t  o n hi s behavior .  H e 
m ay cooperate ,  bu t  h e nee d not .  Th e speaker' s situatio n 
i s different .  Conside r  th e promis e 

"If you do P [S+], then I will reward you with Q [A+]". 

Once the addressee cooperates and fulfills the speaker's 
goal  'P' ,  th e promiso r  i s oblige d t o cooperat e an d t o 
giv e rewar d 'Q' .  Th e promiso r  himsel f  declare d 'Q '  t o 
be a  necessar y consequenc e o f  conditio n 'P' ,  s o h e mus t 
guarante e th e reward .  I f  th e addresse e doe s no t  cooper -
ate ,  the n ther e i s n o deonti c constraint ;  th e speake r  nee d 
not  giv e th e reward ,  bu t  h e i s permitte d t o d o i t  voluntar -
ily .  Whic h obligation ,  however ,  result s fro m a  threa t 

"I f  yo u d o P  [S-] ,  die n I  wil l  punis h yo u b y Q  [A-]" ? 

Two lines of argumentation are possible here: First, 
arguin g analogousl y t o th e promise ,  th e speake r  i s 
oblige d t o punis h th e addresse e ('Q' )  i f  A  doe s no t 
cooperat e ('P') .  Th e speake r  declare d punishmen t  'Q '  t o 
be a  necessar y consequenc e o f  conditio n 'P' ,  s o h e mus t 
reac t  consequentl y (an d indee d perhap s h e should ,  i n 
orde r  t o kee p hi s credibility) .  Wha t  i s th e cas e i f  th e 
addresse e cooperates ? B y analogy ,  ther e i s n o constrain t 
on th e speaker' s action ,  s o h e nee d no t  punis h th e 
addressee ,  bu t  h e actuall y m a y punis h him .  A n implici t 
socia l  rule ,  however ,  intuitivel y contradict s thi s interpre -
tation :  A  perso n mus t  no t  b e punishe d withou t  reason , 
wherea s on e m a y wel l  giv e a  rewar d withou t  reason . 

Second ,  i t  ca n b e argue d tha t  th e threa t  implie s a  com -
plementar y promis e tha t  determine s th e deonti c inter -
pretation :  "I f  yo u refrai n fro m doin g 'P '  [S+] ,  the n I  wil l 
not  punis h yo u b y Q  [A+]" .  Associate d wit h a  promis e 
i s a n obligatio n fo r  th e speake r  t o cooperat e (A+ )  onc e 
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th e addresse e ha s fulfille d hi s goa l  (S+) .  I f  th e addresse e 
refrain s fro m doin g 'P '  (S+) ,  the n th e speake r  mus t 
refrai n fro m th e punishment .  I f  th e addresse e doe s no t 
cooperate ,  the n ther e i s n o deonti c constrain t  an d th e 
speake r  i s permitte d t o punis h th e addressee .  Sinc e th e 
punishmen t  i s n o w justified ,  thi s interpretatio n i s i n lin e 
wit h th e implici t  socia l  rul e mentione d above . 

(4 )  T h e pragmati c leve l  deal s wit h th e questio n o f 
whic h action s ar e actuall y take n afle r  a n inducemen t  ha s 
bee n uttered .  Sinc e bot h person s ar e assume d t o hav e 
ful l  freedo m o f  action ,  fou r  actio n sequence s ar e possi -
ble :  I f  th e addresse e fulfill s  th e speaker' s goa l  (S+) ,  the n 
subsequentl y th e speake r  m a y als o cooperat e (A+ )  o r 
m ay no t  (A-) .  I f  th e addresse e doe s no t  sho w th e goa l 
behavio r  (S-) ,  the n th e speake r  m a y no t  cooperat e eithe r 
(A- )  o r  m a y cooperat e (A+) .  C o m m on t o al l  fou r 
sequence s i s a  particula r  tempora l  order .  Th e addresse e 
decide s firs t  whethe r  h e want s t o cooperate ,  wherea s th e 
speake r  ha s t o reac t  t o th e addressee' s behavior . 

(5 )  Emotiona l  level :  Eventually ,  on e o f  th e fou r 
actio n sequence s follow s a  conditiona l  inducement . 
Each sequenc e i s characterize d b y goals ,  expectation s 
and incentives .  Thes e factor s ar e directl y relevan t  fo r  th e 
elicitatio n o f  emotion s (e.g. ,  Lazarus ,  1991 ;  Roseman , 
Antonio u &  Jose ,  1996) .  Goal-relevanc e i s a  necessar y 
requiremen t  fo r  emotiona l  reaction s i n general ;  goal -
congruen t  event s elici t  positiv e emotions ,  whil e goal -
incongruen t  event s elici t  negativ e emotions .  Applie d t o 
conditiona l  promise s an d threats ,  addresse e an d speake r 
shoul d fee l  a  positiv e emotio n i f  th e partne r  cooperate s 
(an d fulfill s  thei r  goa l  o r  expectation) ,  whil e a  negativ e 
emotio n shoul d resul t  i f  th e partne r  doe s no t  cooperate . 
Whic h specifi c  emotio n arise s i n a  give n situatio n 
depend s o n fiirthe r  appraisa l  dimension s tha t  canno t  b e 
describe d i n detai l  her e (fo r  extensiv e analyse s see ,  e.g. , 
Roseman e t  al. ,  1996) .  Summarizin g thos e studie s 
though ,  Jo y ca n b e expecte d whe n a  perso n get s some -
thin g positive ,  relie f  •whe n a n expecte d negativ e even t 
doe s no t  occur ,  an d ange r  whe n th e partne r  doe s no t 
cooperat e eve n thoug h h e o r  sh e i s oblige d to . 

Experiment 

The propose d multi-leve l  analysi s integrate s motivation , 
linguistics ,  pragmatics ,  deonti c considerations ,  an d 
emotions ,  thereb y overcomin g th e limitation s o f  a 
purel y trut h functiona l  analysi s o f  conditiona l  promise s 
and threats .  I n orde r  t o tes t  hypothese s regardin g partic -
ula r  facet s o f  th e analysis ,  a n experimen t  wa s conducte d 
whic h consiste d o f  tw o parts . 

The startin g poin t  o f  par t  I  wa s a n influentia l  findin g 
of  Led a Cosmide s (1989) .  Cosmide s showe d wit h 
domain-specifi c  version s o f  Wason' s (1966 )  selectio n 
tas k tha t  person s ar e sensitiv e t o whic h o f  th e partner s 
involve d i n a  reciproca l  exchang e i s accuse d o f  breakin g 
hi s promise ,  bu t  no t  t o th e conditiona l  formulation .  I t 
di d no t  mak e a  differenc e whethe r  th e promis e wa s for -
mulate d canonicall y o r  reversed .  Th e multi-leve l  analy -
si s make s jus t  th e opposit e prediction ;  namel y tha t 

person s shoul d b e sensitiv e t o th e formulatio n o f  induce -
ments .  A  reverse d inducemen t  i s no t  equivalen t  t o th e 
origina l  one ,  sinc e i t  als o implie s a  reversa l  o f  th e tem -
pora l  orde r  an d o f  th e role s {speaker-addressee-asym -
metry) :  Give n a  particula r  rol e allocation ,  th e canonica l 
conditiona l  shoul d b e preferre d t o th e reverse d one ,  th e 
complementar y conditiona l  (an d no t  th e reverse d one ) 
shoul d b e preferre d a s implication ,  an d th e actio n 
sequenc e shoul d b e "addresse e first" .  I n addition ,  i t  wa s 
assesse d whic h emotiona l  reaction s person s attribut e t o 
th e addresse e i f  th e speake r  keep s o r  break s "th e rule" . 

Par t  I I  o f  th e experimen t  focusse s o n a n aspec t  tha t 
has no t  bee n explore d unti l  now :  th e deonti c inference s 
peopl e dra w fro m conditiona l  promise s an d threats .  Th e 
predictio n fo r  promise s i s clear :  I f  th e addresse e ha s ful -
filled  th e speaker' s goal ,  the n a n obligatio n arise s fo r  th e 
speake r  t o giv e th e promise d reward ;  otherwis e ther e i s 
no suc h obligation .  Th e deonti c interpretatio n o f  condi -
tiona l  threats ,  however ,  i s  no t  equall y clear .  D o peopl e 
infe r  (fro m th e conditiona l  form )  a n obligatio n fo r  th e 
speake r  t o punis h th e addresse e A  i f  A  doe s no t  cooper -
ate ,  o r  d o the y rathe r  infe r  (fro m th e complementar y 
promise )  a n obligatio n t o cooperat e an d refrai n fro m th e 
punishmen t  i f  th e addresse e cooperates ? I t  wa s expecte d 
tha t  th e secon d interpretatio n woul d predominat e sinc e 
i t  i s  no t  i n conflic t  wit h genera l  mora l  rules . 

Method 

Bot h part s o f  th e experimen t  wer e integrate d int o on e 
questionnaire .  The y use d differen t  basi c scenario s fro m 
whic h fou r  contex t  storie s eac h wer e constructed .  Th e 
storie s i n par i  I  deal t  wit h th e exchang e situatio n men -
tione d i n th e introductor y exampl e (hel p wit h homewor k 
i n exchang e fo r  borrowin g a  bike )  bu t  varie d wit h regar d 
t o rol e allocatio n an d speec h act .  Fou r  task s ha d t o b e 
solved ,  whic h focusse d o n th e linguistic ,  pragmati c an d 
emotiona l  level .  Th e contex t  storie s i n par t  I I  wer e con -
structe d fro m tw o differen t  scenarios ;  on e deal t  wit h 
mutua l  lendin g o f  thing s an d th e othe r  wit h mutua l 
destructio n o f  toys .  Again ,  th e speec h act s varied ,  bu t 
thi s tim e onl y on e rol e allocatio n wa s used .  Fou r  task s 
aske d fo r  deonti c inference s fro m th e inducements .  T o 
facilitat e th e discussio n o f  th e results ,  storie s an d task s 
fo r  bot h part s ar e describe d late r  i n separat e sections . 

Participants :  4 0 student s fro m tw o introductor y cog -
nitiv e psycholog y course s (a t  th e Universit y o f  Freiburg ) 
participate d i n th e experiment .  1 8 student s wer e mal e 
and 2 2 female ,  wit h a  mea n ag e o f  A/=23. 8 year s 
(range :  20-3 9 years) . 

Design :  Participant s wer e randoml y assigne d t o on e 
of  fou r  group s ( « =  10) .  Th e fou r  contex t  storie s o f  eac h 
par t  varie d betwee n groups .  Th e speec h act s wer e bal -
ance d withi n groups :  I f  par t  I  wa s abou t  a  promis e the n 
par t  I I  deal t  wit h a  threa t  (an d vic e versa) . 

Procedure :  Th e questionnair e wa s administere d a t 
th e beginnin g o f  th e first  cours e session .  Afte r  a  genera l 
instructio n o n th e first  page ,  th e questionnair e bega n 
wit h th e task s o f  par t  I ,  followe d b y th e task s o f  par t  II . 
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The task s wer e ordere d a s describe d belo w an d eac h wa s 
writte n o n a  ne w page .  Participant s wer e instructe d t o 
wor k o n th e task s i n th e give n order ,  an d t o tak e a s muc h 
tim e a s needed .  Al l  material s wer e presente d i n German . 

Part 1: Assessing the Speaker-Addressee-

A s y m m e t r y a n d Emot iona l  Reaction s 

I n orde r  t o asses s th e speaker-addressee-asymmetty , 
fou r  contex t  storie s wer e designed ,  whic h wer e simila r 
t o th e introductor y exchang e scenario .  Th e storie s 
describe d th e person' s goal s an d thei r  usua l  behavior ; 
the y varie d wit h regar d t o th e intende d speec h ac t 
(promis e vs .  threat )  an d th e role s (speake r  vs . 
addressee) .  I n tw o stories ,  H m r y want s t o borro w Bob' s 
bike .  H e trie s t o achiev e thi s goa l  eithe r  b y a  promis e o r 
by a  complementar y threa t  (canonica l  conditionals :  "I f 
yo u len d m e you r  bike ,  the n I  wil l  hel p yo u wit h you r 
homework "  vs .  "I f  yo u d o no t  len d m c you r  bike ,  the n I 
wil l  no t  hel p yo u wit h you r  homework") .  I n th e othe r 
tw o stories ,  th e role s wer e interchanged :  Thi s time ,  Bo b 
want s Henr y t o hel p hi m wit h hi s homewor k an d h e trie s 
t o achiev e thi s goa l  b y th e reverse d promis e o r  threa t 
("I f  yo u hel p m e wit h m y homework ,  the n I  wil l  len d 
yo u m y bike "  vs .  "I f  yo u d o no t  hel p m e wit h m y home -
work ,  the n I  wil l  no t  len d yo u m y bike") .  Eac h stor y wa s 
followe d b y fou r  tasks . 

(1 )  Formulatio n task :  I n th e firs t  task ,  th e motiva -
tiona l  backgroun d wa s give n togethe r  wit h th e typ e o f 
speech  ac t  t o b e used .  Th e participant s wer e the n 
instructe d t o choos e from  fou r  give n conditional s th e 
one tha t  wa s mos t  appropriat e fo r  th e speaker' s intende d 
inducemen t  Th e conditional s wer e derive d from  th e 
canonica l  on e b y reversin g an d negatin g 'P '  an d 'Q' . 
Tabl e 1  show s th e results .  A s predicted ,  th e canonica l 
conditional s wer e clearl y preferre d ( 9 0 % aggregate d 
ove r  al l  contex t  stories) .  I f  th e speec h ac t  change d the n 
th e complementar y conditiona l  wa s chosen ,  wherea s i f 
th e rol e allocatio n change d the n th e reverse d for m wa s 
preferred . 

(2 )  Inferenc e task :  Fro m thi s tas k onwards ,  th e con -
tex t  storie s ha d bee n supplemente d b y th e canonica l 
conditional .  Th e instructio n calle d fo r  participant s t o 
choos e a n adequat e implicatio n o f  th e give n conditiona l 

Tabl e 1 :  Frequenc y o f  choosin g eac h conditiona l  a s th e 
speaker' s adequat e promis e o r  threa t  ( n =  1 0 i n eac h 
condition ;  canonica l  conditional s ar e bold-faced) . 

Henry' s Bob' s 

Conditiona l Promis e Threa t  Promis e Threa t 

^ i k e the n hel p 

I f  n o bik e the n n o hel p 

I f  hel p the n bik e 

I f  n o hel p the n n o bik e 

10 

10 

Tabl e 2 :  Frequenc y o f  choosin g th e mos t  adequat e im -
plicatio n o f  a  give n promis e o r  threa t  ( « =  1 0 i n eac h 
condition ;  complementar y inducement s ar e bold-faced) . 

Henry' s Bob' s 

Conditiona l 

I f  bik e the n hel p 

I f  n o bik e the n n o hel p 

y/°hel p the n bik e 
^ n o hel p the n n o bik e 

Promis e 

give n 

8 
2 

: 

Threa t 

9 
give n 

-
1 

Promis e 

-
1 

give n 

9 

Threa t 

-
2 
8 

give n 

from  th e thre e other s know n from  th e formulatio n task . 
The result s ar e presente d i n Tabl e 2 .  A s predicted ,  par -
ticipant s preferre d th e complementar y conditional , 
whic h leave s th e orde r  o f  th e action s th e same ,  ove r  th e 
reverse d on e (85.0 % vs .  12.5% ,  aggregate d ove r  al l 
tasks ,  x^(l .  1  =  39 )  -  21.6; p <  0.001) . 

(3 )  Sequenc e task :  I n th e thir d task ,  th e participant s 
had t o decid e o n th e orde r  o f  th e action s onc e th e condi -
tiona l  inducemen t  ha d bee n made .  I t  wa s expecte d tha t 
th e addresse e woul d decid e firs t  whethe r  h e i s willin g t o 
cooperate .  Withou t  exception ,  al l  participant s (100% ) 
answere d th e sequenc e questio n accordin g t o thi s pre -
diction .  I f  Henr y mad e th e inducemen t  the n B o b decide s 
firs t  whethe r  h e lend s ou t  hi s bike ,  an d vic e versa .  Thus , 
changin g role s reverse d th e typica l  actio n sequence . 

Altogether ,  th e result s o f  th e first  thre e task s corrobo -
rat e th e predicte d speaker-addresse e asymmetry . 

(4 )  Emotio n task :  Afte r  th e introductio n o f  di e condi -
tiona l  inducemen t  i n th e contex t  story ,  th e emotio n tas k 
mentione d tha t  th e addresse e cooperate d an d fulfille d 
th e speaker' s goa l  (S+) .  Participant s ha d the n t o decid e 
(i )  wha t  th e speake r  ha s t o d o i n orde r  t o kee p versu s no t 
t o kee p 'th e rule' ,  an d (ii )  whic h feelin g th e addresse e 
wil l  hav e afterwards .  Thre e critica l  emotion s (relief ,  joy , 
and anger )  wer e give n togethe r  wit h fou r  distractor s i n a 
multiple-choic e forma t  an d participant s wer e instructe d 
t o choos e th e mos t  appropriat e one . 

(i )  T o kee p th e rul e mean s that ,  give n tha t  th e 
addresse e cooperate d befor e (S+) ,  th e speake r  wil l  als o 
cooperat e (A+) .  Cooperatio n correspond s t o th e M P 
inferenc e i n th e cas e o f  a  conditiona l  promis e '//" P [S+] , 
the n Q  [A+]' ,  bu t  t o th e N A inferenc e i n th e cas e o f  a 
threa t  'I f  P  [S-] ,  the n Q  [A-]' .  No t  keepin g th e rul e 
means reactin g defectivel y toward s th e addresse e (A- ) 
eve n though  th e addresse e fulfille d th e speaker' s goa l 
(S+) .  I n th e cas e o f  a  promise ,  defectio n violate s th e 
conditiona l  statemen t  itsel f  (' P an d nor-Q') .  I n th e cas e 
of  a  conditiona l  threat ,  however ,  defectio n correspond s 
t o 'no/- P an d Q '  an d violate s th e complementar y condi -
tional .  Th e result s sho w tha t  th e participant s ha d a  clea r 
understandin g o f  thes e regularities :  Aske d wha t  th e 
speake r  ha s t o d o i n orde r  t o "kee p th e rule" ,  al l  person s 
(100.0% )  choos e th e MP-optio n give n a  promise ,  bu t  th e 
NA-optio n (95.0% )  give n a  threa t  (aggregate d ove r  bot h 
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Tabl e 3 :  Attribute d emotiona l  reaction s o f  th e addresse e 
on keepin g vs .  no t  keepin g a  promise/threat . 

Keepin g Not  Keepin g 

Emotio n 

Relie f  (+ ) 

Jo y (+ ) 
Anger  (- ) 

Other s (- ) 

Promis e 

5 

15 

Threa t 

10 

5 

3 

3 

Promis e 

19 

3 

Threa t 

1 

19 

1 

The frequencie s d o no t  ad d u p t o 2 0 i n eac h colum n 
becaus e fou r  person s marke d tw o emotions . 

rol e versions) .  Correspondingly ,  al l  person s (100.0% ) 
answere d tha t  no t  keepin g a  promis e correspond s t o 
' P an d not-Q' ,  whil e agai n 95 .0 % chos e th e comple -
mentar y categor y 'not- P an d Q '  i n th e cas e o f  a  threat . 

(ii )  H o w doe s th e addresse e reac t  emotionall y i n thes e 
cases ? Tabl e 3  list s positiv e an d negativ e emotion s (+/- ) 
aggregate d ove r  bot h rol e versions .  Th e answer s ar e i n 
lin e wit h th e prediction s from  appraisa l  theories :  I f  th e 
speake r  keep s th e rul e the n th e addresse e i s sai d t o fee l  a 
positiv e emotio n (85.4 % positiv e vs .  14.6 % negative) ; 
otherwis e a  negativ e emotio n result s (2.3 % positiv e vs . 
97 .7 % negative ;  x \ U «  =  84 )  =  59.1 ;  p  <  0.001) .  I n th e 
latte r  case ,  th e addresse e wa s uniforml y sai d t o fee l 
angry ,  wherea s i n th e forme r  cas e differen t  emotion s 
wer e associate d wit h th e tw o speec h acts :  Keepin g th e 
promis e mostl y resulte d i n Jo y ( 7 5 % jo y vs .  2 5 % relief ) 
whil e i n th e cas e o f  a  threa t  re/ie/predominate s (23.8 % 
jo y vs .  47 .6 % relief ;  ̂ ^(l ,  «  =  35 )  =  6.08;/ » =  0.014) ;  o n 
thre e occasion s th e addresse e wa s eve n sai d t o fee l 
angry .  Thi s m a y b e th e resul t  o f  havin g bee n force d t o 
cooperat e b y a  threat .  Whethe r  thes e difference s reflec t 
difference s betwee n th e speec h act s o r  betwee n th e 
incentive s (lendin g ou t  one' s bik e vs .  givin g hel p wit h 
th e other' s homework )  i s ope n t o fiirthe r  analyses . 

Part II: Assessing Deontic Inferences 

Par t  I I  aime d t o tes t  th e hypothesi s tha t  th e deonti c inter -
pretatio n o f  a  conditiona l  threa t  follow s th e interpreta -
tio n o f  th e correspondin g complementar y promise :  I f 
th e addresse e cooperates ,  the n th e speake r  i s oblige d t o 
cooperate ;  otherwis e h e i s  not .  Thus ,  th e deonti c infer -
ence s from  complementar y promise s an d threat s nee d t o 
be compared .  Thi s wa s don e i n tw o conten t  version s 
(mutua l  lendin g vs .  mutua l  destruction) . 

The scenario s o f  mutua l  lendin g state d tha t  Pete r 
woul d lik e t o borro w Corinna' s comi c book .  H e trie s t o 
achiev e thi s goa l  eithe r  b y a  promis e ("I f  yo u len d m e 
you r  comi c book ,  the n I  wil l  len d yo u m y compute r 
game" )  o r  b y a  complementar y threa t  ("I f  yo u d o no t 
len d m e you r  comi c book ,  the n I  wil l  no t  len d yo u m y 
compute r  game") .  Th e mutua l  destructio n scenari o con -
cerne d tw o quarrelin g children .  Sara h i s abou t  t o smas h 

George' s Leg o ca r  Georg e woul d lik e t o preven t  Sara h 
from  smashin g hi s car .  Georg e know s tha t  Sara h ha s se t 
up he r  Playmobi l  farm .  Again ,  Georg e trie s t o achiev e 
thi s goa l  eithe r  b y a  threa t  ("I f  yo u smas h m y car ,  the n I 
wil l  smas h you r  farm" )  o r  b y a  complementar y promis e 
("I f  yo u d o no t  smas h m y car ,  the n I  wil l  no t  smas h you r 
farm") .  Altogether ,  fou r  contex t  storie s wer e used .  Eac h 
was followe d b y fou r  task s tha t  aske d fo r  deonti c infer -
ence s abou t  th e speaker' s actio n afte r  th e addresse e ha d 
alread y cooperate d versu s th e speaker' s actio n afte r  h e 
had not . 

Tas k 1+2 :  T h e addresse e cooperated :  Th e first  tw o 
task s supplemente d th e contex t  stor y wit h th e informa -
tio n tha t  th e addresse e fulfille d th e speaker' s goa l  (i.e. , 
Corinn a len t  he r  comi c boo k t o Peter ,  an d i n th e othe r 
scenario ,  Sara h di d no t  smas h George' s Leg o car) .  Th e 
first  tas k require d participant s t o decid e whethe r  th e 
addressee' s cooperatio n implie s a n obligatio n fo r  th e 
speake r  t o cooperat e also .  Th e secon d tas k aske d 
whethe r  th e speake r  i s permitte d t o cooperate .  I t  wa s 
expecte d tha t  th e deonti c interpretatio n o f  th e threa t 
woul d follo w th e on e o f  th e complementar y promis e i n 
bot h conten t  version s equally :  Th e speake r  i s oblige d t o 
cooperat e (i.e. ,  Pete r  mus t  len d ou t  hi s compute r  g a m e 
while ,  i n th e othe r  scenario ,  Georg e mus t  refrai n from 
smashin g Sarah' s Playmobi l  farm) ,  an d th e speake r  i s 
permitte d t o d o so . 

Tas k 3+4 :  T h e addresse e di d no t  cooperate :  Th e 
othe r  tw o usk s state d tha t  th e addresse e di d no t  fulfil l 
th e speaker' s goa l  (i.e. ,  Corinn a di d no t  len d ou t  he r 
comi c book ,  while  Sara h smashe d George' s Leg o car) . 
Again ,  th e participant s ha d t o decid e whethe r  th e 
speake r  i s oblige d t o cooperat e an d whethe r  h e i s per -
mitte d t o d o so .  Thi s tim e i t  wa s predicte d tha t  -  inde -
penden t  from  th e speec h ac t  an d th e conten t  -  n o 
obligatio n woul d aris e fo r  th e speake r  (i.e. ,  Pete r  nee d 
not  len d ou t  hi s compute r  gam e an d Georg e nee d no t 
refrai n from  smashin g Sarah' s Playmobi l  farm) ,  bu t 
agai n th e speake r  i s permitte d t o cooperate . 

To tes t  th e hypothesi s tha t  th e deonti c interpretatio n 
of  conditiona l  threat s i s equivalen t  t o th e interpretatio n 
of  th e complementar y promises ,  a  log-linea r  analysi s 
(Kennedy ,  1992 )  wit h tw o independen t  variable s 
(speec h ac t  an d content )  wa s performe d fo r  eac h task . 
The analyse s corroborate d th e hypotheses :  neithe r  th e 
facto r  speec h ac t  no r  th e facto r  conten t  significantl y 
contribute d t o th e data .  Bot h factor s coul d b e remove d 
from  th e analyse s withou t  loosin g th e fit  o f  th e resultin g 
log-linea r  mode l  (fo r  eac h analysis :  G ^ < 10.5 ,  d f = 6 , 
p >  0.10) .  I t  i s  thu s justifiabl e t o aggregat e th e dat a o f 
eac h tas k ove r  th e fou r  groups . 

The aggregate d result s ar e show n i n Tabl e 4 .  Mos t 
participant s dre w th e deonti c inference s tha t  wer e pre -
dicte d from  th e explici t  (o r  implicit )  conditiona l  prom -
ise :  A n obligatio n arise s fo r  th e speake r  onl y i f  th e 
addresse e A  cooperate s (67.5 % obligatio n vs .  0 % n o 
obligation) ,  bu t  no t  i f  A  doe s no t  cooperat e (10.0 % obli -
gatio n vs .  77 .5 % n o obligation ;  x  (1 ,  "  =  62 )  =  47.8 ; 
/? < 0.001) .  Independen t  from  th e fac t  whethe r  th e 
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Tabl e 4 :  Percentage s o f  deonti c inference s aggregate d 
ove r  conten t  version s an d speec h act s (AT-4 0 i n eac h 
condition ;  expecte d inference s ar e bold-faced) . 

The addressee A ... 

cooperated did not cooperate 

Obligation: Must the speaker S cooperate? 

obligatio n 67. 5 10. 0 
no obligatio n 0. 0 77. S 
undecidabl e 32. S 12. S 

Permitted: May the speaker S cooperate? 

permitte d 67. 5 50. 0 
not  permitte d 5. 0 22. 5 
undecidabl e 27. 5 27. 5 

addresse e cooperate d o r  not ,  th e speake r  wa s sai d t o b e 
permitte d t o cooperat e (58.8 % permitte d compare d t o 
20.6 % no t  permitte d an d undecidabl e answer s o n aver -
age ;  X^(l .  1  =  80 )  =  23.3 ;  p  <  0.001) . 

Summary and Discussion 

The result s o f  bot h experimenta l  part s sho w a  clea r  an d 
consisten t  pictur e tha t  strongl y corroborate s th e predic -
tion s fro m th e multi-leve l  analysis . 

Conditiona l  inducement s ar e specificall y formulate d 
dependin g o n th e motivationa l  backgroun d an d th e 
intende d speec h ac t  Thus ,  conditiona l  promise s an d 
threat s caimo t  simpl y b e reversed .  Thi s i s du e t o th e 
speaker-addressee-asymmetry :  Th e canonica l  condi -
tiona l  an d it s reversa l  correspon d t o speec h act s o f  dif -
feren t  persons ,  the y hav e differen t  implication s an d ar e 
associate d wit h complementar y actio n sequences . 

I t  coul d furthe r  b e show n tha t  th e deonti c interpreta -
tio n o f  conditiona l  threat s i s no t  derive d fro m th e condi -
tiona l  formulation ,  bu t  fro m di e implici t  complementar y 
promise .  N o matte r  whethe r  a  perso n use s a  promis e o r  a 
threa t  t o pursu e hi s o r  he r  goal ,  ther e i s a n obligatio n t o 
cooperat e i f  th e addresse e fulfill s  thi s goal . 

Finally ,  conditiona l  inducement s concer n individua l 
goals ,  actions ,  an d incentives ,  an d ar e thu s highl y emo -
tiona l  speec h acts .  Th e addresse e wa s sai d t o feely'o ^  o r 
relie f  whe n th e speake r  kep t  "th e rule "  an d cooperated , 
wherea s th e addresse e reacte d angril y  whe n th e speake r 
brok e th e rule .  Thi s i s i n lin e wit h prediction s fro m 
appraisa l  theorie s o f  emotio n (e.g. ,  Lazarus ,  1991 ; 
Roseman e t  al. ,  1996) .  Severa l  questions ,  however ,  ar e 
ope n t o furthe r  analyses :  Whic h emotiona l  reaction s ar e 
associate d wit h othe r  possibl e actio n sequences ? H o w 
doe s th e conten t  o f  th e inducement s (e.g. ,  reciproca l 
exchang e o r  mutua l  destruction )  affec t  th e emotiona l 
reactions ? Furthe r  experiment s ar e neede d t o answe r 
thes e questions . 

I n short ,  th e multi-leve l  analysi s o f  conditiona l  in -
ducement s bring s togethe r  motivation ,  linguistics ,  prag -
matics ,  deonti c considerations ,  an d emotions .  I t  thereb y 
overcome s th e limitation s o f  a  purel y trut h fiinctiona l 
analysi s ofte n foun d i n reasonin g studies . 
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Abstrac t 

It is widely accepted that the human cognitive system 
organize s perceptua l  inpu t  int o comple x hierarchica l 
description s whic h ca n b e represente d b y tre e structures . 
Tre e structure s hav e bee n use d t o describ e linguistic , 
musica l  an d visua l  perception .  I n thi s paper ,  w e wil l 
investigat e whethe r  ther e exist s a n underlyin g mode l  tha t 
govern s perceptua l  organizatio n i n general .  Ou r  ke y ide a i s 
tha t  th e cognitiv e syste m strive s fo r  th e simples t  structur e 
(th e "simplicit y  principle") ,  bu t  i n doin g s o i t  i s  biase d b y 
th e likelihoo d o f  previou s experience s (th e "likelihoo d 
principle") .  W e wil l  presen t  a  mode l  whic h combine s 
thes e tw o principle s b y balancin g th e notio n o f  mos t  likel y 
tre e wit h th e notio n o f  shortes t  derivation .  Experiment s 
wit h linguisti c an d musica l  benchmark s (Pen n Treeban k 
and Esse n Folkson g Collection )  sho w tha t  suc h a 
combinatio n outperform s model s tha t  ar e base d o n eithe r 
simplicit y o r  likelihoo d alone . 

Introduction 

I t  i s  widel y accepte d tha t  th e h u m a n cognitiv e syste m 
organize s perceptua l  inpu t  int o complex ,  hierarchica l 
description s whic h ca n b e represente d b y tre e structures . 
Tre e structure s hav e bee n use d t o describ e linguisti c 
perceptio n (e.g .  Chomsk y 1965) ,  musica l  perceptio n (e.g . 
Lerdah l  &  Jackendof f  1983 )  an d visua l  perceptio n (e.g . 
Mar r  1982) .  Yet ,  ther e seem s t o b e littl e o r  n o wor k whic h 
emphasize s th e commonalitie s betwee n thes e differen t 
form s o f  perceptio n an d whic h searche s fo r  a  general , 
underlyin g mechanis m whic h govern s al l  perceptua l 
organizatio n (cf .  Leyto n 2001) .  Thi s pape r  aim s t o stud y 
exactl y tha t  question :  acknowledgin g th e difference s 
betwee n linguistic ,  musica l  an d visua l  information ,  i s 
ther e a  general ,  unifyin g mode l  whic h ca n predic t  th e 
perceive d tre e structur e fo r  sensor y input ? I n studyin g thi s 
question ,  w e wil l  us e a  strongl y empirica l  methodology : 
any mode l  tha t  w e migh t  hypothesiz e wil l  b e teste d 
agains t  benchmark s suc h a s th e linguisticall y annotate d 
Penn Treeban k (Marcu s e t  al .  1993 )  an d th e musicall y 
annotate d Esse n Folkson g Collectio n (Schaffrat h 199S) . 
Whil e w e wil l  argu e fo r  a  unifie d mode l  o f  language , 
musi c an d vision ,  w e wil l  carr y ou t  experiment s onl y wit h 
linguisti c an d musica l  benchmarks ,  sinc e n o benchmark s 
of  visua l  tre e structure s ar e currentl y available ,  t o th e bes t 
of  ou r  knowledge . 

Figur e 1  give s thre e simpl e example s o f  linguistic , 
musica l  an d visua l  inpu t  wit h thei r  correspondin g tre e 
structure s give n below . 

Thu s a  tre e structur e describe s h o w part s o f  th e inpu t 
combin e int o constituent s an d h o w thes e constituent s 
combin e int o a  representatio n fo r  th e whol e input .  Not e 

tha t  th e linguisti c tre e structur e i s labele d wit h syntacti c 
categories ,  wherea s th e musica l  an d visua l  tre e structure s 
ar e unlabeled .  Thi s i s  becaus e i n languag e ther e ar e 
syntacti c constraint s o n h o w word s ca n b e combine d int o 
large r  constituents ,  whil e i n musi c (an d t o a  lesse r  exten t 
i n vision )  ther e ar e n o suc h restrictions :  i n principl e an y 
not e m a y b e combine d wit h an y othe r  note . 

List the sales of products in 1973 

V DT 

List the sa 

A 
N P  N  P  N 
I I I I 
es o f  product s i n 197 3 

I f  ril l  111111r ^ o o 
o o 

Figur e 1 ;  Example s o f  tre e structures . 

Apart from these differences, there is also a fundamental 
commonality :  th e perceptua l  inpu t  undergoe s a  proces s o f 
hierarchica l  structurin g whic h i s no t  foun d i n th e inpu t 
itsel f  Th e mai n proble m i s thus :  h o w ca n w e deriv e th e 
perceive d tre e structur e fo r  a  give n input ? Tha t  thi s 
proble m i s no t  trivia l  m a y b e illustrate d b y th e fac t  tha t 
th e input s abov e ca n als o b e assigne d th e following , 
alternativ e tre e structure s i n figur e 2 . 

NP P P 

V DT N P N P N 
II I I I I 
Lis t  th e s a e s o f  product s i n 197 3 
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Figur e 2 :  Alternativ e tre e structure s fo r  figure  1 . 

These alternative structures are possible in that they can 
be perceived .  Bu t  whil e th e alternativ e tre e structure s ar e 
al l  possible ,  the y ar e no t  plausible :  the y d o no t  correspon d 
t o th e structure s tha t  ar e actuall y perceive d b y th e huma n 
perceptua l  system . 

The phenomeno n tha t  th e sam e inpu t  ma y b e assigne d 
differen t  structura l  organization s i s k n o w n a s th e 
ambiguit y problem .  Thi s proble m i s on e o f  th e hardes t 
problem s i n modelin g h u m a n perception .  Eve n i n 
language ,  wher e a  phrase-structur e gramma r  m a y specif y 
whic h word s ca n b e combine d int o constituents ,  th e 
ambiguit y proble m i s notoriousl y hard .  Chamia k (1997 : 
37 )  argue s tha t  almos t  ever y sentenc e fro m th e Wal l 
Stree t  Journa l  ha s many ,  ofte n mor e tha n on e millio n 
differen t  pars e trees .  Th e ambiguit y proble m fo r  musica l 
and visua l  inpu t  i s eve n harder .  Talkin g abou t  rhyth m 
perceptio n i n music ,  Longuet-Higgin s an d Le e (1987 ) 
not e tha t  "An y give n sequenc e o f  not e value s i s i n 
principl e infmitel y ambiguous ,  bu t  thi s ambiguit y i s 
seldo m apparen t  t o th e listener. " 

Two principles: likelihood and simplicity 

H o w ca n w e predic t  fro m th e se t  o f  al l  possibl e tre e 
structure s th e tre e tha t  i s  actuall y perceive d b y th e huma n 
cognitiv e system ? I n th e field  o f  visua l  perception ,  tw o 
competin g principle s hav e traditionall y bee n propose d t o 
gover n perceptua l  organization .  Th e first,  initiate d b y 
Helmholt z (1910) ,  advocate s th e likelihoo d principle : 
sensor y inpu t  wil l  b e organize d int o th e mos t  probabl e 
organization .  Th e second ,  initiate d b y Wertheime r  (1923 ) 
and develope d b y othe r  Gestal t  psychologists ,  advocate s 
th e simplicit y principle :  th e perceptua l  syste m i s viewe d 
as finding  th e simples t  perceptua l  organizatio n (se e 
Chate r  199 9 o r  V a n de r  H e l m 200 0 fo r  a n 
overview) .  Thes e tw o principle s ar e no t  onl y relevan t  fo r 
visua l  perception ,  bu t  als o fo r  linguisti c an d musica l 
perception .  I n th e following ,  w e briefl y discus s thes e 
principle s fo r  eac h modality ,  afte r  whic h w e g o int o th e 
questio n o f  ho w th e tw o principle s ca n b e integrated . 

Likelihood 

The likelihoo d principl e i s particularl y influentia l  i n th e 
field  o f  natura l  languag e processin g (se e Mannin g an d 
Schiitz e 1999 ,  fo r  a  review) .  I n thi s field,  th e mos t 
appropriat e tre e structur e o f  a  sentenc e i s assume d t o b e 
it s mos t  likel y structure .  Th e likelihoo d o f  a  tre e i s usuall y 
compute d fro m th e probabilitie s o f  it s  part s (e.g .  phrase -
structur e rules )  take n fro m a  larg e annotate d languag e 
corpu s ( a treebank) .  A  widel y use d treeban k fo r  testin g 
and comparin g probabilisti c  natura l  languag e parser s i s 
th e Pen n Wal l  Stree t  Journa l  Treeban k (Marcu s e t  al . 
1993) .  State-of-the-ar t  probabilisti c  parser s suc h a s Collin s 

(2000) ,  Chamia k (2000 )  an d Bo d (2001a )  obtai n aroun d 
9 0 % precisio n an d recal l  o n th e Wal l  Stree t  Journal .  Als o 
i n th e field  o f  psycholinguistics ,  th e likelihoo d principl e i s 
widel y used :  Jurafsk y (1996) ,  Crocke r  an d Brant z (2000 ) 
and Hal e (2001 )  ar e example s o f  psycholinguisticall y 
inspire d probabilisti c  parsers . 

Th e likelihoo d principl e ha s als o bee n applie d t o 
musica l  perception ,  e.g .  i n Raphae l  (1999 )  an d Bo d 
(2001b/c) .  A s i n probabilisti c  natura l  languag e processing , 
th e mos t  probabl e musica l  tre e structur e ca n b e compute d 
fro m th e probabilitie s o f  rule s o r  fragment s take n fro m a 
larg e annotate d musica l  corpus ,  fo r  instanc e fro m th e 
Esse n Folkson g Collectio n (Bo d 2001b) . 

I n visua l  perceptio n psycholog y an d visio n science , 
ther e ha s recentl y bee n a  resurgenc e o f  interes t  i n 
probabilisti c  model s (e.g .  Hoffma n 1998 ;  Kerste n 1999) . 
Mumfor d (1999 )  ha s see n fit  t o declar e th e Dawnin g o f 
Stochasticity . 

SunpUcity 

The simplicit y principl e ha s a  lon g traditio n i n th e field  o f 
visua l  perceptio n psycholog y (e.g .  Restl e 1970 ; 
Leeuwenber g 1971 ;  Simo n 1972 ;  Buffar t  e t  al .  1983 ;  va n 
der  H e l m 2000) .  I n thi s field, a  visua l  patter n i s 
formalize d a s a  constituen t  structur e b y mean s o f  a 
"visua l  codin g language "  base d o n primitiv e element s 
suc h a s lin e segment s an d angles .  Perceptio n i s describe d 
as th e proces s o f  selectin g th e simples t  structur e 
correspondin g t o th e "shortes t  encoding "  o f  a  visua l 
pattern . 

Th e notio n o f  simplicit y ha s als o bee n applie d t o 
musica l  perception .  Collar d e t  al .  (1981 )  us e th e codin g 
languag e o f  Leeuwenber g (1971 )  t o predic t  th e metrica l 
structur e fo r  fou r  prelude s fro m Bach' s Well-Tempere d 
Clavier .  Mo r e well-know n i n musica l  perceptio n i s th e 
theor y propose d b y Lerdah l  an d Jackendof T (1983 )  w h o 
us e a  syste m o f  preferenc e rule s base d o n th e Gestalt -
preference s identifie d b y Wertheime r  (1923) ,  an d whic h 
ca n therefor e als o b e see n a s a n embodimen t  o f  th e 
simplicit y principle . 

Notion s o f  simplicit y als o exis t  i n languag e processin g 
(e.g .  Frazie r  1978 ;  Gorrel l  1995 ;  Osborn e 2000) .  Bo d 
(2000a )  define s th e simples t  tre e structur e o f  a  sentenc e 
as th e structur e generate d b y th e smalles t  numbe r  o f 
subtree s fro m a  give n treebank . 

Combining the two principles 

The ke y ide a o f  th e curren t  pape r  i s tha t  bot h principle s 
pla y a  rol e i n perceptua l  organization :  th e simplicit y 
principl e a s a  genera l  cognitiv e preferenc e fo r  economy , 
and th e likelihoo d principl e a s a  probabilisti c  bia s du e t o 
previou s perceptua l  experiences .  Informall y stated ,  ou r 
workin g hypothesi s i s tha t  th e huma n cognitiv e syste m 
strive s fo r  maxima l  econom y (th e simples t  structure) ,  bu t 
tha t  i n doin g s o i t  i s  biase d b y th e likelihoo d o f  previou s 
experience s (i n th e las t  sectio n w e wil l  discus s som e 
othe r  combination s o f  simplicit y an d likelihoo d tha t  hav e 
bee n proposed) .  T o formall y instantiat e ou r  workin g 
hypothesis ,  w e nee d a  parsin g mode l  t o star t  wit h whic h 
ca n incorporat e thes e principles .  I n principl e an y parsin g 
model  migh t  do ,  a s lon g a s i t  ca n assig n tre e structure s t o 
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perceptua l  inpu t  accordin g t o s o m e criterion .  Fo r  th e 
curren t  paper ,  w e hav e chose n t o star t  wit h th e Data -
Oriente d Parsin g mode l  (Bo d 1998 )  becaus e (1 )  i t  ha s 
severa l  othe r  model s a s specia l  cases ,  suc h a s context -
fre e parsin g model s an d lexicalize d models ,  an d (2 )  i t  ha s 
bee n quit e successfu l  i n predictin g tre e structure s fo r  bot h 
linguisti c inpu t  (Bo d 2001a )  an d musica l  inpu t  (Bo d 
2001b) . 

Th e basi c ide a o f  D O P i s tha t  i t  learn s a  g ramma r  b y 
extractin g subtree s fro m a  give n treeban k an d use s thes e 
subtree s t o analyz e fres h input .  Suppos e w e ar e give n th e 
followin g linguisti c treeban k o f  onl y tw o tree s (w e wil l 
c o me bac k t o musica l  treebank s i n th e nex t  section) , 

>IP V P 

V N P 

. A 

A A 

• A 
the dre u 

V N P ' '  ji f 

saw th e do g wit h th e telescop e 

on th e rac k 

Figur e 3 :  A n exampl e treeban k 

then the DOP model can parse a new sentence, e.g. She 
s a w th e dres s wit h th e telescope ,  b y c o m b i n i n g subtree s 
f r o m thi s treeban k b y m e a n s o f  a  n o d e - s u b s t i t u t i o n 
operatio n (indicate d a s  " ) : 

the dre u 
^  A 
NP V P 

•he VP ( 
A 

V NP 
I 

A 

I  A 
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/ \ 
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Figure 4: Parsing a sentence by combining subtrees 

T h u s th e node-substitutio n operatio n c o m b i n e s t w o 
subtree s b y substitutin g th e secon d subtre e o n th e leftmos t 
nontermina l  lea f  nod e o f  th e first  subtree .  Sinc e D O P use s 
subtree s o f  arbitrar y size ,  ther e ar e typicall y severa l 
derivations ,  involvin g differen t  subtrees ,  tha t  produc e th e 
s a me pars e tree ;  fo r  instance : 

o N P »  S 

A 
NP P  * e <lre « N P V P 

wit h h e telescop e SBW th e ress  it h th e elescop e 

Figur e 5 :  Differen t  derivatio n producin g s a m e tree . 

T h e m o r e interestin g cas e occur s w h e n ther e ar e differen t 
derivation s tha t  p r o d u c e differen t  pars e trees .  Th i s 
happen s w h e n a  sentenc e i s  structurall y a m b i g u o u s ;  fo r 

e x a m p l e ,  D O P als o p r o d u c e s th e fol lowin g alternativ e 
pars e tre e fo r  S h e s a w th e dres s wit h th e telescope : 
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Figur e 6 :  Differen t  derivatio n producin g differen t  tree . 
The original DOP model in Bod (1993) uses the 
likelihoo d principl e t o predic t  th e perceive d tre e structure . 
We wil l  refe r  t o thi s mode l  a s L i k e l i h o o d - D O P . 
Likelihood-DO P select s th e mos t  likel y tre e structur e fro m 
among al l  possibl e tre e structure s o n th e basi s o f  th e 
probabilitie s o f  it s subtrees .  Th e probabilit y  o f  a  subtre e t 
i s  estimate d a s th e numbe r  o f  occurrence s o f  t  see n i n th e 
corpus ,  divide d b y th e tota l  numbe r  o f  occurrence s o f 
corpus-subtree s tha t  hav e th e sam e roo t  labe l  a s t .  Th e 
probabilit y  o f  a  derivatio n i s compute d a s th e produc t  o f 
th e probabilitie s o f  th e subtree s involve d i n it .  Finally ,  th e 
probabilit y  o f  a  pars e tre e i s equa l  t o th e su m o f  th e 
probabilitie s o f  al l  distinc t  derivation s tha t  produc e tha t 
tree .  I n B o d (2001a )  an d G o o d m a n (2002) ,  efficien t 
algorithm s ar e give n tha t  comput e fo r  a n inpu t  strin g th e 
most  probabl e pars e tree . 

Likelihood-DO P doe s no t  d o justic e t o th e preferenc e 
humans displa y fo r  th e simples t  structure ,  e.g .  th e on e tha t 
i s generate d b y th e shortes t  derivatio n consistin g o f  th e 
fewes t  subtrees .  Thi s i s wha t  w e wil l  cal l  Simplicity-DO P 
Instea d o f  producin g th e mos t  probabl e pars e tre e fo r  a n 
input ,  Simplicity-DO P produce s th e pars e tre e generate d 
by th e fewes t  corpus-subtrees ,  independen t  o f  th e 
probabilitie s o f  thes e subtrees .  Fo r  example ,  give n th e 
corpu s i n Figur e 3 ,  th e simples t  pars e tre e fo r  Sh e sa w th e 
dres s wit h th e telescop e accordin g t o Simplicity-DO P i s 
give n i n Figur e 5 ,  sinc e tha t  pars e tre e ca n b e generate d 
by a  derivatio n o f  onl y tw o corpus-subtrees ,  whil e th e 
pars e tre e i n Figur e 6  (an d an y othe r  pars e tree )  need s a t 
leas t  thre e corpus-subtree s t o b e generated .  I n B o d 
(2000a )  i t  i s  show n h o w th e shortes t  derivatio n ca n b e 
efficientl y compute d b y mean s o f  a  best-firs t  bottom-u p 
char t  parsin g algorithm .  Simplicity-DO P obtain s quit e 
impressiv e result s o n th e WSJ ,  thoug h it s result s ar e lowe r 
tha n Likelihood-DO P (Bo d 2000a) .  Yet ,  th e se t  o f 
correctl y predicte d pars e tree s o f  Simplicity-DO P i s no t  a 
subse t  o f  th e se t  o f  correctl y predicte d pars e tree s o f 
Likelihood-DOP .  Thi s suggest s tha t  w e m a y expec t  a n 
accurac y improvemen t  i f  simplicit y an d likelihoo d ar e 
combine d int o a  n e w model ,  whic h w e wil l  cal l 
Combined-DOP . 

T h e underlyin g ide a o f  C o m b i n e d - D O P i s tha t  th e 
h u m an perceptua l  syste m searche s fo r  th e shortes t 
derivatio n (i.e .  th e simples t  tre e structure) ,  bu t  tha t  i n 
doin g s o i t  i s  biase d b y th e "weights "  o f  th e subtrees .  T h e 
lengt h o f  a  derivatio n i s  the n no t  define d simpl y a s th e 
s u m o f  th e derivatio n step s (a s i n Simplicity-DOP) ,  bu t  a s 
th e s u m o f  th e weight s o f  thes e steps ,  wher e a  lo w weigh t 
shoul d b e see n a s a n eas y ste p an d a  heav y weigh t  a s a 
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difficul t  step .  A s a  measur e fo r  weigh t  o f  a  subtree ,  w e 
hav e worke d ou t  variou s proposal s tha t  wer e 
experimentall y teste d ove r  th e las t  fe w years .  Mos t  o f 
thes e proposal s hav e bee n reporte d i n th e literatur e (e.g . 
Bod 2000a ;  Cormon s 1999) .  Th e bes t  measur e fo r  subtre e 
weigh t  s o fa r  i s base d o n th e ran k o f  a  subtree .  First ,  al l 
subtree s ar e groupe d wit h respec t  t o thei r  roo t  label .  Next , 
fo r  eac h roo t  labe l  th e weigh t  o f  a  subtre e i s define d a s it s 
ran k i n th e frequenc y orderin g i n th e corpus .  Thus ,  th e 
most  frequen t  subtre e i n eac h orderin g get s a  weigh t  o f  1 , 
th e secon d mos t  frequen t  subtre e get s a  weigh t  o f  2 ,  etc . 
The weigh t  o f  a  derivatio n i s the n deflne d a s th e su m o f 
th e weight s o f  th e subtree s i n th e derivation .  Th e 
derivatio n wit h th e lowes t  weigh t  i s take n a s th e "best " 
derivatio n producin g th e perceive d pars e tree .  Thus ,  th e 
bes t  derivatio n i s no t  determine d b y th e smalles t  su m o f 
th e subtree s (a s i n Simplicity-DOP) ,  bu t  b y th e smalles t 
sxi m o f  th e weight s o f  th e subtrees . 

We performe d on e additiona l  adjustmen t  t o th e weigh t 
of  a  subtree .  Thi s adjustmen t  consist s i n a  smoothin g 
techniqu e whic h average s th e weigh t  o f  a  subtre e b y th e 
weight s o f  it s ow n 5u6-subtrees .  Tha t  is ,  instea d o f  takin g 
onl y th e ran k o f  a  subtre e a s it s weight ,  w e comput e th e 
weigh t  o f  a  subtre e a s th e (arithmetic )  mea n o f  th e 
weight s o f  al l  it s  sub-subtree s (includin g th e subtre e 
itself) -  Th e effec t  o f  thi s smoothin g techniqu e i s tha t  i t 
redresse s a  ver y low-frequenc y subtre e i f  i t  contain s high -
frequenc y sub-subtrees . 

The Test Domains 

Our  linguisti c tes t  domai n consist s o f  section s 02-2 1 o f  th e 
Wal l  Stree t  Journa l  portio n o f  th e Pen n Treebank ,  whic h 
contain s approx .  40,00 0 phrase-structur e trees .  Sinc e th e 
Penn Treeban k ha s bee n extensivel y describe d i n th e 
literatur e (e.g .  Marcu s e t  al .  1993 ;  Mannin g &  Schiitz e 
1999) ,  w e wil l  no t  g o int o i t  an y furthe r  here . 

The musica l  tes t  domai n consist s o f  th e Europea n 
folksong s i n th e Esse n Folkson g Collectio n (Schaffrat h 
1995) ,  whic h correspon d t o approx .  6,20 0 musica l 
groupin g structures .  Th e Esse n Folkson g Collectio n ha s 
bee n previousl y use d b y Bo d (2001b )  an d Temperle y 
(2001 )  t o tes t  thei r  musica l  parsers .  Th e musica l  codin g 
languag e use d i n th e Esse n Folkson g Collectio n i s base d 
on th e Esse n Associativ e Cod e ( E S A C ) .  Th e pitc h 
encoding s i n E S A C resembl e "solfege" :  scal e degre e 
number s ar e use d t o replac e th e movabl e syllable s "do" , 
"re" ,  "mi" ,  etc .  Thu s 1  correspond s t o "do" ,  2  correspond s 
t o "re" ,  etc .  Chromati c alteration s ar e represente d b y 
addin g eithe r  a  "# "  o r  a  "b "  afte r  th e number .  Th e plu s 
("+" )  an d minu s ("-" )  sign s ar e adde d befor e th e numbe r  i f 
a not e fall s  resp .  abov e o r  belo w th e principl e octav e 
(thu s -1 ,  1  an d + 1 refe r  a l  t o "do" ,  bu t  o n differen t 
octaves) .  Duratio n i s represente d b y addin g a  perio d o r  a n 
underscor e afte r  th e number .  A  perio d ("." )  increase s 
duratio n b y 5 0 % an d a n underscor e ("_" )  increase s 
duratio n b y 100% ;  mor e tha n on e underscor e m a y b e 
adde d afte r  eac h number .  I f  a  numbe r  ha s n o duratio n 
indicator ,  it s  duratio n correspond s t o th e smalles t  value .  A 
paus e i s represente d b y 0 ,  possibl y followe d b y duratio n 
indicators .  N o loudnes s o r  timbr e indicator s ar e use d i n 
E S A C.  Th e onl y extr a informatio n w e (automatically ) 
adde d t o th e groupin g structure s i n th e Esse n Folkson g 

Collectio n consist s o f  th e labe l  "S "  fo r  eac h to p nod e o f 
eac h whol e son g an d th e labe l  "P "  fo r  eac h underlyin g 
phrase .  I n thi s way ,  w e obtaine d conventiona l  pars e tree s 
tha t  ca n directl y b e use d b y ou r  D O P model s t o pars e ne w 
inpu t  string s (se e als o Bo d 2001b) .  Th e Esse n Folkson g 
Collectio n i s  freel y availabl e vi a http://www.esac -
data.org . 

As mentione d i n th e introduction ,  n o visua l  treeban k i s 
currentl y available ,  t o th e bes t  o f  ou r  knowledge .  W e ar e 
currentl y developin g a  treeban k o f  analyze d architectura l 
plans ,  an d wil l  repor t  o n experiment s wit h tha t  treeban k i n 
due time . 

Experimental Evaluation 

To evaluat e ou r  D O P models ,  w e use d th e blin d testin g 
metho d whic h dictate s tha t  a  treeban k b e randoml y 
divide d int o a  trainin g se t  an d a  tes t  set ,  wher e th e string s 
fro m th e tes t  se t  ar e parse d b y mean s o f  th e subtree s fro m 
th e trainin g set .  W e applie d th e P A R S E V AL metric s o f 
precisio n an d recal l  t o compar e a  propose d pars e tre e P 
wit h th e correspondin g correc t  tes t  se t  pars e tre e T  (se e 
Blac k e t  al .  1991) : 

# correc t  coiutituen U i n P  #  correc t  coiutituent a i n P 
Precisio n -  — — ^ — — ^ ^ ^ ^ ^̂  Recal l  -  — ^ — ^ ^ — ^ —— # constituent !  i n P M conitituent i  i n T 

A constituen t  i n P  i s  "correct "  i f  ther e exist s a  constituen t 
i n T  o f  th e s a m e labe l  tha t  span s th e s a m e element s (i.e . 
w o r d s o r  notes) .  T o balanc e precisio n an d recal l  int o a 
singl e measure ,  w e wil l  e m p l o y th e widel y use d F-score : 
F-scor e =  2*Precision*Recal l  /  (Precision+Recall) . 

We wil l  us e thi s F-scor e t o quantitativel y evaluat e ou r 
model s o n th e Wal l  Stree t  Journa l  an d th e Esse n Folkson g 
treebanks .  W e divide d bot h treebank s int o 1 0 training/tes t 
set  splits ,  wher e 9 0 % o f  th e tree s wa s use d fo r  trainin g 
and 1 0 % fo r  testing .  Thes e split s wer e random ,  excep t  fo r 
one constraint :  tha t  al l  th e primitiv e element s (i.e .  word s 
and notes )  i n th e tes t  se t  als o occurre d i n th e trainin g set . 
I n thi s way ,  w e di d no t  hav e t o worr y abou t  unknow n 
word s o r  unknow n note s (th e latte r  bein g actuall y 
inexisten t  fo r  ou r  musica l  treebank) .  Althoug h ther e ar e 
variou s statistica l  way s t o cop e wit h unknow n words ,  w e 
wante d t o rul e ou t  thi s proble m a s i t  migh t  obscur e ou r 
comparison . 

I n ou r  experiment s w e wer e first  o f  al l  intereste d i n 
comparin g th e thre e D O P model s (Likelihood-DOP , 
Simplicity-DO P an d Combined-DOP )  o n th e tw o domains . 
For  computationa l  reasons ,  w e limite d th e m a x i m u m siz e 
of  th e subtree s t o dept h 14 ,  a s i n Bo d (2001a) .  Tabl e 1 
shows th e averag e F-score s fo r  eac h o f  th e models . 

Table 1: F-scores obuined by the three DOP models 

Likelihood-DO P Simplicity-DO P Combined-DO P 

Languag e 

Music 

90.4 % 

86.0% 

88.1 % 

84.3% 

91.7 % 

86.9% 

The tabl e show s tha t  Likelihood-DO P outperform s 
Simplicity-DOP ,  bu t  tha t  Comb ined -DO P ou^erform s 
Likelihood-DOP .  Accordin g t o paire d /-testing ,  th e 
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improvemen t  o f  Combined-DO P ove r  Likelihood-DO P wa s 
statisticall y significan t  bot h fo r  languag e (p<.0OOI )  an d 
fo r  musi c (p<.04) . 

We als o performe d a  serie s o f  experiment s wher e w e 
restricte d th e siz e o f  th e subtrees .  Recal l  tha t  b y 
restrictin g th e subtree s t o dept h 1 ,  Likelihood-DO P 
becomes equivalen t  t o a  probabilisti c  context-fre e 
grammar ,  whil e Simplicity-DO P woul d jus t  retur n th e 
smalles t  possibl e tre e structure .  Whil e Likelihood-DO P 
stil l  obtaine d relativel y goo d result s a t  dept h 1  fo r  bot h 
languag e an d musi c (resp .  75.1 % an d 76.6%) ,  Simplicity -
D OP score d ver y badl y fo r  languag e (22.5% )  thoug h stil l 
reasonabl y fo r  musi c (70.0%) .  Interestingly ,  Combined -
D OP score d wors e tha n Likelihood-DO P a t  dept h 1  (resp . 
68.2 % vs .  74.6%) .  Onl y afte r  subtre e dept h 6  fo r  languag e 
and subtre e dept h 2  fo r  music ,  C o m b i n e d - D O P 
outperforme d Likelihood-DOP .  Th e highes t  F-score s wer e 
obtaine d wit h th e "unrestricted "  subtree s (i n tabl e 1) . 

Elsewher e w e hav e show n tha t  virtuall y an y constrain t 
on th e subtree s result s i n a n accurac y decreas e (Bo d 
2001a/b) .  Thi s i s becaus e i n language ,  almos t  an y relatio n 
betwee n word s (includin g betwee n so-calle d non -
headwords )  ca n b e importan t  fo r  predictin g th e perceive d 
pars e tre e o f  a  sentence .  Th e sam e count s fo r  music , 
wher e ther e i s a  continuit y betwee n "jump-phrases "  an d 
"non-jump-phrases" ,  whic h ca n onl y b e capture d b y larg e 
subtree s (se e Bo d 2001b/ c fo r  a n extensiv e discussion) . 

Discussion: Other Combinations of Simplicity 
a n d Likel ihoo d 

We hav e see n tha t  ou r  combinatio n o f  simplicit y an d 
likelihoo d i s quit e rewardin g fo r  linguisti c an d musica l 
perception ,  suggestin g a  dee p paralle l  betwee n th e tw o 
modalities .  Yet ,  w e shoul d rais e th e questio n whethe r  a 
model  whic h massivel y store s an d re-use s previousl y 
perceive d structure s ha s an y cognitiv e plausibility . 
Interestingly ,  ther e i s quit e som e evidenc e tha t  peopl e 
stor e variou s kind s o f  previousl y hear d fragments,  bot h i n 
musi c (Saffra n e t  al .  2000 )  an d languag e (Jurafsk y 2002) . 
But  d o peopl e stor e fragment s o f  arbitrar y size ,  a s 
propose d b y D O P ? I n hi s overvie w article ,  Jurafsk y (2002 ) 
report s o n a  larg e bod y o f  psycholinguisti c evidenc e 
showin g tha t  peopl e no t  onl y stor e lexica l  item s an d 
bigrams ,  bu t  als o frequen t  phrase s an d eve n whol e 
sentences .  Fo r  th e cas e o f  sentences ,  peopl e no t  onl y 
stor e idiomati c sentences ,  bu t  als o "regular "  high -
frequency  sentences .  Thus ,  a t  leas t  fo r  languag e i t  seem s 
tha t  human s stor e fragments  o f  arbitrar y siz e provide d tha t 
thes e fragments  hav e a  certai n minima l  frequency . 
However ,  ther e seem s t o b e n o evidenc e tha t  peopl e stor e 
al l  fragments  the y hear ,  a s suggeste d b y D O P.  Onl y high -
frequency  fragments  see m t o b e memorized .  However ,  i f 
th e huma n perceptua l  facult y need s t o lear n whic h 
fragments  wil l  b e stored ,  i t  wil l  initiall y  nee d t o kee p 
trac k o f  al l  fragment s (wit h th e possibilit y  o f  forgettin g 
them )  otherwis e frequencie s ca n neve r  accumulate .  Thi s 
result s i n a  mode l  whic h continuousl y an d incrementall y 
update s it s fragment  memor y give n ne w input ,  whic h i s i n 
correspondenc e wit h th e D O P approach . 

Ther e hav e bee n othe r  proposal s fo r  integratin g o r 
reconcilin g th e principle s o f  simplicit y an d likelihood . 
Chate r  (1999 )  argue s tha t  th e principle s ar e identica l  i n 

th e contex t  o f  Kolmogorov' s complexit y theor y 
(Kolmogoro v 1965) .  An d i n th e contex t  o f  Informatio n 
Theor y th e simplicit y principl e ca n b e define d i n term s o f 
bi t  length ,  suc h tha t  maximizin g likelihoo d correspond s t o 
minimizin g bi t  lengt h (c f  Rissane n 1978) .  Firs t  not e tha t 
th e likelihoo d principl e aim s a t  maximizin g th e 
probabilit y  o f  a  structur e give n a n input , 
p(struclur e \  input) .  Next ,  defm e th e simplicit y principl e 
as minimizin g th e informatic-theoretica l  notio n o f  bi t 
length ,  whic h i s th e (negative )  logarith m o f  th e 
probabilit y  o f  a  structur e give n a n input : 
-logpistructur e |  input) .  N o w i t  i s  eas y t o se e tha t 
maximizin g p{structur e \  input )  lead s t o th e sam e 
structur e a s minimizin g -lo g p{structur e \  input) .  Thu s th e 
tw o principle s lea d t o th e sam e result . 

However ,  i n th e contex t  o f  D O P w e define d th e 
simples t  structur e a s th e on e generate d b y th e shortes t 
derivatio n consistin g o f  th e smalles t  numbe r  o f  subtree s 
(reflectin g th e smalles t  numbe r  o f  step s neede d t o pars e 
an input) .  A n d thi s notio n o f  simples t  structur e i s provabl y 
differen t  from  th e mos t  probabl e structur e give n a n input . 
Althoug h i t  i s  possibl e t o redefin e ou r  notio n o f  simples t 
structur e i n term s o f  bi t  length ,  i t  woul d no t  lea d t o an y 
n e w model ,  an d t o n o improve d result .  B y conceptuall y 
separatin g betwee n simplicit y an d likelihoo d i n D O P an d 
by combinin g the m i n a  nove l  way ,  w e hav e show n tha t 
an improve d mode l  ca n b e obtained . 

What  w e hav e no t  don e i n thi s pape r  i s t o isolat e 
th e perceptua l  propertie s fo r  whic h n o prio r  expectation s 
ar e needed .  Eve n Simplicity-DOP ,  albei t  non -
probabilistic ,  i s  heavil y base d o n previousl y perceive d 
data .  I t  i s  ver y likel y tha t  ther e ar e perceptua l  groupin g 
propertie s fo r  whic h n o prio r  expectation s ar e necessary . 
D OP doe s no t  contribut e t o th e discover y o f  suc h 
properties ,  bu t  i t  doe s neithe r  neglec t  them ,  a s the y ar e 
implici t  i n th e treebank .  B o d (2001b )  show s tha t 
Wertheimer' s Gestal t  principle s ar e reflecte d i n abou t 
8 5 % o f  th e phrase s i n th e Esse n Folkson g Collectio n 
(wher e phrase s hav e boundarie s tha t  fal l  o n larg e tim e o r 
pitc h intervals) .  D O P automaticall y take s thes e principle s 
int o accoun t  b y subtree s tha t  contai n suc h phrases ,  bu t 
D OP als o take s int o accoun t  phrase s whos e boundarie s d o 
not  fal l  o n larg e interval s (so-calle d "jump-phrases") .  B y 
usin g al l  subtrees ,  D O P mimic s th e preference s human s 
hav e use d i n analyzin g th e perceptua l  data ,  whateve r 
thes e preference s m a y hav e been . 
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Abstrac t 

We argue that anaphora cannot be resolved at the level 
of  th e forma l  languag e representin g meaning ,  but ,  rather , 
by makin g direc t  referenc e t o th e extensio n o f  th e sen -
tences .  Johnson-Laird' s menta l  model s theor y provid e 
th e too l  fo r  copin g wit h extensiona l  representation s i n a 
cognitivel y plausibl e way . 

In t roduct io n 

Anaphori c expression s ar e traditionall y viewe d a s sub -
stitute s fo r  mor e comple x linguisti c expression s whic h 
hav e alread y occurre d earlie r  i n th e text .  Anaphor a ha s 
prove n difficul t  t o analyz e a t  a  purel y syntacti c level , 
so tha t  structura l  approache s lik e D R T [10 ]  o r  semanti c 
ones lik e Dynami c Semantic s [4 ]  cop e wit h thi s proble m 
by enrichin g th e forma l  languag e use d t o buil d o r  t o rep -
resen t  th e meanin g o f  sentences . 

We believ e tha t  th e limi t  o f  thes e approache s i s tha t 
the y hav e chose n th e wron g leve l  o f  representatio n fo r 
dealin g wit h anaphora :  w e wil l  sho w tha t  i t  i s  necessar y 
t o mak e direc t  referenc e t o extensiona l  representation s 
of  meaning .  I n particular ,  th e representatio n o f  th e con -
tex t  shoul d pu t  a t  disposa l  th e element s o f  th e situation , 
whic h anaphor s ca n refe r  to ,  instea d o f  hidin g the m be -
hin d quantifie d expressions . 

However ,  extension s ca n possibl y b e infinit e o r  to o 
larg e t o b e deal t  wit h directly .  Bu t  ther e i s a  proposa l 
whic h use s extensiona l  representation s o f  finite  an d lim -
ite d size ,  an d whic h ha s bee n show n t o b e cognitivel y 
plausible ,  i.e. ,  th e menta l  model s theor y o f  [9] .  Johnson -
Lair d ha s use d menta l  model s i n orde r  t o explai n ho w 
peopl e reaso n withou t  havin g t o resor t  t o forma l  logic . 
Inference s ar c performe d b y manipulatin g extensiona l 
representation s o f  sentence s whic h ar e compose d o f  a  fi-
nit e numbe r  o f  element s an d relations :  " a menta l  mode l 
represent s th e extensio n o f  a n assertion ,  i.e. ,  th e situatio n 
i t  describes ,  an d th e recursiv e machiner y fo r  revisin g th e 
model  represent s th e intensio n o f  th e assertion ,  i.e. ,  th e 
set  o f  al l  possibl e situation s i t  describes. "  (p .  100 ) 

I n [8]' s  words :  "menta l  model s theor y i s a  psycholog -
ica l  theor y o f  languag e processin g an d reasoning .  Th e 
theor y provide s a  framewor k withi n whic h mor e detaile d 
account s o f  th e componen t  processe s o f  comprehensio n 
[... ]  suc h a s anaphor a interpretatio n [... ]  an d reasonin g 
ca n b e developed ,  [... ]  Menta l  model s theor y assume s 

tha t  comprehensio n result s i n th e constructio n o f  repre -
sentation s o f  situation s i n th e rea l  worl d [... ]  Thes e mod -
el s ar e finite  an d computable ,  an d the y ar e constructe d 
incrementally ,  wit h th e mode l  s o fa r  actin g a s par t  o f  th e 
contex t  fo r  interpretin g th e curren t  text .  (p.20 ) 

A simpl e preliminar y exampl e illustrate s ou r  solution . 
I n th e followin g sentences ,  th e acceptabilit y  i s  guaran -
tee d jus t  fo r  th e pai r  wher e th e (intended )  anteceden t  ( a 
donkey )  an d th e pronou n {they )  d o no t  agre e i n thei r  syn -
tacti c number : 
(1 )  Ever y farme r  own s a  donkey .  *Itispink . 
(2 )  Ever y farme r  own s a  donkey .  The y ar e pink . 
W h en th e secon d sentenc e i n eac h discours e i s inter -
preted ,  i t  produce s a  menta l  mode l  whic h mus t  b e 
integrate d wit h th e precedin g one :  a  referen t  mus t 
be foun d fo r  th e anaphori c expressions .  I f  w e ex -
amin e i n th e Figur e belo w h o w th e first  sentence s 
of  th e tw o pair s ar e represente d i n menta l  model s 
theory ,  w e se e tha t  th e proble m i s  easil y solved . 
The menta l 
model  contain s o« n 
a finite  num -  ^  '  ̂  
ber  o f  token s f  — ° " '  -  d 
(placeholder s ^  ° "  ^ 
fo r  individuals , 
her e farmer s /  an d donkey s d )  an d relation s amon g 
token s (th e arrow s labele d wit h own) .  Give n th e mode l 
above ,  whic h donkey ,  ou t  o f  th e represente d ones ,  ca n 
we relat e t o th e singula r  it ,  appearin g i n th e secon d 
sentenc e o f  (1) ? Th e proble m o f  identifyin g th e referen t 
appear s t o b e th e sam e a s in :  (3 )  /  hav e thre e sisters . 
*Sh e i s blond e wher e w e hav e t o choos e on e referen t 
out  o f  thre e candidates .  O n e i s give n n o (o r  no t  enough ) 
informatio n t o identif y th e anteceden t  (amon g th e thre e 
sisters )  denote d b y she .  O n th e contrary ,  th e the y 
pronou n i n (2 )  ca n b e interprete d a s referrin g t o th e se t 
of  donkey s appearin g i n th e model ,  du e t o it s plura l 
syntacti c number . 
The mental model building algorithm 
Firs t  o f  all ,  th e sentenc e undergoe s a  syntacti c an d se -
manti c interpretatio n proces s tha t  produce s a  semanti c 
networ k (se e [6] ,  [11 ]  an d [2 ]  fo r  detail s o n th e networ k 
representation) .  Then ,  followin g th e proposa l  b y [9] ,  tha t 
" a propositiona l  representatio n ca n b e use d a s th e inpu t 
t o a  procedura l  semantic s tha t  construct s menta l  mod -
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els" ,  a  menta l  mode l  representin g th e meanin g o f  th e sen -
tenc e i s built . 

The network representation 

For  th e presen t  purposes ,  w e wil l  describ e briefl y 
onl y th e mechanis m o f  Distributivit y Ambiguit y Space s 
( D A S )  whic h deal s wit h th e possibl e distributiv e read -
ing s o f  a n N P (se e [11 ]  fo r  details) . 
The node s o f  th e networ k ca n b e simpl e o r  D A S s .  Th e 
latte r  correspon d t o plura l  NPs ,  an d the y wer e introduce d 
t o dea l  wit h th e distinctio n betwee n collectiv e an d dis -
tributiv e reading s o f  predicates :  eac h D A S include s tw o 
subnode s Se t  an d Indiv . 

I n cas e o f  (4 )  Thre e me n lifte d thre e tables ,  i f  th e sub -
jec t  N P i s give n a  readin g a s a  set ,  th e m e n ar e see n a s be -
in g jointl y involve d i n th e ac t  o f  liftin g tables .  Vicevers a 
i n ̂ e individua l  readin g o f  th e subject ,  eac h m a n exe -
cute d a  separat e liftin g act .  I f  th e table s ar e interprete d a s 
a se t  too ,  the y wer e lifte d al l  togethe r  (perhap s the y wer e 
stacked) .  O n th e contrary ,  i f  the y ar e interprete d a s indi -
viduals ,  th e m e n lifte d the m on e a t  a  time .  Th e fou r  com -
bination s o f  Set .  Indi v reading s fo r  th e subjec t  an d th e 
objec t  d o no t  cove r  al l  possibilities .  I n fact ,  i t  m a y hap -
pen that ,  fo r  th e Indi v readin g o f  th e subject ,  ther e exis t 
jus t  thre e tables ,  an d eac h m a n lifte d on e o f  the m (thre e 
individua l  liftin g acts) ;  o r  tha t  eac h m a n lifte d thre e ta -
ble s (possibly ,  bu t  no t  necessarily ,  th e sam e thre e tables ; 
9 differen t  table s coul d b e involved) ,  s o tha t  nin e individ -
ual  liftin g act s hav e bee n executed .  Or ,  i n th e Se t  readin g 
of  th e object ,  th e thre e m e n lifte d thre e differen t  stack s 
of  table s (so ,  w e hav e tw o mor e readings ,  fo r  a  tota l  o f  6 ) 
Th e extr a reading s (se e Figur e 1 )  ar e accounte d fo r  b y 
means o f  a  mechanis m othe r  tha n th e D A S describe d 
abov e (bu t  independentl y motivated ,  se c [  1 1 ]) ,  i.e .  b y th e 
presenc e o f  D E P - O N (dependen t  on )  arcs .  The y ar c sim -
ila r  t o Skole m function s i n firs t  orde r  logic ,  an d wer e in -
troduce d fo r  representin g quantifie r  scoping .  Eac h nod e 
whic h i s no t  imiversall y quantifie d ca n b e specifie d t o b e 
dependen t  o n anothe r  'plural '  node .  Fo r  instance ,  i n Ev -
er y farme r  own s a  donkey ,  th e mos t  natura l  readin g i s 
wher e eac h farme r  own s a  differen t  donkey ,  s o tha t  th e 
particula r  donke y 'depend s on '  th e particula r  farmer . 

Mental models 

I n orde r  t o us e a  mor e unambiguou s versio n o f  th e frame -
wor k wit h respec t  t o th e 'diagrammatic '  origina l  versio n 
of  [9] ,  w e refe r  t o th e formalizatio n o f  menta l  model s 
provide d b y [1] . 

Accordin g t o [1] ,  a  mode l  i s  tripl e <  T ,  R ,  A  > ,  wher e 
T i s a  (non-empty )  bi-dimensiona l  matri x o f  tokens ,  R  i s 
a se t  o f  relation s o n T ,  an d A  i s a  se t  o f  annotations .  Fo r 
dealin g wit h som e interpretations ,  mor e tha n on e mode l 
ca n b e required . 
A toke n i s eithe r  a  mode l  o r  a n element .  A n elemen t  i s 
a pai r  <  S ,  A  >  wher e S  i s a  symbo l  fro m a  give n vo -
cabular y an d A  i s a  se t  o f  armotations ;  th e vocabular y 
consist s o f  name d individua l  entitie s (Joh n fo r  th e prope r 
name John )  an d generi c entitie s belongin g t o som e cate -
gor y (C j  fo r  cars ,  f j  fo r  fanners ,  etc.) . 

SEMANTIC INTERPRETATION 
»gt̂ \̂tlion̂ ^  ob j 

MENTAL MODELS 

^ 

m—•—t 
m—•—I 
m—•—I 

mgt 

Figur e 1 :  Si x reading s o f  (4) . 

A relatio n i s a n ordere d sequenc e <  r ,  Xi ,  ... ,  x„ ,  A  > 
wher e r  i s  a  relatio n symbol ,  Xi ,  ... ,  x „  ar e token s i n 
T an d A  i s a  se t  o f  annotations .  Annotation s ar e "th e 
prepositiona l  enrichmen t  o f  th e analogica l  structur e o f 
th e m o d e r  [1] .  I n particular ,  th e "not "  aruiotatio n ap -
plie s t o an y featur e o f  th e models .  Fo r  model s an d re -
lations ,  a  negatio n mean s tha t  the y ar e no t  th e case ;  fo r 
entities ,  tha t  the y ar e absen t  i n a  model .  Th e "... "  anno -
tatio n mean s tha t  th e mode l  ca n b e ftirther  extended . 
[1 ]  conside r  relation s suc h a s 'above' ,  'faster '  an d tw o 
specia l  relation s "connecte d with "  ( C W )  an d "neve r  con -
necte d with "  ( N C W ) .  Th e C W relatio n form s a n individ -
ual  b y connectin g tw o o f  it s  properties .  Th e N C W on e 
state s tha t  tw o propertie s canno t  hol d fo r  th e sam e indi -
vidual .  Usuall y th e tw o relation s ar e use d t o represen t 
th e meanin g of ,  respectively ,  al l  human s ar e mortal s an d 
most  lawyer s ar e no t  poor .  Wit h respec t  t o [l]' s  frame -
work ,  w e introduc e a n extensio n fo r  wha t  concern s th e 
N C W relation .  I n fact ,  N C W i s originall y mean t  t o appl y 
onl y t o unar y predicate s suc h a s bein g human s o r  mortal . 
We introduc e a  versio n o f  th e N C W relatio n relativize d 
t o a  predicat e rel ,  NCW(rel) .  I n fact ,  th e "not "  annota -
tio n o f  a  relatio n mean s tha t  th e relatio n i s no t  tru e o f  th e 
give n entitie s involve d i n th e relation .  I n <  faster ,  John , 
bill ,  {not }  > ,  th e negatio n doe s no t  concer n th e existenc e 
or  no t  o f  th e tw o individual s Joh n an d Bill ,  whic h ar e in -
troduce d a s existin g entities .  Bu t  thi s i s no t  sufficien t  t o 
represen t  th e meanin g o f  a  sentenc e lik e Joh n doe s no t 
hav e a  car :  sinc e th e phras e a  ca r  insid e a  negatio n doe s 
not  introduc e o r  refe r  t o a n entit y i n th e model ,  th e mean -
in g o f  th e sentenc e canno t  b e represente d b y th e negatio n 
of  th e 'have '  relation :  i n fact ,  a  relatio n a s <  have ,  John , 
ci ,  {not }  >  doe s no t  expres s th e fac t  tha t  fi'om  th e mode l 
i t  i s  no t  possibl e t o infe r  tha t  ther e i s a  car .  Rather ,  thi s 
annotate d relatio n expresse s th e fac t  tha t  ther e i s a  ca r  i n 
th e mode l  an d Joh n i s no t  it s  owner . 
What  w e nee d i s somethin g simila r  t o th e interpretatio n 
of  th e sentenc e n o lawye r  i s a  croo k fro m whic h i s no t 
possibl e t o infe r  tha t  ther e i s som e croo k i n th e model . 
The mode l  o f  thi s sentenc e i n [1 ]  i s  no t  represente d b y a 
negatio n o f  som e predicat e 'is '  bu t  wit h th e N C W rela -
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tio n discusse d above :  <  N C W.  lawyerj ,  crook < > .  Anil -
ogously ,  fo r  interpretin g Joh n doe s no t  hav e a  ca r  w e 
introduc e a  N C W ( h a v e )  predicate ,  whic h no t  onl y ex -
presse s th e negatio n o f  th e "have "  predicate ,  bu t  whic h 
als o doe s no t  asser t  th e existenc e o f  an y ca r  (se e th e Fig -
ur e below) . 

I n < N C W ( h a v e ) , 
John ,  ci ,  0  > ,  cars ,  a s ^^ n 
i n <  N C W,  bicyclei ,  -mf \ 
Cj ,  0  >  {n o bicycl e ^ 
i s a  car) ,  ar e kep t  separat e fro m th e othe r  entitie s i n 
th e model :  the y canno t  pla y th e rol e o f  antecedent s o f 
pronouns . 

For  wha t  concern s th e treatmen t  o f  logica l  connec -
tives,  w e stic k t o th e proposa l  o f  [1] . 

From the network to the mental model 

The mode l  constructin g procedur e take s a s inpu t  a n ex -
istin g menta l  mode l  (representin g th e context )  an d th e 
networ k representatio n o f  th e ne w sentenc e (stil l  asso -
ciate d wit h th e syntacti c  tree) :  th e newl y constructe d 
model  i s integrate d v/\t h th e existin g one s b y overlappin g 
identica l  token s an d findin g referen t  token s fo r  anaphori c 
expressions . 

The proces s start s from  th e non-dependen t  entit y 
node s o f  th e networ k whic h deriv e from  th e interpreta -
tion  o f  N P s (i.e .  N P s withou t  exitin g D E P - O N arcs) ,  an d 
proceed s wit h th e othe r  NPs ,  accordin g t o th e (partial ) 
orde r  impose d b y (reversed )  D E P - O N arcs .  Afte r  that , 
al l  co-reference s ar c solved .  Fo r  instance ,  i n (5 )  Ever y 
farme r  wh o own s a  donke y beat s it ,  ever y farme r  i s pro -
cesse d first ,  the n a  donke y and ,  th e pronou n i t  whic h de -
pen d o n th e subjec t  NP . 

Mor e precisely ,  give n a  contex t  M compose d b y a 
model  <  T ,  R ,  A  > ,  w e hav e tha t  a  networ k W i s inter -
prete d a s a  ne w mode l  <  T' ,  R' ,  A '  > ,  i n th e followin g 
way: 
1.  Eac h non-dependen t  entit y nod e i n th e networ k W de -

riving  from  th e interpretatio n o f  a n N P i s treate d sep -
arately : 

(a )  I f  th e entit y nod e i s represent s a n N P whic h i s 
a prope r  nou n (e.g. ,  John) ,  a n individua l  toke n (e.g. , 
John )  i s introduce d i n th e matri x T  o f  th e mode l  M ; 
i f  tha t  toke n i s alread y presen t  i n th e model ,  th e tw o 
token s ar e identified . 

(b )  I f  th e N P i s a  quantifie d N o u n (e.g. ,  ever y farmer) , 
a se t  o f  distinc t  token s F  =  {xi,... ,  x„ }  representin g 
th e denotatio n o f  th e nou n i s adde d t o th e contex t  ma -
tri x  T ;  dependin g o n th e quantifie r  Q ,  a  subse t  o f  them , 
Q(F) ,  wil l  b e selecte d fo r  linkin g t o othe r  token s b y th e 
relatio n wher e th e N P occur s a s a n argumen t  (selectin g 
th e whol e se t  i n cas e o f  ever y an d all ,  a  proportione d 
subse t  o f  i t  i n cas e oimost ,  etc) .  Th e annotatio n A  o f 
th e mode l  ca n b e augmente d wit h a  "..." ,  since ,  de -
pendin g o n th e quantifier ,  mor e token s coul d b e adde d 
t o th e matri x T  o r  th e se t  Q { F )  coul d b e revise d (e.g. , 
i f  (3="some" ,  \ Q { F ) \  coul d b e initiall y  2  o r  3 ,  bu t  i t 
ca n b e increase d i n cas e o f  necessity ,  a s i n th e standar d 

treatmen t  o f  syllogis m i n [9]) . 
A specia l  case ,  a s i n th e menta l  model s theor y o f 
[9] ,  i s  represente d b y th e quantifie r  no :  it s meanin g 
i s represente d b y selectin g al l  th e token s F  represent -
in g th e denotatio n o f  th e nou n i t  quantifie s (Q(F)=F) ; 
but  whe n th e relatio n re l  involvin g th e N P i s intro -
duced ,  i t  i s  interprete d a s negate d eithe r  i n th e sens e 
of  a  NCW(rel )  relatio n o r  i n th e sens e o f  bein g an -
notate d a s negated .  A s a n example ,  i n n o farme r 
owns a  donke y th e ownin g relation ,  i s transforme d i n a 
N C W ( o w n)  relatio n whic h keep s apar t  al l  th e farmer s 
from  th e se t  o f  donkeys . 

(c )  I f  th e N P i s a n indefinit e suc h a s a  car ,  tw o case s 
ar e possibl e accordin g t o th e presenc e o f  a  negatio n 
and th e rol e playe d b y th e N P i n th e mai n predicate: ' 
•  I f  th e N P i s th e subjec t  o f  th e ver b o r  i t  appear s 

i n a  non-negate d relation ,  a  singl e n e w toke n rep -
resentin g a  ca r  i s  adde d t o th e matri x T  o f  th e mode l 
and annotate d a s "..." ,  sinc e i t  doe s no t  conve y an y 
uniquenes s presupposition . 

•  I f  th e N P appear s i n a  negate d predicat e an d i t  i s  no t 
th e subjec t  o f  th e predicat e rel ,  som e token s repre -
sentin g th e denotatio n o f  th e nou n F  =  {xj,... ,  x„ } 
ar e introduce d i n T  an d appea r  i n a  NCW(re l )  rela -
tion  t o kee p the m separat e from  th e othe r  token s o f 
th e model. ^ 

(d) If the entity in the network W is the interpreta-
tion  o f  a  definit e N P o r  a  definit e pronoun ,  the n a n 
anteceden t  mus t  b e searche d fo r  i n th e menta l  mode l 
constructe d s o far ;  accordin g t o th e number ,  on e o r 
mor e token s existin g i n th e mode l  ar e sough t  i n T  t o 
act  a s th e potentia l  referents :  further ,  th e se t  o f  rela -
tions  R  mus t  satisf y th e descriptio n provide d b y th e 
NP.  Thi s kin d o f  unification ,  however ,  canno t  b e ac -
complishe d wit h item s whic h ar e linke d t o othe r  one s 
onl y b y a  NCW(rel )  relatio n i n whic h the y appea r  i n a 
non-subjec t  rol e {t j  |  3  rel ,  xi ,  ... ,  x „  ( < NCW(rel) , 
Xi,...,t<,...,x„ ,  0  >  € R A i /  1  )} ,  i.e. ,  thes e item s 
ar e implicitl y  assume d a s 'no n existing '  i n th e model . 
Moreover ,  i f  th e se t  o f  possibl e referent s X  =  {ti,... , 
t „  }  i s compose d o f  a  subse t  o f  token s whic h occu r 
i n relation s wit h othe r  token s an d a  subse t  o f  token s 
whic h ar e unrelated : 
{t i  I  3  rel ,  A ,  xi,... ,  x „  ( < rel ,  xi,... ,  t<,... ,  x „  ,  A > 
G R )  }  U  {t j  I  -.3rel ,  A.x i  x „  ( < rel ,  xi,... ,  tj , 
...,x„,A>eR) } 
the n onl y th e forme r  se t  ca n b e considere d b y th e uni -
'Not e tha t  Joh n doe s no t  lov e a  gir l  i n hi s offic e wher e th e 

indefinit e i s a  specifi c  on e (se e [  10] )  an d th e speake r  coul d iden -
tif y  a  uniqu e referen t  fo r  it ,  i s  no t  covere d b y thi s rule . 

^Thi s treatmen t  o f  indefinite s i s justifie d als o fro m a  linguis -
ti c poin t  o f  view .  A s [10 ]  notice ,  th e negatio n o f  a  ver b mus t 
be interprete d a s havin g a n inne r  scop e whic h doe s no t  includ e 
th e subjec t  o f  th e verb ,  otherwis e sentence s a s someon e doe s 
not  lik e a  Porsch e woul d b e tru e i n cas e ther e i s n o peopl e a t 
all .  An d i t  find s a  similarit y  i n D R T wher e indefinite s insid e th e 
scop e o f  a  negatio n ar e interprete d i n a  subordinat e D R T struc -
tur e whic h wil l  no t  b e accessibl e fo r  th e resolutio n o f  anaphori c 
expressions . 
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ficatio n proces s (e.g. ,  i n th e interpretatio n o f  Joh n ha s 
many donkeys .  The y ar e pin k wher e th e mode l  in -
clude s a  numbe r  o f  donkey s bu t  onl y a  subse t  o f  the m 
i s relate d wit h John :  th e pronou n the y refer s onl y t o 
thi s subset) . 
Not e tha t  th e se t  o f  annotation s i s no t  constraine d t o 
be empty :  i n fact ,  i t  i s  possibl e t o mak e referenc e t o a 
set  o f  entitie s whic h i s involve d i n a  negate d relatio n 
as in :  (6 )  th e soldie r  did n ' t  se e som e o f  th e enemies . 
They wer e hidin g i n th e trees . 

Finally ,  sinc e a  definit e pronou n i s a  definit e reference , 
th e foun d referen t  mus t  b e non-ambiguous :  i f  differ -
ent  possibilitie s exist ,  then ,  fo r  pragmatic s reasons ,  th e 
referenc e fail s (se e exampl e (3)) . 

2.  I f  th e entit y nod e o f  th e N P np i  i s  "dependen t  on "  an -
othe r  nod e whic h i s buil t  fro m th e M P npj ,  it s  inter -
pretatio n depend s o n th e on e o f  npj :  thi s mean s that , 
fo r  eac h toke n buil t  i n correspondenc e wit h np 2 th e in -
terpretatio n o f  np i  mus t  b e repeate d accordin g t o th e 
rule s i n 1  describe d abov e fo r  non-dependen t  NPs .  I n 
particular ,  i f  np i  i s  a  singula r  indefinit e an d th e cor -
respondin g relatio n i s no t  negated ,  a  ne w toke n i s in -
troduce d fo r  eac h toke n associate d wit h npj ;  i f  np i  i s 
plural ,  a  differen t  se t  o f  exampl e token s i s adde d t o th e 
model  fo r  eac h toke n associate d wit h npj . 
For  exampl e i n th e distributiv e interpretatio n o f  Ever y 
fiirmer  ha s a  donkey .  The y bea t  it ,  the y i s unifie d wit h 
Ae token s fi,... ,  f n representin g farmers ,  bu t  th e in -
terpretatio n o f  i t  (whic h i n thi s readin g canno t  bu t  b e 
dependen t  o n them )  i s performe d fo r  eac h f i  (1 < i  < 
n)  relativel y t o th e se t  o f  token s {  t j  |  3  rel ,  Xi,... ,  x „ 
( < rel ,  xi,... ,  fj ,  ... ,  tj ,  ... ,  x „  ,  0 > €  R )  } .  I n th e 
example ,  fo r  eac h i ,  i t  i s  unifie d wit h th e d j  suc h tha t 
<beat ,  f. ,  di ,  0  > . 

3.  Finally ,  th e token s ar e linke d b y th e relation s describe d 
by th e predicates .  Th e numbe r  o f  relation s whic h ar e 
introduce d depend s o n th e se t  o r  individua l  interpre -
tatio n o f  th e D A S o f  th e NP s involved :  i f  a n N P i s 
considere d a s a  set ,  th e token s resultin g fro m it s inter -
pretatio n ar e include d a s a  whol e i n th e rol e the y pla y 
i n th e relation .  Otherwise ,  eac h elemen t  o f  th e se t  i s 
introduce d i n differen t  instanc e o f  th e relation . 

4.  A s w e discus s i n th e followin g Section ,  th e interpreta -
tio n o f  a  sentenc e whic h include s logica l  connective s 
can resul t  i n mor e tha n on e model .  Th e rul e 1  i s iter -
ate d fo r  eac h o f  th e clause s i n th e comple x sentence . 
Durin g th e interpretatio n proces s som e o f  th e possi -
bl e model s mus t  b e discharge d a s inconsistent .  Thi s 
i s a  correc t  mov e bu t  i t  ca n lea d t o th e refectio n o f 
th e sentenc e fo r  pragmati c reason s (a s i n exampl e (11 ) 
below) .  I n fact ,  i f  th e interpretatio n o f  a  sentenc e re -
sult s i n a  reduce d se t  o f  model s whic h ca n b e bette r 
describe d b y anothe r  sentenc e (tha t  is ,  it s  interpreta -
tio n doe s no t  discar d an y model) ,  the n b y th e Gricea n 
principl e o f  cooperation ,  th e speake r  shoul d hav e use d 
itinstea d o f  th e on e h e chose . 

5.  O n th e othe r  hand ,  i f  th e interpretatio n o f  th e sentenc e 
lead s felicitousl y t o a  se t  o f  models ,  thes e model s be -

come par t  o f  th e context .  W h e n a  subsequen t  sentenc e 
i s interpreted ,  it s interpretatio n mus t  b e compatibl e 
wit h al l  th e model s i n th e context .  I n particular ,  i f 
th e interpretatio n o f  th e subsequen t  sentenc e produce s 
more tha n on e model ,  fo r  eac h mode l  i n th e context , 
at  leas t  on e o f  th e newl y constructe d model s mus t  b e 
compatibl e (eve n i f  no t  th e sam e on e fo r  al l  th e mode l 
i n th e context) .  Otherwise ,  th e sentenc e wil l  b e re -
jecte d (a s i n exampl e (14 )  below) . 

Logical connectives 

Accordin g t o [10 ]  th e interpla y o f  anaphor a an d logica l 
connective s i s a  fimdamenta l  testbe d fo r  an y theor y o f 
languag e interpretation .  Here ,  th e meanin g o f  connec -
tive s i s expresse d b y thei r  possibl e model s i n [9]' s  style . 
Firs t  th e implici t  model s ar e constructe d an d i f  necessar y 
th e explici t  one s ar e fleshed  out . 
Let' s star t  wit h a  simpl e exampl e involvin g negation :  (7 ) 
"Joh n doe s no t  ow n a  ca r  H e washe s it . 
Since ,  accordin g t o th e representatio n outline d i n th e pre -
viou s section ,  car s ar e include d i n N C W ( o w n )  relations , 
no referen t  ca n b e foun d i n th e mode l  fo r  th e pronou n /'/ : 
< T={{0 ,  ci} ,  {John ,  0},}} .  R = { < N C W ( o w n ) ,  John , 
C i , 0 > . A = 0 } > 
So,  th e sentenc e i s no t  interpretabl e accordin g t o tha t 
reading . 
An exampl e a  bi t  mor e comple x is :  (8 )  N o fiirmer  ha s a 
car  *Itisred . 
A sentenc e lik e n o farme r  i s ric h i s represente d b y a 
N CW relatio n betwee n farmer s an d rich  peopl e se e rul e 
l.b .  I n ou r  model ,  thi s relatio n i s extende d t o arbitrar y 
predicates .  Hence ,  th e firs t  sentenc e produce s a  mode l 
wher e car s appea r  i n th e se t  o f  neve r  connecte d wit h en -
tities ,  s o tha t  th e interpretatio n (an d failur e i n integration ) 
i s exactl y th e sam e a s i n th e previou s example : 
< T= {  {{0.c,}{0.C2}{0,C3}} .  {{fi ,  0} .  {f2.0} .  {fa .  0} } 
} ,  R = { < N C W ( o w n ) ,  fi ,  ci> ,  0  > ,  <  N C W ( o w n ) ,  fj , 
cj> ,  0  > ,  < N C W ( o w n ) ,  fa ,  C3> ,  0  > } ,  A = {... }  } 
On th e contrary :  (9 )  N o farme r  ha s a  ca r  The y prefe r 
donkeys ,  i s  acceptable ,  i n spit e o f  th e negatio n appearin g 
i n th e subjec t  N P an d o f  it s  singula r  number .  I n fact ,  th e 
farmer s (appearin g a s 'existing '  entities )  ar e availabl e fo r 
integration . 

I f  w e no w conside r  conjunction s an d disjunctions ,  an -
othe r  interestin g anomal y arises : 

(10 )  Joh n own s a  car i  an d Fre d washe s it i 
(11 )  *Joh n own s a  car i  o r  Fre d washe s it i 

The syntacti c structure s ar e identica l  bu t  th e acceptabil -
it y  i s  not .  I n orde r  t o explai n thi s fact ,  [10 ]  introduce d 
an accessibilit y  constrain t  a t  th e structura l  level :  "n o dis -
junc t  o f  a  disjunctiv e conditio n i s accessibl e fro m an y 
other" . 

The menta l  mode l  representatio n o f  a  conjunctio n in -
volve s th e inclusio n i n th e sam e mode l  o f  th e conjoine d 
sentences .  So ,  n o proble m arise s wit h (10) ,  sinc e th e ref -
eren t  fo r  i t  ca n b e foun d i n th e sam e mode l  wher e th e 
secon d conjunc t  mus t  b e integrated .  Compar e th e unac -
ceptabilit y  o f  "Joh n doe s no t  hav e a  Porsch e an d Fre d 
washes it . 
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On th e contrary ,  a  disjunctio n A  V  B  require s th e con -
structio n o f  tw o separat e model s (on e wit h A  an d on e 
wit h B ) .  So ,  i n th e secon d mode l  o f  (11 )  ther e i s n o 
availabl e referen t  fo r  th e pronou n (B ,  i.e. ,  Fre d washe s 
it) .  Bu t  whe n a  difficult y (suc h a s th e impossibilit y  o f 
understandin g a  sentence )  occur s i n a  menta l  model ,  th e 
model  ca n b e manipulate d an d fleshed  out ;  i n principle , 
when applie d t o th e secon d mode l  (B) ,  thi s proces s coul d 
produc e tw o alternatives .  I n th e first  on e Joh n own s a  ca r 
( A an d B ) ,  whil e i n th e secon d on e h e doe s no t  (no t  A 
and B ,  i.e. ,  Joh n doe s no t  hav e a  ca r  an d Fre d washe s 
it) .  So ,  i t  seem s tha t  th e firs t  extensio n coul d solv e th e 
problem :  John ,  i n fact ,  own s a  ca r  an d Fre d washe s it : 

J  - »c.. . 
A 

J- Mn 
A 

• 

own 
A B 

^  wash 
B 

. 7 

_««,  p -  J  F  »•« > 7 
c 

not A B 

The lowe r  par t  o f  th e figure  show s th e thre e resultin g 
models :  th e secon d on e ( A an d B )  include s th e first  (A ) 
and th e thir d (no t  A  an d B )  i s discharge d sinc e Fre d can -
not  was h a  ca r  whic h doe s no t  exis t  (se e th e *  i n th e thir d 
box) . 
However ,  i t  seem s tha t  from  an y disjunctio n a t  leas t  tw o 
distinc t  model s mus t  b e constructed ,  an d tha t  non e o f 
the m mus t  b e include d i n th e other :  otherwise ,  th e com -
m on par t  o f  th e tw o model s woul d b e necessaril y  tru e 
and accordin g t o Grice ,  th e speake r  shoul d no t  hav e use d 
a disjunctio n t o expres s suc h a  meanin g (se e rul e 4  o f  th e 
interpretatio n algorithm) . 

A n exampl e tha t  support s th e previou s analysi s i s th e 
acceptabilit y  o f  th e followin g sentence ,  a s th e reade r  ca n 
easil y test :  (12 )  Joh n doe s no t  ow n a  ca r  o r  h e washe s 
it .  Th e secon d mode l  (th e on e o f  h e washe s it )  ca n b e 
fleshed  ou t  wit h th e negatio n o f  th e first  disjunc t  (no t  A 
and B ,  i.e. ,  Joh n doe s o w n a  ca r  an d Fre d washe s it) : 
afte r  thi s extension ,  th e resultin g mode l  put s a t  disposa l 
th e require d referen t  fo r  th e pronoun .  W e ar e lef t  wit h 
tw o differen t  models ,  equivalen t  t o th e [10]' s interpreta -
tio n o f  th e example ,  i. e Joh n doe s no t  ow n a  ca r  o r  Joh n 
owns a  ca r  an d h e washe s it .  I n [10 ]  thi s resul t  i s  ob -
taine d b y copyin g th e negatio n o f  th e first  conjunc t  i n 
th e secon d D R S :  suc h a  rule ,  however ,  presuppose s tha t 
disjunction s i n natura l  languag e ar e alway s interprete d a 
exclusiv e disjunctions . 
I t  i s  interestin g t o not e tha t  Dynami c Semantic s [4] ,  i n 
orde r  t o explai n thi s kin d o f  examples ,  ha s t o introduc e a 
ne w clas s o f  anaphora ,  E-type . 

The las t  connectiv e t o b e considere d i s implication : 
(13 )  I f  Joh n own s a  car ,  h e washe s it . 
Thi s sentenc e involve s tw o model s ( A an d B ,  an d no t  A 
t o b e fimher  extended) :  i n th e first  one ,  Joh n own s a  ca r 
and washe s it ,  whil e i n th e secon d on e h e doe s no t  ow n 
any car .  But ,  i f  th e sentenc e i s followe d b y (14 )  *I t  i s 
a Porsche ,  th e pronou n o f  th e secon d sentenc e ca n find 
a referen t  onl y i n th e first  mode l  i n th e context ,  whil e 
no anteceden t  i s accessibl e i n th e secon d on e (wher e th e 

car ,  i n fact ,  i s  connecte d wit h a  N C W relation) .  A s pre -
scribe d b y rul e 4  o f  th e algorithm ,  a  ne w sentenc e mus t 
be integrate d wit h al l  th e pre-existin g model s i n th e con -
text ,  otherwis e i t  i s  unacceptable . 

An analogou s reasonin g explain s th e oddit y o f  *I f 
Joh n doe s no t  ow n a  car ,  Fre d washe s it .  Moreover , 
so calle d examinatio n sentence s a s (15 )  n o student s wil l 
be admitte d t o th e exa m unles s the y hav e registere d fou r 
weeks i n advanc e ca n b e deal t  wit h b y interpretin g th e 
conjunctio n unles s a s a n i f  no t  o r  a  stronge r  exclusiv e or . 

Plurals 

A numbe r  o f  interestin g anaphori c phenomen a ar e re -
late d t o plurals .  Th e first  situatio n concern s a  plura l  pro -
nou n referrin g t o a  se t  o f  singula r  antecedent s whic h oc -
cu r  i n th e model :  (16 )  Mar y me t  John .  The y talked . 

Eve n i f  i n menta l  model s th e first  sentenc e introduce s 
separatel y tw o tokens ,  th e rul e 1  . d ca n cop e wit h thes e 
cas e a s i f  the y wer e introduce d simultaneousl y a s b y th e 
N P tw o people .  S o i t  ca n resolv e th e anaphor a withou t 
explicitl y  summin g th e antecedent s t o for m a  plura l  dis -
cours e referent ,  a s D R T docs . 

Quantifie r  phrase s suc h a s man y o f  th e farmer s d o no t 
alway s introduc e th e referent s wit h whic h subsequen t 
pronoun s wil l  b e co-referential .  Fo r  example ,  thos e pro -
noun s refe r  t o set s tha t  hav e t o b e constructe d from  ex -
plici t  informatio n i n th e text .  Here ,  quantifier s introduc e 
i n th e mode l  a  se t  o f  token s whic h pronoun s ca n refe r  t o 
i n th e subsequen t  discourse :  (17 )  Susa n ha s foun d ever y 
boo k whic h Bil l  needs .  The y ar e o n hi s desk . 
To resolv e the y w e nee d onl y th e se t  o f  token s introduce d 
i n th e mode l  b y th e analysi s o f  th e first  sentence .  Th e 
right  subse t  o f  book s i s identifie d i n th e mode l  thank s t o 
rul e l. d (se e discussio n below) .  I n D R T ,  i n contrast ,  a 
n e w discours e referen t  i s  constructe d vi a a n abstractio n 
rul e whic h copie s th e conten t  o f  th e D R S s introduce d b y 
th e previou s sentence . 

I n som e approaches ,  definit e N P s an d pronoun s insid e 
th e scop e o f  a  quantifie r  ar e considere d lik e boun d vari -
able s i n a  logica l  system .  I n (18 )  ever y waite r  want s cus -
tomer s t o giv e hi m larg e tip s th e pronou n doe s no t  see m 
t o refe r  t o an y particula r  entity ,  whil e i t  doe s i n (19 )  Joh n 
want s customer s t o giv e hi m larg e tips .  D R T i n orde r 
t o dea l  wit h bot h case s i n a  unifor m w a y introduce s th e 
notio n o f  discours e referen t  whic h doe s no t  correspon d 
directl y t o an y individua l  i n th e world ,  whil e providin g 
antecedent s fo r  th e pronouns . 
I n contrast ,  menta l  model s theor y allow s imifyin g bot h 
cases ,  sinc e quantifie r  phrases ,  i n a n extensiona l  repre -
sentatio n introduc e set s o f  entitie s i n th e model . 

Not  al l  definit e pronoun s followin g quantifier s behav e 
lik e boun d variables ,  i n particular ,  i f  the y appear  i n a  fol -
lowin g clause ,  i.e. ,  outsid e th e quantifie r  scope :  (20 ) 
fe w congressme n admir e Kenned y an d the y ar e ver y ju -
nior .  The y refer s t o thos e (few )  congressme n w h o admir e 
Kennedy ,  eve n i f  ther e i s n o suc h a n expressio n referrin g 
t o them .  I f  th e pronou n wer e interprete d a s a  variable ,  th e 
sentenc e woul d b e equivalen t  t o (21 )  F e w congressme n 
admir e Kenned y an d ar e ver y junior .  I n [5 ]  ' s  terms ,  ther e 
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i s  a n anteceden t  trigger ,  a  linguisti c expressio n whic h 
introduce s th e anteceden t  o f  th e pronou n bu t  i t  doe s no t 
hav e th e sam e referen t  o f  th e pronoun . 
I n ou r  model ,  afte r  th e interpretatio n o f  th e first  claus e 
th e menta l  mode l  contain s th e se t  o f  congressme n an d a 
(small )  subse t  o f  the m whic h ar e i n a n "admire "  relatio n 
wit h Kennedy .  Fo r  rul e I  . d above ,  th e definit e pronou n 
the y ca n b e resolve d wit h thi s subset . 

But  a s i t  migh t  b e expected ,  quantifier s focu s o n th e 
subse t  o f  th e se t  specifie d b y th e hea d noun .  Hence ,  th e 
unificatio n proces s mus t  b e suitabl y constrained .  In :  (22 ) 
S o me farmer s o f  thi s valle y o w n a  donkey .  The y don' t  lik e 
cars ,  th e pronou n the y ca n i n principl e refe r  eithe r  t o th e 
farmer s o f  thi s valle y w h o o w n a  donke y o r  t o th e com -
plemen t  set ;  accordin g t o rul e 1  . d i n th e interpretatio n 
algorithm ,  i f  th e se t  o f  candidat e referent s ca n b e parti -
tione d i n differen t  sets ,  th e pronou n i s unifie d onl y wit h 
th e entitie s whic h ar e involve d i n a  relatio n (o f  ownin g a 
donkey) . 

Th e possibilit y  o f  a  plura l  anapho r  resolve d agains t 
referent s describe d b y a  singula r  indefinit e i s explaine d 
by rul e l. d whic h deal s wit h th e interpretatio n o f  depen -
den t  N P s i n distributiv e reading s (se e th e Figur e o n first 
page) .  I n (23 )  Ever y farme r  own s a  donkey .  The y ar e 
pin k th e distributiv e readin g expresse s explicitl y  th e plu -
ralit y o f  donkey s s o tha t  th e correc t  referent s ar e avail -
abl e fo r  th e plura l  pronoun .  I n contrast ,  i n (24 )  Ever y 
farme r  own s a  donkey .  *H e i s a  wis e m a n ,  th e singula r 
definit e pronou n h e canno t  b e resolved ,  sinc e w e d o no t 
hav e an y informatio n t o choos e on e o f  th e fanner s (se e 
rul e l.d) . 
A n exampl e slightl y mor e comple x is :  (25 )  Thre e farm -
er s ow n a  donkey .  The y bea t  them .  Th e latte r  sentenc e 
ca n b e interprete d onl y a s fa r  th e secon d claus e i s inter -
prete d wit h tw o individua l  reading s o f  th e N P withou t 
D E P - ON arc s betwee n the m (cas e 3  o f  Figur e 1) .  I n thi s 
cas e th e donkey s w h o for m th e anteceden t  o f  the m ar e re -
late d eac h b y a  differen t  relatio n wit h th e farmers .  Whic h 
farme r  i s selecte d fo r  relatin g wit h th e beatin g relatio n t o 
a given  donkey ? a s i n cas e o f  rul e 2  th e interpretatio n 
of  a n anapho r  i s performe d exactl y wit h respec t  t o th e 
othe r  token s whic h ar e linke d t o i t  b y som e relation .  In -
deed ,  i n th e contex t  i s  maintaine d th e relatio n betwee n 
eac h farme r  an d th e donke y h e owns :  hence ,  th e inter -
pretatio n o f  th e sentenc e lead s t o a  situatio n wher e eac h 
farme r  beat s th e donke y h e owns ,  an d no t  a  differen t  on e 
(a s i t  happen s i n som e forma l  model s o f  anaphora) . 
Finally ,  plura l  an d singula r  pronoun s ca n b e mixed :  (26 ) 
Ever y farme r  own s a  donkey .  The y bea t  it .  Sinc e / / 
i n th e secon d sentenc e i s dependen t  o n th e subjec t  they , 
th e interpretatio n o f  th e secon d sentenc e i s paralle l  t o th e 
interpretatio n o f  th e first:  th e objec t  {it )  ca n b e resolve d 
agains t  a n anteceden t  onl y i f  i t  i s  interprete d a s depen -
den t  o n th e subject ;  accordin g t o rul e l. d o f  th e interpre -
tatio n algorithm ,  the y i s unifie d wit h th e se t  o f  farmer s 
appearin g i n th e mode l  and ,  again ,  sinc e ther e i s a n ex -
plici t  relatio n (own )  linkin g eac h o f  the m t o a  donkey , 
thi s lin k i s followe d t o determin e th e (singular )  referen t 
of  it . 

Similarly ,  th e s o calle d donke y sentence ,  (27 )  Ever y 
farme r  w h o own s a  donke y beat s it ,  i s  acceptable :  th e 
procedur e first  interpret s th e subjec t  phrase ,  thu s obtain -
ing ,  i n th e wide-scop e readin g o f  th e universal ,  a  repre -
sentatio n wher e eac h farme r  ha s a t  leas t  a  donkey ;  the n 
i t  extend s th e representatio n b y searchin g fo r  a  referen t 
throug h eac h relatio n < o w n ,  U ,  d< ,  0  > ;  so ,  i n th e dis -
tributiv e readin g th e sentence ,  a s i n th e exampl e above , 
fo r  eac h farmer ,  a  differen t  referen t  fo r  i t  i s  found ,  i.e .  th e 
donke y owne d b y him .  Th e possibl e anteceden t  mus t  sat -
isf y th e restrictio n carrie d b y th e numbe r  o f  th e singula r 
pronou n (compar e *  Ever y farme r  w h o ha s tw o donkey s 
beat s it) . 

Conclusion 

Sinc e menta l  model s ar e a  cognitivel y plausibl e theor y 
of  h u m a n reasoning ,  the y ca n b e als o usefu l  i n finding 
an explanatio n o f  linguisti c phenomena .  I n [3] ,  w e ex -
ploite d menta l  model s t o provid e a n explanatio n o f  lex -
icall y triggere d presuppositions .  I n [2 ]  mor e comple x 
anaphorica l  phenomen a relate d t o th e differen t  reading s 
of  donke y sentence s hav e bee n cope d wit h i n th e sam e 
framework . 

Th e limi t  o f  logica l  approache s i n explainin g anaphor a 
i s tha t  the y exploi t  representation s tha t  ar e no t  isomor -
phi c t o ou r  conceptio n o f  th e describe d situation .  Th e 
necessit y o f  resortin g t o a  referentia l  leve l  i n explain -
in g anaphor a ha s bee n highlighte d als o b y [7] ,  W e 
followe d hi s suggestion ,  bu t  goin g i n a  differen t  direc -
tion ,  wher e menta l  model s replac e th e classica l  model -
theoreti c framewor k t o provid e a  cognitivel y plausibl e 
approac h t o languag e interpretation . 
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Abstrac t 

This paper considers the role of comparison in the 
developmen t  o f  knowledge .  Result s sho w tha t  connparin g 
simila r  object s make s the m appea r  mor e similar ,  whil e 
comparin g dissimila r  object s make s the m appea r  les s similar . 
The effec t  o f  compariso n o n simila r  item s wa s especiall y 
strikin g sinc e subject s judge d item s t o b e mor e simihi r  afte r 
companso n eve n i f  th e compariso n tas k wa s t o lis t  difference s 
betwee n th e tw o items .  Further ,  thi s effec t  appear s specifi c  t o 
con̂ jariso n an d doe s no t  appea r  t o b e simpl y du e t o a 
"fleshin g out "  o f  objec t  representation s (listin g propertie s o f 
tw o object s withou t  comparin g th e object s themselve s serve d 
t o increas e th e objects '  similarit y regardles s o f  whethe r  th e 
object s wer e simila r  o r  dissimila r  t o start) .  Thi s suggest s tha t 
compariso n ma y pla y a  specia l  rol e i n partitionin g bit s o f 
experienc e int o categories ,  sharpenin g categorica l  boundaries , 
and otherwis e helpin g u s creat e conceptua l  structur e abov e 
and beyon d tha t  offere d b y th e world . 

Introduction 

Ar e ou r  menta l  representation s o f  thing s i n th e worl d simpl y 
a reflectio n o f  th e structur e o f  th e world ,  o r  d o w e creat e 
ne w structure s an d partition s i n conceptua l  space ? Further , 
ar e ou r  representation s static ,  o r  d o the y chang e ove r  tim e i n 
systemati c way s a s a  resul t  o f  th e w a y w e proces s an d us e 
our  knowledge ? Thi s pape r  suggest s tha t  som e c o m m o n 
cognitiv e processe s (i n thi s case ,  comparison )  ca n introduc e 
systemati c biase s int o ou r  representation s o f  th e world . 
Thes e biase s m a y b e beneficia l  fo r  separatin g ou t  bit s o f 
experienc e int o categories ,  sharpenin g categorica l 
boundaries ,  an d otherwis e helpin g u s creat e conceptua l 
structur e abov e an d beyon d tha t  offere d b y th e world . 

Thi s pape r  focuse s o n objec t  similarity .  Similarit y i s a 
centra l  construc t  i n explanation s o f  cognition .  Explanation s 
of  categorization ,  induction ,  learning ,  an d memor y al l  rel y 
on th e construc t  o f  similarity .  Thing s tha t  ar e simila r  ar e 
likel y t o en d u p i n th e sam e categories ,  ar e likel y t o suppor t 
inductiv e inference s fo r  eac h other ,  wil l  ai d i n th e learnin g 
of  othe r  simila r  things ,  an d serv e a s goo d reminder s fo r  on e 
anothe r  i n memory .  Bu t  wher e d o similaritie s com e from? 
Ar e similaritie s betwee n object s apprehende d immediatel y 
and automatically ,  o r  d o the y develo p a s a  fiinctio n o f 
directe d processin g an d experience ? 

Thi s questio n ha s bee n take n u p seriousl y i n th e stud y 
of  categorizatio n i n th e followin g form :  W h y d o categorie s 
appea r  t o contai n simila r  things ? I s i t  becaus e simila r  thing s 
ten d t o en d u p i n th e sam e categories ,  o r  i s  i t  tha t  puttin g 
tw o thing s i n th e sam e categor y make s the m appea r  mor e 
similar ? Previou s researc h suggest s tha t  bot h ar e true .  Fo r 

example ,  Goldstone ,  Lippa ,  an d Schiffrin ,  (2001 )  showe d 
tha t  objec t  representation s ca n chang e a s a  resul t  o f 
category-learning ,  wit h object s assigne d t o th e sam e 
categorie s becomin g mor e simila r  (se e als o Kurtz ,  1998) . 
Further ,  previou s researc h b y Centne r  an d N a m y (2000 ) 
suggest s tha t  providin g childre n wit h a n opportunit y fo r 
compariso n m a y hel p the m i n categor y learnin g b y allowin g 
the m t o discove r  deepe r  relationa l  similaritie s betwee n 
categor y member s (se e als o Kurt z &  Centner ,  1998) . 

Thi s pape r  consider s th e rol e o f  compariso n i n th e 
developmen t  o f  similarity .  Result s o f  fou r  experiment s 
sugges t  tha t  compariso n ca n pla y a n importan t  rol e i n 
knowledg e development .  B y makin g simila r  thing s appea r 
mor e similar ,  an d dissimila r  thing s appea r  les s simila r 
compariso n m a y hel p u s partitio n bit s o f  experienc e int o 
categorie s an d sharpe n categorica l  boundaries . 

Four  experiment s explor e th e effect s o f  compariso n o n 
objec t  representation .  Experiment s 1  an d 2  examin e th e 
effect s o f  compariso n o n th e perceive d similarit y o f  simila r 
and dissimila r  objects .  Experimen t  3  contrast s th e effect s o f 
compariso n wit h thos e o f  simpl e "fleshin g out "  o r 
elaboratio n o f  objec t  representations .  Experimen t  4  extend s 
th e fmding s o f  Experiment s lan d 2  t o nove l  objects . 

E x p e r i m e n t  1 

M e t h o d 

Participant s 13 2 Stanfor d Universit y imdergraduate s 
participate d i n th e stud y i n orde r  t o fulfil l  a  cours e 
requirement . 

Materials Materials consisted of a one-page questionnaire. 
The to p o f  th e pag e containe d line-drawing s o f  4  name d 
familia r  animal s ( a deer ,  a  horse ,  a  goat ,  an d a  donkey )  as 
show n i n Figw e la .  Th e res t  o f  th e pag e containe d thre e 
questions .  Fo r  7 3 participants ,  th e firs t  questio n aske d the m 
t o describ e thre e similaritie s betwee n tw o o f  th e animal s 
(e.g. ,  "Pleas e describ e 3  similaritie s betwee n th e goa t  an d 
th e donkey." )  Fo r  th e othe r  5 9 participants ,  th e first 
questio n aske d the m t o describ e thre e difference s betwee n 
tw o o f  th e animal s (e.g. ,  "Pleas e describ e 3  difference s 
betwee n th e goa t  an d th e donkey." )  Participant s wer e give n 
thre e blan k line s fo r  thei r  responses .  Whic h tw o animal s 
wer e chose n fo r  compariso n wa s coimterbalance d acros s 
subject s suc h tha t  eac h pai r  o f  adjacen t  shape s wa s th e focu s 
of  compariso n equall y often .  Whic h anima l  wa s name d first 
i n th e compariso n wa s als o counterbalance d acros s subjects . 

131 

mailto:lera@init.edu


The las t  tw o question s aske d participant s t o rat e th e 
similarit y o f  th e tw o animal s the y ba d jus t  compare d (e.g. , 
" H o w simila r  ar e th e goa t  an d Ui e donkey?") ,  an d o f  th e 
othe r  tw o animal s (e.g. ,  "  H o w simila r  ar e th e dee r  an d th e 
horse?") .  Hal f  o f  th e subject s rate d similarit y fo r  th e 
previousl y compare d pai r  first ,  an d th e othe r  hal f  rate d 
similarit y fo r  th e othe r  pai r  first .  A s before ,  whic h anima l 
was name d firs t  i n eac h compariso n wa s counterbalance d 
acros s subjects .  Subject s rate d similarit y o n a  10-poin t  scal e 
(l=no t  simila r  an d lO-ver y similar) . 

Procedures The one page questionnaire was embedded in a 
large r  questionnair e packe t  whic h containe d man y othe r 
page s unrelate d t o thi s study .  Participant s complete d th e 
questionnair e a t  h o m e o n thei r  o w n time . 

Results 

Comparin g tw o simila r  iten « mad e peopl e thin k o f  the m a s 
mor e similar .  Thi s wa s tru e regardles s o f  whethe r  th e 
compariso n involve d namin g similaritie s betwee n th e tw o 
item s (M=6.4 2 afte r  namin g similarities ,  M-5.9 3 withou t 
namin g similarities ,  t-2.01 ,  p<.05 )  o r  namin g thei r 
difference s (M=6.6 9 afte r  namin g differences ,  M=6.3 0 
withou t  namin g differences ,  t=1.89 ,  p<.05) .  Ther e wa s a n 
overal l  effec t  o f  compariso n (F(1,130)"7.I1 ,  p<.01 )  an d n o 
interactio n betwee n th e tw o compariso n type s 
(F(l,130)=.08.p=.78)) . 

Discussion 

Experimen t  1  showe d tha t  comparin g tw o thing s (eve n 
when lookin g fo r  thei r  differences )  ca n caus e peopl e t o 
discove r  similaritie s betwee n th e tw o things .  Bu t  w h y 
shoul d th e similarit y o f  tw o object s increas e afte r  the y ar e 
coiiq)ared ,  especiall y i f  one' s tas k i s  t o describ e thei r 
differences ? O n e possibilit y  i s  tha t  i n A e proces s o f  finding 
and articulatin g differences ,  peopl e ar e als o findin g 
similarities .  A s show n b y Genme r  &  Markma n (1994) ,  th e 
most  meaningfu l  (an d easies t  t o name )  difference s ar e thos e 
tha t  ar e attache d t o th e structura l  similarities .  O n thi s view , 
becaus e th e proces s o f  compariso n involve s a n alignmen t 
betwee n tw o representationa l  structure s (se e Markma n & 
Gentner ,  1993a ,  1993b ,  1996) ,  discoverin g meaningfu l 
difference s involve s firs t  establishin g th e similarities .  T o 
tak e a  particula r  example ,  i f  on e wante d t o mentio n tha t  th e 
goat  ha s a  shorte r  tai l  tha n th e donke y ( a difference) ,  thi s 
makes salien t  th e fac t  tha t  bot h animal s hav e tail s ( a 
similarity) . 

But  ther e coul d als o b e a  les s interestin g explanatio n fo r 
thes e results .  Wha t  i f  similarit y onl y increase s afte r 
compariso n becaus e peopl e creat e a  ne w featur e fo r  th e 
thing s the y compare ,  somethin g lik e "thin g I  compare d 
before. "  I f  thi s i s th e case ,  similarit y migh t  b e increasin g 
simpl y becaus e th e tw o thing s previousl y compare d n o w 
bot h hav e thi s extr a featur e i n common .  O n e wa y t o tes t 
thi s possibility ,  i s  t o as k peopl e t o carr y ou t  comparison s 
betwee n thing s tha t  ar e s o different ,  tha t  n o meaningfu l 
similaritie s ar e likel y t o b e found .  I f  compariso n n o longe r 

serve s t o increas e perceive d similarity ,  the n i t  i s  th e abilit y 
t o fin d meaningfii l  similaritie s (an d no t  jus t  th e creatio n o f 
an extr a feature )  tha t  i s  responsibl e fo r  th e finding s o f 
Experimen t  1 .  I n Experimen t  2 ,  th e picture s o f  fou r  simila r 
animal s use d i n Experimen t  1  wer e replace d wit h picture s o f 
fou r  quit e dissimila r  objects :  a  phone ,  a  pretzel ,  a  hat ,  an d a 
football . 

A 

g o a t 

• « 

donke y j . 

B 

41 f  M 

phon e 

i ^ S 

pretze l 

® 

deer 

" ^ 

w^  hors e 

1 M 

hat 

^ ^ ^ 

footbal l 

0 

Figur e 1 :  Stimul i  use d i n Experiment s 1  an d 2  (show n i n 
part s A  an d B  respectively) .  Image s wer e take n from 

Snodgrass ,  J .  G. ,  &  Vanderwart ,  M .  (1980) . 

E x p e r i m e n t  2 

M e t h o d 

Participant s 6 1 Stanfor d Universit y undergraduate s 
participate d i n th e stud y i n orde r  t o fiilfil l  a  cours e 
requirement . 

Materials Just as in Experiment 1, materials consisted of a 
one-pag e questionnaire .  Th e to p o f  th e pag e containe d 
picture s o f  4  dissimila r  object s a s show n i n Figur e lb .  Th e 
res t  o f  th e pag e wa s constructe d jus t  a s describe d fo r 
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Experimen t  1 .  Th e compariso n tas k fo r  al l  6 1 o f  th e 
subject s wa s t o nam e difference s betwee n tw o items . 

Procedures The procedures were the same as in Experiment 
1. 

Results 

First ,  th e stimul i  i n thi s experimen t  wer e indee d perceive d 
t o b e muc h les s simila r  t o eac h othe r  (M=2.60 )  tha n thos e 
use d i n Experimen t  1  (M=6.50) ,  F(l,118)=278.9 ,  p<.001 . 
Thi s wa s necessar y a s a  manipulatio n check . 

I t  turne d ou t  tha t  comparin g tw o dissimila r  object s di d 
not  increas e thei r  similarity .  I n fact ,  namin g difference s 
betwee n tw o dissimila r  object s actuall y mad e participant s 
thin k o f  th e object s a s les s simila r  (M=2.41) ,  tha n i f  the y 
hadn' t  compare d the m befor e (M=2.79) ,  t=-1.89 ,  p<.05 . 
Thi s patter n wa s significantl y differen t  from  tha t  observe d 
i n Experimen t  1  a s confirme d i n a n interactio n i n a  2x 2 
repeate d measure s A N O V A ( 2 (name d difference s o r  not )  X 
2 (stimul i  simila r  o r  dissimilar)) ,  F  (1,118)=6.90 ,  p=.01 . 

Discussion 

Compariso n appear s t o hav e differen t  effect s o n simila r  an d 
dissimila r  objects .  Comparin g thing s tha t  ar e simila r  ca n 
lea d on e t o discove r  ne w (o r  highligh t  old )  similarities , 
thereb y increasin g th e perceive d similarit y o f  th e tw o 
objects .  Comparin g thing s tha t  ar e dissimila r  o n th e othe r 
hand ,  i s les s likel y t o lea d on e t o discove r  similaritie s (sinc e 
ther e ar e fewe r  similaritie s ther e t o b e discovered) .  Hence , 
comparin g tw o dissimila r  thing s m a y serv e t o mak e th e 
item s les s similar . 

The result s o f  Experimen t  2  sugges t  tha t  th e increas e i n 
similarit y followin g compariso n i n Experimen t  1  wa s no t 
simpl y du e t o subject s creatin g a n extr a featur e (somethin g 
aki n t o "thin g I  compare d before" )  fo r  item s the y wer e 
aske d t o compare .  A  co-histor y o f  compariso n doe s no t 
automaticall y resul t  i n highe r  similarity .  Rather ,  i t  seem s 
tha t  onl y whe n meaningfu l  similaritie s ar e t o b e foun d a s a 
resul t  o f  comparison ,  doe s compariso n increas e similarity . 

However ,  ther e i s on e concern .  A t  thi s point ,  i t  i s  no t 
clea r  whethe r  th e differenc e observe d betwee n Experiment s 
1 an d 2  i s specificall y a  differenc e brough t  ou t  b y th e 
proces s o f  comparison ,  o r  a  mor e genera l  differenc e 
inheren t  i n th e items .  I t  coul d b e tha t  performin g 
comparison s betwee n item s i s simpl y servin g t o fles h ou t 
thei r  representations ,  an d i t  coul d b e th e difference s inheren t 
i n thes e fleshed-ou t  representation s tha t  produc e th e effects , 
and no t  th e wa y compariso n (pe r  se )  interact s wit h th e 
representations .  T o explor e thi s possibility ,  instea d o f 
askin g subject s t o perfor m comparison s betwee n items , 
Experimen t  3  aske d subject s t o lis t  propertie s o f  th e item s 
separatel y (withou t  comparin g th e items) .  Thi s property -
listin g tas k wa s designe d t o flesh-ou t  th e representation s 
withou t  invokin g th e extr a ste p o f  comparison .  On e grou p 
of  subject s performe d thi s tas k wit h th e simila r  item s use d 
i n Experimen t  1 ,  an d anothe r  grou p o f  subject s performe d 
th e tas k wit h th e dissimila r  item s use d i n Experimen t  2 . 

E x p e r i m e n t  3 

M e t h o d 

Participant s 23 4 Stanfor d Universit y undergraduate s 
participate d i n th e stud y i n orde r  t o fulfil l  a  cours e 
requirement .  O f  these ,  11 9 complete d th e tas k wit h simila r 
item s from  Experimen t  I  an d 11 S complete d th e tas k wit h 
dissimila r  item s from  Experimen t  2 . 

Materials Just as in Experiments 1 and 2, materials 
consiste d o f  a  one-pag e questionnaire .  Th e to p o f  th e pag e 
containe d eithe r  picture s o f  th e 4  simila r  animal s show n i n 
Figur e l a o r  th e 4  dissimila r  object s show n i n Figur e lb . 
Instea d o f  bein g aske d t o nam e difference s betwee n tw o o f 
th e items ,  participant s wer e aske d t o nam e propertie s o f  tw o 
of  th e item s separatel y (e.g. ,  "Pleas e describ e 3  propertie s o f 
th e phone. "  followe d b y 3  blan k line s fo r  participant s t o fill 
i n an d furthe r  followe d b y "Pleas e describ e 3  propertie s o f 
th e pretzel. "  agai n followe d b y 3  blan k lines. )  A H o f  th e 
counterbalancin g an d th e res t  o f  th e pag e wa s don e jus t  a s 
describe d fo r  Experimen t  1 . 

Procedures The procedures were the same as Experiment 1. 

Results 

Participant s judge d item s t o b e mor e simila r  i f  the y ha d 
previousl y bee n aske d t o nam e thei r  propertie s tha n i f  the y 
hadn't .  Thi s wa s tru e fo r  bot h th e simila r  item s from 
Experimen t  1  (M=6.3 4 afte r  namin g properties ,  an d M=5 .9 2 
withou t  namin g properties ,  t=1.90 ,  p<.05 )  an d th e dissimila r 
item s from  Experimen t  2  (M=3.3 7 afte r  namin g properties , 
and M=2.9 7 withou t  namin g properties ,  t=2.14 ,  p<.02) .  Thi s 
patter n fo r  th e dissimila r  item s wa s significantl y differen t 
from  tha t  observe d i n Experimen t  2  a s confirme d i n a n 
interactio n i n a  2x 2 repeate d measure s A N O V A ( 2 (item s 
wer e focuse d o r  not )  X  2  (compariso n o r  property-listing)) , 
F(l,174)=6.817,p=.01 . 

Discussion 

Unlik e comparison ,  listin g propertie s o f  individua l  item s di d 
not  hav e a  differen t  effec t  o n simila r  an d dissimila r  items . 
Wherea s compariso n serve d t o increas e th e similarit y onl y 
fo r  simila r  items ,  property-listin g increase d similarit y fo r 
bot h simila r  an d dissimila r  items .  Th e proces s o f 
compariso n appear s t o hav e th e specia l  effec t  o f  selectivel y 
increasin g th e similarit y o f  simila r  item s (an d possibl y 
decreasin g th e similarit y o f  dissimila r  items) .  Simpl y 
fleshing  ou t  th e representation s (b y listin g properties )  wa s 
not  sufficien t  t o hav e thi s effect . 

I t  appear s tha t  th e proces s o f  compariso n coul d pla y a 
crucia l  rol e i n th e developmen t  o f  knowledge .  However ,  th e 
studie s s o fa r  hav e onl y teste d th e effect s o f  compariso n o n 
familia r  items ,  thing s tha t  peopl e alread y hav e 
representation s for .  Ca n compariso n pla y a  simila r  rol e 
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eve n whe n peopl e ar e jus t  learnin g abou t  somethin g new ? 
To investigat e this ,  nove l  shape s wer e use d i n Experimen t  4 . 

C h i c o G r o u c h o 

4 "r 

Harp o Zeppo 

B 

Chic o 

Harp o 

Grouch o 

Figur e 2 :  Stimul i  use d i n Experimen t  4 .  Mor e simila r 
item s ar e show n i n par t  A  an d les s simila r  item s ar e show n 

i n par t  B .  Image s provide d b y Michae l  J .  Tar r  (Brow n 
University )  an d Peppe r  William s (Universit y o f 

Massachussetts) . 

E x p e r i m e n t  4 

M e t h o d 

Participant s 18 8 Stanfor d Universit y undergraduate s 
participate d i n th e stud y i n orde r  t o fulfil l  a  cours e 
requirement . 

Materials Just as in Experiment 1, materials consisted of a 
one-pag e questionnaire .  Th e to p o f  th e pag e containe d colo r 
picture s o f  4  name d nove l  shapes .  On e se t  o f  questionnaire s 
use d th e 4  simila r  object s show n i n Figur e 2a ,  an d th e othe r 
use d th e dissimila r  object s show n i n Figur e 2b .  Th e res t  o f 
th e pag e wa s constructe d jus t  a s i n Experimen t  1 ,  wit h th e 
followin g tw o differences :  (1 )  al l  o f  th e participant s wer e 
aske d t o focu s o n difference s (non e name d similarities ) 

betwee n th e shapes ,  an d (2 )  befor e bein g aske d t o verball y 
describ e th e differences ,  participant s wer e aske d t o circl e 
thre e difference s betwee n tw o o f  th e nove l  shape s o n th e 
picture s themselve s (e.g. ,  "Pleas e circl e 3  difference s 
betwee n Chic o an d Harpo." )  Th e res t  o f  th e pag e wa s 
constructe d an d counterbalance d jus t  a s fo r  Experimen t  1 . 

Procedures The procedures were the same as Experiment 1. 

Results and Discussion 

First ,  a  manipulatio n check :  participant s indee d judge d th e 
"similar "  item s i n Figur e 2 a t o b e mor e simila r  (M=3.84 ) 
tha n th e "dissimilar "  item s i n Figur e 2 b (M=2.37) ,  F 
(l,186)=36.6,p<.001 . 

The effect s o f  compariso n wer e exactl y a s predicte d b y 
Experiment s 1  an d 2 .  Namin g difference s betwee n tw o 
simila r  shape s (Figur e 2a) ,  agai n mad e peopl e thin k o f  th e 
tw o shape s a s mor e simila r  (M=4.0 9 afte r  namin g 
differences ,  an d M=3.5 8 withou t  namin g differences , 
t=2.83 ,  p<.01) .  Namin g difference s betwee n tw o dissimila r 
shape s (Figur e 2b) ,  o n th e othe r  han d mad e peopl e thin k o f 
th e tw o shape s a s somewha t  les s simila r  (M=2.3 1 afte r 
namin g dî erences ,  an d M=2.4 3 withou t  namin g 
differences ,  t=-.61 ,  p=.27) .  Th e pattern s fo r  simila r  an d 
dissimila r  item s wer e significantl y differen t  fi-om  eac h othe r 
as confirme d i n a n interactio n i n a  2x 2 repeate d measure s 
A N O VA ( 2 (name d difference s o r  not )  X  2  (stimul i  simila r 
or  dissimilar)) ,  F  (1,186)=4.43 ,  p<.05 . 

I t  appear s tha t  th e proces s o f  compariso n ha d th e sam e 
effec t  o n nove l  item s a s i t  di d o n familia r  item s i n 
Experiment s 1  an d 2 .  Comparin g tw o simila r  nove l  item s 
made the m appea r  mor e similar ,  whil e comparin g dissimila r 
nove l  item s mad e the m appea r  les s similar . 

General Discussion 

The studie s describe d i n thi s pape r  examine d th e effect s o f 
compariso n o n perception s o f  similarity .  I t  appear s tha t 
compariso n ca n alte r  people' s representation s o f  object s b y 
leadin g the m t o discove r  (o r  tak e not e of )  ne w similaritie s 
and differences .  I n futur e studies ,  i t  woul d b e interestin g t o 
see ho w lon g effect s o f  compariso n last ,  an d i f  thes e effect s 
als o exten d t o categorization .  Previou s researc h b y Gentne r 
and N a m y (2000 )  suggest s tha t  thi s ma y indee d b e th e case . 
Furthe r  studie s lookin g directl y a t  th e effect s o f  compariso n 
on categorizatio n woul d b e a n interestin g extensio n o f  thi s 
research . 

Als o worth y o f  furthe r  investigatio n ar e th e interaction s 
betwee n similarity ,  structura l  alignability ,  an d th e proces s o f 
comparison .  I n th e studie s reporte d i n thi s paper , 
compariso n wa s foun d t o hav e differen t  effect s o n simila r 
versu s dissimila r  item s (makin g simila r  item s mor e similar , 
and dissimila r  item s les s similar) .  However ,  th e simila r 
item s use d i n thes e experiment s wer e simila r  i n severa l 
differen t  ways :  fo r  example ,  bot h i n term s o f  surfac e 
feature s an d i n deepe r  structura l  ways .  Sinc e severa l  kind s 
of  similarit y wer e confounded ,  i t  i s  no t  clea r  whic h o f  thes e 
aspect s contribute d t o th e effect .  I n futur e studie s i t  woul d 
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be interestin g t o investigat e th e separat e contributioi u o f 
structiira l  an d surfac e similarit y a s the y interac t  wit h th e 
compariso n process .  Thes e furthe r  studie s shoul d alt o she d 
mor e ligh t  o n w h y compariso n ha s th e effec t  i t  does . 

Conclusions 

Four  studie s showe d tha t  comparin g simila r  object s make s 
the m appea r  mor e similar ,  whil e comparin g dissimila r 
object s make s the m appea r  les s similar .  Thi s wa s tru e fo r 
bot h nove l  an d familia r  objects .  Th e effec t  o f  compariso n 
on simila r  item s wa s especiall y strikin g sinc e subject s 
judged  item s t o b e mor e simila r  afte r  compariso n eve n i f  th e 
comparison  tas k wa s t o lis t  difference s betwee n th e tw o 
items .  Further ,  dii s  effec t  appear s specifi c  t o compariso n 
and doe s no t  appea r  t o b e simpl y du e t o a  "fleshin g out "  o f 
objec t  representations .  W h e n subject s wer e onl y aske d t o 
lis t  propertie s o f  object s withou t  comparin g th e object s 
themselves ,  th e perceive d similarit y o f  th e object s increase d 
regardles s o f  whethe r  th e item s wer e simila r  o r  dissimila r  t o 
start .  B y makin g simila r  thing s appea r  mor e similar ,  an d 
dissimila r  thing s appea r  les s similar ,  compariso n m a y pla y a 
specia l  rol e i n categor y development .  Further ,  i t  appear s 
tha t  eve n incidenta l  conceptua l  experienc e (e.g. ,  happenin g 
ont o on e compariso n versu s another )  ca n pla y a n importan t 
rol e i n knowledg e development . 

Thes e result s sugges t  tha t  c o m m o n cognitiv e processe s 
lik e compariso n ca n introduc e systemati c biase s int o ou r 
representation s o f  object s an d thei r  similarities .  Thes e 
biase s ma y b e beneficia l  fo r  separatin g ou t  bit s o f 
experienc e int o categories ,  sharpenin g categorica l 
boundaries ,  an d otherwis e helpin g u s creat e conceptua l 
structur e abov e an d beyon d tha t  offere d b y th e world . 
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Abstrac t 

Does the language you speak shape the way you think about 
di e world ? Fou r  studie s investigat e ho w Englis h an d 
Indonesia n speaker s encod e an d represen t  actio n events . 
Unlik e English ,  Indonesia n verb s d o no t  includ e tens e 
markers .  Indonesia n speaker s ar e no t  require d t o indicat e 
whethe r  a n even t  ha s ahead y occurred ,  i s happenin g now ,  o r 
wil l  occu r  i n th e future .  Doe s needin g t o includ e tens e t o 
spea k Englis h grammaticall y chang e th e wa y Englis h 
speaker s pa y anentio n to ,  encod e an d remember  events ? W e 
find  cross-linguisti c difference s i n memor y an d similarit y 
judgment s betwee n Englis h an d Indonesia n speakers ,  a s wel l 
as betwee n Indonesian-Englis h bilingual s teste d i n Englis h 
and Indonesian . 

Introduction 

H u m a ns communicat e wit h on e anothe r  usin g a  dazzlin g 
arra y o f  languages ,  an d eac h languag e differ s from  th e nex t 
i n innimierabl e way s (fro m obviou s difference s i n 
pronunciatio n an d vocabular y t o mor e subtl e difference s i n 
grammar) .  Fo r  example ,  t o sa y tha t  "th e elephan t  at e th e 
peanuts "  i n English ,  w e mus t  includ e tens e -  th e fac t  tha t  th e 
even t  happene d i n th e past .  I n Mandari n an d Indonesian , 
mdicatin g whe n th e even t  occurre d woul d b e optiona l  an d 
couldn' t  b e include d i n di e verb .  I n Russian ,  th e ver b woul d 
nee d t o includ e tens e an d als o whethe r  th e peanut-eate r  wa s 
mal e o r  femal e (thoug h onl y i n th e pas t  tense) ,  an d whethe r 
sai d peanut-eate r  at e al l  o f  th e peanut s o r  jus t  a  portio n o f 
them .  I n Turkish ,  on e woul d specif y (a s a  suffi x o n th e 
verb )  whethe r  th e eatin g o f  th e peanut s wa s witnesse d o r  i f 
i t  wa s hearsay .  Speaker s o f  differen t  language s hav e t o 
atten d t o an d encod e strikingl y differen t  aspect s o f  th e 
worl d i n orde r  t o us e thei r  languag e properl y (Sapir ,  1921 ; 
Slobin ,  1996) .  D o thes e quirk s o f  language s affec t  th e w a y 
thei r  speaker s thin k abou t  th e world ? D o English , 
Mandarin ,  Russian ,  an d Turkis h speaker s en d u p attendin g 
to ,  partitioning ,  an d rememberin g thei r  experience s 
differentl y simpl y becaus e the y spea k differen t  languages ? 

Th e relationshi p betwee n languag e an d though t  i s on e 
of  th e mos t  centra l  question s i n Cognitiv e Science .  Th e 
universalit y o f  menta l  representation s (whethe r  o r  no t 

speaker s o f  differen t  language s thin k differentl y abou t  th e 
world )  ha s lon g bee n a t  th e cente r  o f  a  controvers y 
attractin g thinker s from  Plat o t o Chomsky ,  bu t  despit e muc h 
attentio n an d debate ,  definitiv e answer s hav e no t  bee n 
forthcoming .  Th e ide a tha t  though t  i s shape d b y languag e i s 
most  commonl y associate d wit h th e writing s o f  Benjami n 
Le e Who r f  (Whorf ,  1956) .  Whorf ,  impresse d b y linguisti c 
diversity ,  propose d tha t  th e categorie s an d distinction s o f 
eac h languag e enshrin e a  w a y o f  perceiving ,  analyzing ,  an d 
actin g i n th e world .  I n s o fa r  a s language s differ ,  thei r 
speaker s to o shoul d diffe r  i n h o w the y perceiv e an d ac t  i n 
otherwis e objectivel y simila r  situations .  Thi s stron g 
Whorfia n view—tha t  though t  an d actio n ar e entirel y 
determine d b y language—ha s lon g bee n abandone d i n th e 
field.  However ,  definitivel y answerin g les s deterministi c 
version s o f  th e "doe s languag e shap e thought "  questio n ha s 
prove n a  ver y difficul t  task .  S o m e smdie s hav e claime d 
evidenc e t o th e affirmativ e (e.g. ,  Boroditsky ,  2001 ; 
Bowerman ,  1996 ;  Davidoff ,  Davies ,  &  Roberson ,  199 9 
Gentne r  &  Imai ,  1997 ;  Levinson ,  1996 ;  Lucy ,  199 2 
Dehaene ,  Spelke ,  Pinel ,  Stanescu ,  &  Tsivkin ,  1999 ; 
Hermer-Vasquez ,  Spelke ,  &  Katsnelson ,  1999 ;  Spelk e & 
Tsivkin ,  2001) ,  whil e other s repor t  evidenc e t o th e contrar y 
(e.g. ,  Heider ,  1972 ;  M a h ,  Sloman ,  Gennari ,  Shi ,  &  Wang , 
1999 ;  L i  &  Gleitman ,  i n press) . 

O ne possibl e resolutio n t o thi s debat e migh t  b e tha t  som e 
conceptua l  domain s ar e mor e susceptibl e t o linguisti c 
influenc e tha n others .  Fo r  example ,  Gentne r  an d Boroditsk y 
(2001 )  hav e argue d tha t  th e effec t  o f  languag e shoul d b e 
most  apparen t  i n th e conceptualizatio n o f  relation s 
(typicall y encode d b y verb s an d spatia l  prepositions) .  I n 
general ,  th e lexicalizatio n o f  action s an d relation s varie s 
m u ch mor e cross-linguisticall y tha n doe s th e lexicalizatio n 
of  objec t  categories ,  an d pickin g ou t  th e exten t  an d 
generalit y o f  a  relationa l  concep t  require s considerabl e 
experienc e wit h language .  Recen t  researc h ha s supporte d 
thi s vie w (Gillette ,  Gleitman ,  Gleitman ,  &  Lederer ,  1999) . 
For  example ,  i n on e study ,  adult s watche d silen t  films  o f 
mother s talkin g t o thei r  childre n an d trie d t o gues s wha t  wa s 
bein g said .  Give n onl y th e silen t  film,  adul t  participant s 
wer e abl e t o correctl y gues s noun s thre e time s mor e ofte n 
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tha n verb s ( 4 5 % an d 1 5 % correc t  respectively) .  Further , 
concret e activit y verb s lik e 'push '  wer e muc h mor e easil y 
guesse d from  silen t  observatio n tha n from  th e syntacti c 
frames  i n whic h the y wer e use d ( 5 0 % an d 1 5 % 
respectively) ,  wherea s verb s tha t  denot e mor e abstrac t 
activitie s lik e 'think '  wer e muc h mor e easil y guesse d from 
synta x tha n from  observatio n ( 9 0 % an d 0 % respectively) .  I t 
appear s tha t  acquirin g representation s o f  actions ,  relations , 
and event s require s experienc e wit h language .  Thi s 
suggest s tha t  th e eventua l  for m o f  thes e concept s m a y b e 
importantl y shape d b y th e languag e experience . 

Thi s pape r  examine s a  cross-linguisti c differenc e i n ver b 
synta x betwee n Indonesia n an d English ,  an d it s effect s o n 
people' s representation s o f  actio n events . 

Unlik e English ,  Indonesia n verb s d o no t  includ e tens e 
(the y d o no t  indicat e whethe r  th e even t  o r  actio n too k plac e 
i n th e past ,  i s  takin g plac e i n th e presen t  o r  wil l  tak e plac e i n 
th e future) .  Whil e Indonesia n speaker s m a y us e othe r 
tempora l  word s (e.g. ,  jus t  now ,  o r  soon )  t o conununicat e 
thi s information ,  thes e tempora l  marker s ar e optional ,  an d 
th e tens e o f  a n actio n i s ofte n lef t  t o b e inferre d from 
context . 

For  example ,  i n orde r  t o describ e th e thre e picture s show n 
i n Figur e 1 ,  a n Englis h speake r  migh t  sa y (fro m lef t  t o right) 
"Joh n i s abou t  t o kic k th e ball, "  "Joh n i s kickin g th e ball, " 
and "Joh n ha s kicke d th e ball. "  I n Indonesia n al l  thre e 
picture s woul d likel y b e describe d b y th e sam e sentence , 
roughl y "Joh n kic k ball. "  Doe s thi s differenc e betwee n h o w 
Englis h an d Indonesia n speaker s tal k abou t  actio n event s 
lea d t o difference s i n h o w th e tw o group s atten d to ,  encode , 
and represen t  th e events ? 

We repor t  fou r  studie s aime d a t  uncoverin g difference s 
and similaritie s betwee n Indonesia n an d Englis h speaker s i n 
term s o f  h o w the y encod e an d represen t  action s an d events . 

futur e presen t 

Figxir e 1 :  Exampl e o f  actio n i n thre e differen t  tenses . 

Experiment 1 

Experimen t  1  examine d whethe r  speakin g a  tense d languag e 
makes Englis h speaker s thin k o f  action s i n differen t  tense s 
as les s similar ,  an d action s i n th e sam e tens e a s mor e 
similar .  Englis h an d monolingua l  Indonesia n speaker s wer e 
shown pair s o f  picture s tha t  sho w eithe r  tw o differen t  actor s 
performin g th e sam e actio n i n th e sam e tense ,  o r  th e sam e 
acto r  performin g th e sam e actio n i n tw o differen t  tense s (a s 
shown i n Figur e 2) .  Subject s wer e aske d t o rat e th e 
similarit y o f  a  larg e se t  o f  suc h pair s (o n a  9  poin t  scal e 
wher e l=no t  simila r  an d 9=ver y similar) .  Th e linguisti c 
differenc e betwee n th e tw o language s predict s tha t  Englis h 

speaker s wil l  rat e same-tens e pair s mor e simila r  tha n wil l 
Indonesia n speakers ,  bu t  wil l  rat e different-tens e pair s les s 
simila r  tha n wil l  Indonesia n speakers . 

Methods 

Participants 14 native English and 12 monolingual 
Indonesia n speaker s participate d i n thi s stud y i n exchang e 
fo r  payment .  Th e Englis h speaker s wer e recruite d an d 
teste d a t  M I T ,  an d th e Indonesia n speaker s wer e teste d i n 
Jakarta .  Non e o f  th e Indonesia n speaker s ha d learne d 
English . 

Materials A set of 90 pictures served as stimuli for this 
experiment .  Th e picture s portraye d 1 0 differen t  actions , 
eac h actio n performe d b y thre e differen t  actors .  Fo r  eac h 
acto r  performin g a  particula r  actio n ther e wer e 3  version s 
showin g th e acto r  abou t  t o perform -  th e action ,  doin g th e 
action ,  an d havin g don e th e actio n (a s show n i n Figur e I) . 
The action s were :  kickin g a  ball ,  throwin g a  frisbee,  eatin g a 
banana ,  drinkin g orang e juice ,  ripping a  shee t  o f  paper , 
cuttin g a  rope ,  hula-hooping ,  liftin g a  ver y larg e ball , 
pourin g dar k liqui d ou t  o f  a  clea r  container ,  an d openin g a n 
umbrella .  Th e action s wer e chose n t o b e sufficientl y 
differen t  from  on e anothe r  t o ensur e generality . 

differen t  t e n s e ,  s a m e a c t o r 

s a m e t e n s e ,  differen t  a c t o r 

B 

Figur e 2 :  Example s o f  picture-pair s used . 

Design A set of 180 picture pairs were created. Half of 
thes e showe d th e sam e acto r  performin g th e sam e actio n i n 
differen t  tense s (a s show n i n Figur e 2 A ) ,  an d hal f  showe d 
tw o differen t  actor s performin g th e sam e actio n i n th e sam e 
tens e (a s show n i n Figur e 2B) .  Al l  possibl e combination s o f 
picture s tha t  yielde d suc h pair s wer e use d ( a tota l  o f  18 0 
pairs) . 
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Procedur e Participant s wer e teste d individuall y i n a  quie t 
room .  Englis h speaker s wer e give n instruction s i n English , 
and Indonesia n speaker s wer e give n instruction s i n 
Indonesian .  Th e Englis h instruction s were :  "Yo u wil l  se e 
tw o picture s eac h time .  You r  tas k i s t o rat e h o w simila r 
thos e tw o picture s are .  I n ratin g them ,  us e th e number s I 
throug h 9 :  1  fo r  N O T simila r  a t  all ,  9  fo r  V E R Y similar. " 
The Indonesia n instruction s were :  "Setia p kali ,  And a aka n 
meliha t  du a gambar .  K a m i  mint a aga r  And a mengataka n 
seberap a miri p du a gamba r  itu .  Ounaka n angk a 1  sampa i 
denga n 9 .  1  u n m k S A N G AT T I D A K MIRIP ,  9  untu k 
M I R I P SEKALI . " 

The participant s wer e als o tol d tha t  al l  o f  th e pair s 
woul d b e prett y similar ,  bu t  the y shoul d stil l  tr y t o us e th e 
whol e rang e o f  similarit y rating s from 1  t o 9 . 

A compute r  presente d th e 18 0 pair s i n a  ne w rando m 
orde r  fo r  eac h subject .  Eac h pai r  staye d o n th e compute r 
scree n unti l  th e subjec t  presse d a  ke y ( 1 throug h 9 )  t o 
indicat e thei r  similarit y rating . 

Results 

Result s ar e show n i n Figur e 3 .  A s predicted ,  Englis h 
speaker s rated  same-tens e picture s (involvin g differen t 
actors )  mor e simila r  tha n di d Indonesia n speaker s (M=6.3 4 
fo r  Englis h speakers ,  an d M=4.8 2 fo r  Indonesia n speakers) , 
t=2.07 ,  df=24 ,  p<.05 .  Further ,  a s predicted ,  Englis h 
speaker s rate d different-tens e picture s les s simila r  tfian  di d 
Indonesia n speaker s (M=5.S 6 fo r  Englis h speakers ,  an d 
M=6.6 4 fo r  Indonesia n speakers) ,  t=1.71 ,  df=24 ,  p<.05 .  Th e 
differenc e betwee n th e tw o languag e group s wa s confirme d 
as a n interactio n betwee n compariso n typ e (between-tens e 
or  within-tense )  an d lang\iag e (Englis h o r  Indonesian )  i n a 
2x 2 repeate d measure s A N O V A,  F(l,24)=4.41 ,  p<.05 .  Thi s 
patter n o f  finding s suggest s tha t  usin g di e Englis h tens e 
syste m m a y chang e Englis h speakers '  representation s o f 
actions ,  makin g differentl y tense d action s appea r  mor e 
distinc t  an d action s i n th e sam e tens e appea r  mor e similar . 

Q sam e actor ,  dinefen i  ten u 
difTeren t  actor ,  lam s tens e 

Englis h spvaRar s Indonesia n speaker s 

Figure 3: Results of Experiment 1. 

Discussio n 

Englis h an d Indonesia n speaker s appeare d t o focu s o n 
differen t  aspect s o f  actio n scene s i n makin g thei r  similarit y 
comparisons .  Englis h speaker s seeme d t o hon e i n o n tense , 
judgin g action s i n th e s a m e tens e bu t  performe d b y differen t 
actor s (a s s h o w n i n Figur e 2b )  t o b e mor e simila r  tha n 
action s performe d i n differen t  tense s bu t  b y th e s a m e acto r 
(a s s h o w n i n Figur e 2a) .  T h e Indonesia n speaker s showe d 
th e opposit e pattern ,  appearin g t o ignor e similarit y o f  tens e 
i n favo r  o f  similarit y o f  actor . 

Thi s raise s tw o furthe r  questions :  (I )  D o Indonesia n 
speaker s w h o lear n th e Englis h tens e syste m chang e th e w a y 
the y thin k abou t  events ? an d (2 )  D o Indonesian-Englis h 
bilingual s thin k differentl y w h e n speakin g Indonesia n tha n 
w h e n speakin g English ? Experimen t  2  teste d Indonesian -
Englis h bilingual s bot h i n Indonesia n an d i n Englis h o n th e 
same tas k a s describe d i n Experimen t  1 . 

Experiment 2 

Methods 

Al l  o f  th e materials ,  desig n an d procedur e wer e exactl y a s 
describe d fo r  Experimen t  1 .  Seventee n Indonesian-Englis h 
bilingual s participate d i n thi s study .  Seve n wer e teste d i n 
Englis h an d te n wer e teste d i n Indonesian .  Al l  o f  th e 
participant s wer e nativ e speaker s o f  Indonesia n an d wer e 
matche d o n thei r  amoun t  o f  experienc e wit h English . 

Results and Discussion 

a sam e actor ,  differen t  tens e 
•  difTeren t  actor ,  sam e tens e 

»n 

laUMJ I n Englis h tatad  I n inaonaaia n 

Figure 4: Results of Experiment 2. 

Results are shown in Figure 4. Indonesian-English 
bilingual s rate d same-tens e picture s (involvin g differen t 
actors )  m o r e simila r  w h e n the y w e r e teste d i n Englis h tha n 
w h e n teste d i n Indonesian ,  ( M = 6 . 6 4 w h e n teste d i n English , 
an d M = 5 . 2 7 w h e n teste d i n Indonesian) .  Further , 
Indonesian-Englis h bilingual s rate d different-tens e picture s 
les s simila r  w h e n the y w e r e teste d i n Englis h tha n w h e n 
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teste d i n Indonesia n (M^S.l l  whe n teste d i n English ,  an d 
M=5.4 2 whe n teste d i n Indonesian) .  Th e differenc e betwee n 
th e tw o group s wa s confirme d a s a n interactio n betwee n 
compariso n typ e (between-tens e o r  within-tense )  an d 
languag e o f  testin g (Englis h o r  Indonesian )  i n a  2x 2 
repeate d measure s A N O V A,  F(l,15)-4.40 ,  p<.05 . 

Thi s patter n o f  finding s suggest s tw o things .  First ,  i t 
appear s tha t  bilingual s d o thin k differentl y whe n speakin g 
differen t  languages .  Eve n thoug h th e tas k wa s conducte d i n 
pictures ,  settin g a  linguisti c contex t  b y providin g 
instruction s eithe r  i n Englis h o r  i n Indonesia n change d th e 
way Indonesian-Englis h bilingual s reasone d abou t  th e 
actio n event s i n thi s study . 

Second ,  i t  appear s tha t  learnin g a  ne w languag e ca n 
chang e th e w a y on e thinks .  Th e Indonesian-Englis h 
bilingual s w h o wer e teste d i n Indonesia n showe d a  patter n 
tha t  wa s somewher e in-betwee n th e patter n show n b y 
monolingua l  Indonesia n speaker s an d th e patter n show n b y 
Englis h speakers .  Eve n thoug h the y wer e teste d entirel y i n 
Indonesia n i t  appear s tha t  havin g learne d Englis h m a y hav e 
change d th e w a y the y thin k abou t  actio n events .  Furthe r 
studie s wil l  b e necessar y t o explor e thi s possibilit y  i n mor e 
detail . 

Experiment 3 

Althoug h th e finding s o f  Experiment s 1  &  2  ar e ver y 
suggestive ,  th e similarity-rating s tas k use d i s subjectiv e an d 
m ay tel l  u s mor e abou t  th e participants '  cognitiv e 
preference s tha n abou t  thei r  cognitiv e performance .  Coul d 
cross-linguisti c difference s lea d t o differenc e i n cognitiv e 
performanc e an d no t  jus t  preference ? 

Experimen t  3  wa s designe d t o tes t  Indonesia n an d 
Englis h speakers '  abilit y  t o remembe r  actio n events . 
Subject s wer e show n picture s o f  peopl e performin g action s 
(th e sam e picture s wer e use d a s i n Experiment s 1  &  2) . 
Durin g th e learnin g phase ,  eac h subjec t  sa w a  perso n 
performin g a n actio n i n on e o f  thre e tense s (e.g. ,  the y m a y 
hav e see n onl y th e middl e pane l  o f  Figur e 1) .  Durin g th e 
tes t  phase ,  subject s wer e show n picture s o f  tha t  perso n 
performin g th e actio n i n al l  thre e tense s (a s show n i n Figur e 
1)  an d aske d t o choos e whic h on e the y ha d see n previously . 
We predicte d tha t  Englis h speaker s shoul d b e bette r  tha n 
Indonesia n speaker s a t  encodin g an d rememberin g th e tens e 
i n whic h the y witnesse d a n action . 

Methods 

Participants 13 native English and 18 monolingual 
Indonesia n speaker s participate d i n thi s stud y i n exchang e 
fo r  payment .  Th e Englis h speaker s wer e recruite d an d 
teste d a t  M I T ,  an d th e Indonesia n speaker s wer e teste d i n 
Jakarta .  Non e o f  th e Indonesia n speaker s ha d learne d 
English . 

Materials and Design All of the same pictures as described 
fo r  Experimen t  1  wer e used .  Durin g th e learnin g phase , 
subject s wer e show n 3 0 o f  th e 9 0 picture s ( 1 pictur e o f  eac h 

perso n doin g eac h actio n i n onl y on e o f  th e possibl e 3 
tenses) .  A t  test ,  subject s wer e show n al l  thre e picture s o f  a 
perso n performin g a n actio n i n al l  3  tense s (al l  thre e picture s 
wer e presente d simultaneously )  an d aske d t o choos e whic h 
one the y ha d see n earlier . 

Procedure Participants were tested individually in a quiet 
room .  Englis h speaker s wer e give n instruction s i n English , 
and Indonesia n speaker s wer e give n instruction s i n 
Indonesian .  Participant s wer e tol d t o simpl y loo k a t  th e 
picture s an d tr y t o remembe r  everythin g the y saw . 
Participant s wer e no t  instructe d t o encod e th e picture s 
linguistically . 

A compute r  presente d th e picture s i n a  n e w rando m 
orde r  fo r  eac h subjec t  (bot h fo r  th e learnin g an d tes t  sets) . 
Durin g th e learning ,  eac h pictur e wa s show n onl y onc e an d 
staye d o n th e scree n fo r  3  seconds .  Durin g th e test ,  th e 
picture s staye d o n th e scree n unti l  th e subjec t  mad e a 
respons e (b y pressin g 1 ,  2 ,  o r  3  o n th e keyboar d t o 
correspon d t o whic h pictur e the y though t  the y ha d see n 
previously) . 

Results 

Result s ar e show n i n Figur e S .  A s predicted ,  Englis h 
speaker s wer e bette r  abl e t o remembe r  whic h o f  th e thre e 
tens e version s o f  a  pictur e the y ha d see n before .  Englis h 
speaker s wer e abl e t o pic k th e correc t  answe r  4 1 % o f  th e 
time ,  a s compare d t o Indonesia n speaker s w h o onl y 
succeede d 3 1 % o f  th e time ,  t=1.72 ,  df=29 ,  p<.05 . 
Indonesia n speaker s wer e no t  bette r  tha n chanc e a t 
recognizin g th e pictur e the y ha d see n befor e 
(chance=33.3%) . 

0. 5 - I 

0.4 5 • 

3 Englis h speaker s 
Indonesia n speaker s 

0.3 5 • 

0.2 5 

Figures :  Result s o f  Exper imen t  3 . 
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Discussio n 

Result s o f  Experimen t  3  sugges t  tha t  experienc e wit h 
particula r  language s m a y afTec t  no t  onl y people' s cognitiv e 
preferences ,  bu t  als o aspect s o f  thei r  performanc e o n basi c 
cognitiv e task s (suc h a s memory) .  However ,  i t  i s  possibl e 
tha t  difference s i n m e m o r y performanc e betwee n Englis h 
and Indonesia n speaker s observe d i n thi s tas k ar e no t  du e t o 
linguisti c differences ,  bu t  rathe r  t o othe r  difference s i n 
cultura l  upbringin g o r  education .  I t  i s  quit e possibl e tha t  th e 
Englis h speaker s include d i n thi s sampl e (mostl y M I T 
undergraduates )  hav e receive d mor e trainin g i n 
memorizatio n tha n di e Indonesia n speaker s i n ou r  sample . 
I n orde r  t o contro l  fo r  suc h differences ,  Experimen t  4  teste d 
Indonesian-Englis h bilingual s (wh o wer e matche d o n 
educationa l  an d cultura l  background )  eithe r  i n Englis h o r  i n 
Indonesia n i n th e sam e tas k a s describe d fo r  Experimen t  3 . 
By keepin g constan t  educationa l  an d linguisti c backgroun d 
and onl y varyin g th e languag e o f  testin g w e ca n tes t  whethe r 
speakin g on e languag e versu s anothe r  ca n reall y affec t 
aspect s o f  one' s cognitiv e performance . 

Experiment 4 

I n Experimen t  4 ,  Indonesian-Englis h bilingual s wer e teste d 
eithe r  i n Indonesia n o r  i n Englis h i n th e sam e m e m o r y tas k 
as describe d fo r  Experimen t  3 . 

Metliods 

Al l  o f  th e materials ,  desig n an d procedur e wer e exactl y a s 
describe d fo r  Experimen t  3 .  Eightee n Indonesian-Englis h 
bilingual s participate d i n thi s study .  Seve n wer e teste d i n 
Englis h an d eleve n wer e teste d i n Indonesian .  Al l  o f  th e 
participant s wer e nativ e speaker s o f  Indonesia n an d wer e 
matche d o n thei r  linguisti c an d educationa l  background . 

Results and Discussion 

Result s ar e show n i n Figur e 6 .  A s predicte d Indonesian -
Englis h bilingual s wer e bette r  abl e t o remembe r  th e tens e o f 
action s whe n the y wer e teste d i n Englis h ( 4 0 % correct )  tha n 
when the y wer e teste d i n Indonesia n ( 2 6 % correct) ,  t=1.76 , 
df=16 ,  p<.05 .  W h e n the y wer e teste d i n Indonesian , 
Indonesian-Englis h bilingual s di d no t  perfor m bette r  tha n 
chanc e (i n fact ,  slightl y  worse) . 

Thes e result s sugges t  tha t  eve n somethin g a s subtl e a s 
linguisti c contex t  (whethe r  instruction s wer e give n i n 
Englis h o r  Indonesian )  ca n hav e a n effec t  o n h o w peopl e 
encod e an d represen t  events .  Eve n thoug h subject s wer e no t 
aske d t o encod e th e event s linguisticall y (an d th e entir e tas k 
was conducte d i n pictures) ,  people' s abilit y  t o remembe r  th e 
tens e o f  event s the y ha d witoesse d (whethe r  the y sa w 
someone abou t  t o kic k a  bal l  o r  havin g ah-ead y kicke d a 
ball )  depende d o n whethe r  o r  no t  tens e distinction s wer e 
require d i n th e languag e i n whic h the y ha d bee n greete d an d 
give n instruction s jus t  prio r  t o th e task . 

1 
c 

I 

0. 5 1 

0.4 5 • 

0. 4 • 

0.3 5 • 

0. 3 • 

0.2 5 • 

n • > • 

r 

a teste d I n Englis h 
•  teste d I n Indonesia n 

1 

r 

1 

Figur e 6 :  Result s o f  Experimen t  4 . 

Summary 

Fou r  studie s investigate d th e effec t  o f  linguisti c experienc e 
o n h o w peopl e atten d to ,  encode ,  an d represen t  actio n 
events .  Th e result s suggeste d tha t  experienc e wit h th e 
Englis h tens e syste m make s Englis h speaker s thin k o f 
action s i n th e sam e tense s a s mor e simila r  an d actio n i n 
differen t  tense s a s les s similar .  Unlik e Englis h speakers , 
Indonesia n speaker s di d no t  appea r  t o valu e tens e i n makin g 
thei r  similarit y judgments .  Further ,  Englis h speaker s wer e 
bette r  abl e t o remembe r  th e tens e o f  a n actio n the y ha d 
witnesse d tha n wer e Indonesia n speaker s (wh o di d no t 
perfor m abov e chanc e o n th e m e m o r y task) . 

Studie s tha t  teste d Indonesian-Englis h bilingual s i n 
eithe r  Englis h o r  Indonesia n provide d furthe r  insight s abou t 
h o w languag e m a y affec t  thinking .  Bot h i n m e m o r y an d 
similarit y  ratings ,  th e languag e tha t  bilingual s wer e teste d i n 
ha d a n effec t  o n th e subjects '  performanc e i n th e task . 
Indonesian-Englis h bilingual s looke d jus t  lik e Englis h 
speaker s whe n teste d i n English ,  an d m u c h mor e lik e 
Indonesia n speaker s w h e n teste d i n Indonesian .  Further , 
result s o f  th e similarit y stud y suggeste d tha t  learnin g a  n e w 
languag e ca n chang e th e w a y on e think s -  Indonesian -
Englis h bilingual s teste d i n Indonesia n showe d a  patter n o f 
result s tha t  wa s somewher e in-berwee n th e English -
speakers '  patter n an d tha t  show n b y monolingua l 
Indonesia n speakers . 

Overall ,  i t  appear s tha t  representation s o f  actio n event s 
ar e no t  universal .  Experienc e wit h th e Englis h tens e syste m 
appear s t o segmen t  action s int o distinc t  tempora l  categorie s 
tha t  ar e no t  basi c o r  universa l  t o h u m a n cognition .  Further , 
eve n somethin g a s subtl e a s linguisti c contex t  (here ,  th e 
languag e i n whic h instruction s ar e give n fo r  a  non-linguisti c 
task )  appear s t o hav e a  strikin g effec t  o n h o w peopl e encod e 
an d represen t  thei r  experiences . 

I t  appear s tha t  speaker s o f  differen t  language s d o atten d 
to ,  partition ,  an d remembe r  thei r  experience s differently , 
simpl y du e t o th e implementationa l  difference s o f  th e 
language s the y speak . 
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Abstrac t 

The approac h t o consciousnes s take n b y mos t  philosopher s i s ver y differen t  from  th e approac h take n b y mos t  cognitiv e 
psychologists ,  s o differen t  tha t  on e coul d b e forgive n fo r  wonderin g i f  the y ar e talkin g abou t  th e sam e thing .  Mos t 
philosopher s focu s o n individua l  psychologica l  states .  B y contrast ,  mos t  psychologist s focu s o n propertie s o f  cognitiv e 
system s a s a  whol e suc h a s globa l  workspac e o r  attention .  (Som e philosopher s favou r  thi s approach ,  too ,  Denne n an d 
P.  M .  Churchlan d fo r  example. )  W e wil l  expos e som e o f  th e peculiaritie s o f  th e dominan t  philosophica l  approac h and , 
by lo<ddn g briefl y int o wha t  i s neede d t o giv e a n adequat e accoun t  o f  consciousness ,  advanc e som e reason s fo r 
favourin g & e approac h dominan t  amon g psychologists . 

T w o A p p r o a c h e s t o Consc iousnes s 

Reading recent writings on consciousness by philosophers 
and cognitiv e psychologists ,  on e coul d b e forgive n fo r 
wonderin g i f  the y ar e talkin g abou t  th e sam e thing .  Mos t 
philosopher s focu s o n individua l  psychologica l  state s -
individua l  perception s o r  feeling s o r  inrutgining s -  o r  a t 
most  tin y combination s o f  suc h state s (Rosenthal ,  1991 ; 
Chalmers ,  1996 ;  Ty e 1995) .  Experimenta l  psychologist s b y 
contras t  focu s o n propertie s o f  cognitiv e system s a s a 
whole :  globa l  workspac e (Baar s 1988) ,  intermediat e leve l 
of  processin g (Jackendof T 1987) ,  o r  attention .  Attentio n 
has bee n particularl y single d ou t  for.. .  attention .  Fo r 
Posne r  o r  M a c k an d Rock ,  fo r  example ,  t o b e consciou s o f 
somethin g simpl y i s t o pa y attentio n t o i t  (Posne r  1994 ; 
M a ck an d Roc k 1998) . 

Firs t  w e wil l  la y ou t  th e mai n contour s o f  th e tw o 
dominan t  approaches ,  startin g wit h th e on e favoure d b y 
most  philosopher s (thoug h no t  all :  bot h Deimet t  (1991 )  an d 
P.  M .  Churchlan d (1995 )  favou r  th e approac h take n b y 
psychologists) .  The n w e wil l  asses s them .  Ther e ar e 
seriou s prim a faci e shortcoming s i n th e dominan t 
philosophica l  approach ,  bu t  ther e i s als o a  seriou s worr y 
about  th e dominan t  psychologica l  approach .  T o brin g ou t 
thes e shortcoming s an d thi s worry ,  w e wil l  nee d t o 
distinguis h tw o kind s o f  consciousnes s an d la y ou t  som e o f 
th e thing s tha t  a n adequat e accoun t  o f  consciousnes s mus t 
explain . 

T h e d o m i n a n t  approac h i n philosoph y 

T wo thing s characteriz e th e dominan t  approac h t o 
consciousnes s i n recen t  philosophica l  wor k o n th e topic . 
The firs t  i s a  kin d o f  atomism .  Thes e philosopher s ten d t o 
tal k abou t  consciou s state s on e b y on e ('wha t  i s i t  lik e fo r 
somethin g t o loo k red?' )  o r  a t  mos t  i n tin y groups .  I n bot h 
cases ,  th e cognitiv e syste m tha t  ha s the m i s prett y muc h 

ignored .  (Theorist s ma y add, '  ...loo k re d t o m e '  bu t  the y d o 
nothin g wit h th e addition. )  Almos t  th e whol e o f  th e 
massiv e literatur e o n quali a exhibit s thi s feature .  {Quali a 
ar e th e fel t  qualit y o f  consciou s states ,  "wha t  i t  i s  Ulc e to 
hav e them' ,  i n Thoma s Nagel' s (1974 )  famou s phrase. ) 
The thin g tha t  ha s suc h states ,  th e subjec t  o f  consciou s 
states ,  i s ignored .  Le t  u s cal l  thi s vie w o f  consciousnes s 
atomism . 

A tomis m -  th e vie w tha t  consciou s state s ca n b e 
studie d on e b y on e o r  i n smal l  groups ,  withou t 
referenc e t o th e cognitiv e syste m tha t  ha s them . 

W h en yo u thin k abou t  it ,  thi s atomis m i s remarkable .  I t 
seems obviou s tha t  consciousnes s doe s no t  com e i n 
atomicall y separabl e state s i n thi s way . 

Thi s atomis m abou t  consciousnes s goe s wit h anothe r 
vie w tha t  w e wil l  cal l  loca l  realism .  Loca l  realis m i s th e 
vie w tha t  consciousnes s o r  wha t  i s distinctiv e abou t 
consciousness ,  fo r  exampl e tha t  i n virtu e o f  whic h i t  i s lik e 
somethin g t o hav e a  psychologica l  state ,  i s a  propert y o f 
individua l  psychologica l  state s o r  tin y group s o f 
psychologica l  states . 

Loca l  realis m -  th e vie w tha t  consciousnes s o r  wha t 
i s distinctiv e abou t  consciousnes s i s eithe r  a  non -
relationa l  propert y o f  individua l  psychologica l  state s 
or  a  relationshi p amon g ver y smal l  number s o f 
psychologica l  states . 

Specifically ,  thi s approac h t o consciousnes s view s i t  a s 
eithe r  a  nonrelationa l  propert y o f  singl e psychologica l 
state s or ,  thoug h a  relationa l  property ,  on e tha t  tie s onl y 
ver y smal l  group s o f  psychologica l  state s t o on e another .  A 
relationshi p betwee n on e stat e an d anothe r  singl e stat e 
woul d b e a n example .  Thi s accoun t  i s no t  ver y precis e bu t 
i t  i s precis e enoug h fo r  ou r  purposes .  Wha t  matter s i s th e 
contras t  wit h th e kin d o f  propertie s tha t  fig\u«  centrall y i n 
theorie s tha t  vie w consciousnes s a s a  relationshi p betwee n 
a grea t  man y psychologica l  state s an d a  consciou s bein g 
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whos e state s the y are . 

Loca l  realis m i s a  realis t  vie w becaus e i t  take s th e 
state s i n questio n t o b e real ,  no t  postulate d abstrac t  entitie s 
tha t  w e believ e i n merel y becaus e o f  certai n concept s o r 
explanator y strategie s o r  somethin g o f  th e kind . 

Ther e ar e (a t  least )  thre e type s o f  loca l  realism .  I n on e 
type ,  appearin g re d t o m e woul d b e a  propert y o f  a n 
experienc e o f  red ,  bein g painfu l  woul d b e a  propert y o f  a 
pain ,  an d s o on .  W e fin d a  secon d typ e i n wha t  hav e c o m e 
t o b e calle d transparenc y theories ,  theorie s holdin g tha t  w e 
see righ t  throug h consciou s state s (henc e transparency )  an d 
ar e consciou s onl y o f  wha t  suc h state s ar e about .  I n thi s 
approach ,  somethin g appearin g re d i s no t  a  propert y o f  an y 
experience ,  i t  i s a  matte r  o f  experiencin g somethin g tha t 
appear s t o b e red ,  feelin g pai n i s a  matte r  o f  experiencin g 
somethin g painful ,  an d s o on .  I n th e thir d type,  a 
representatio n o f  re d get s t o b e consciou s b y bein g relate d 
t o anothe r  psychologica l  state ,  fo r  exampl e b y bein g th e 
objec t  o f  a  though t  abou t  tha t  representatio n (Rosenthal' s 
1991 higher-orde r  though t  vie w o f  consciousness) . 

I t  migh t  see m tha t  atomis m require s loca l  realis m bu t 
i n fac t  tha t  i s no t  clear .  S o m e atomist s abou t  consciousnes s 
ar e simpl y neutra l  abou t  whethe r  qualia ,  fo r  example ,  ar e 
loca l  o r  nonloca l  propertie s o f  th e state s the y discuss .  Thi s 
neutralit y  i s a  bi t  curiou s becaus e tiiese  theorist s believ e 
tha t  the y ca n sa y othe r  importan t  thing s abou t  qualia ,  e.g. , 
tha t  whe n i t  i s lik e somethin g t o hav e a  representation ,  thi s 
quale ,  thi s bein g lik e something ,  i s radicall y differen t  from 
othe r  aspect s o f  th e representation ,  bu t  neutra l  the y hav e 
been .  Nonetheless ,  loca l  realis m woul d certainl y promot e 
atomism :  i f  consciousnes s i s a  loca l  propert y o f  certai n 
states ,  i t  woul d b e a t  leas t  ver y temptin g t o hol d tha t  on e 
coul d stud y suc h state s on e b y on e an d i n isolatio n from 
th e syste m tha t  ha s them . 

I t  i s importan t  t o not e tha t  loca l  realis m abou t 
consciousnes s i s no t  necessaril y  th e sam e thin g a s realis m 
abou t  consciousness .  Eve n i f  consciousnes s i s no t  a  loca l 
propert y o f  individua l  psychologica l  states ,  i t  coul d stil l  b e 
a rea l  propert y o f  cognitiv e system s a s a  whole .  W e 
mentio n thi s n o w becaus e ther e hav e bee n influentia l 
treatment s o f  consciousnes s recentl y tha t  bac k of f  from  an y 
for m o f  cognitive-syste m realis m abou t  consciousness ,  fo r 
exampl e Davidson' s (1996 )  view .  I n Davidson' s view , 
consciousnes s arise s ou t  o f  a  comple x triangula r 
interactio n amon g oneself ,  othe r  purposiv e beings ,  an d th e 
world .  B y itself ,  thi s triangulatio n pictur e nee d no t  depar t 
from  realism ;  th e resul t  o f  th e triangulation ,  consciousness , 
coul d stil l  b e a  rea l  propert y o f  cognitiv e systems .  Fo r 
Davidson ,  however ,  no t  onl y doe s consciousnes s aris e ou t 
of  triangulation ,  i t  i s (roughly )  nothin g mor e tha n 
triangulation .  W h e n triangulatio n result s i n stabl e 
attribution s o f  consciousnes s t o sel f  an d others ,  tha t  i s wha t 
consciousnes s is .  A n d thi s vie w i s incon^atibl e wit h mos t 
version s o f  realis m abou t  consciousness . 

O ne centra l  issu e i n thi s atomist ,  loca l  realis t  literatur e 

i t  th e relationshi p o f  consciousnes s t o representation .  A t 
m in imum ,  bein g consciou s o f  somethin g i s on e w a y o f 
representin g something .  O f  course ,  thing s ca n als o b e 
represente d unconsciously .  I n fact ,  probabl y th e vas t  bul k 
of  ou r  representation s neve r  m a k e u s consciou s o f 
anything .  Certainl y a  representatio n doe s no t  nee d t o m a k e 
us consciou s o f  anythin g t o b e cognitivel y active .  Bu t  n o w 
ask :  ca n th e differenc e betwee n consciou s an d 
nonconsciou s representatio n b e capture d b y appealin g t o 
representationa l  propertie s o r  ar e th e propertie s tha t  m a k e a 
stat e consciou s nonrepresentationa l  properties ? Her e ther e 
i s a  majo r  spli t  i n th e atomist ,  loca l  realis t  camp ,  wit h s o m e 
researcher s optin g fo r  th e representationa l  alternativ e 
(Lyca n 1987 ,  Ty e 1995) ,  other s insistin g o n th e 
nonrepresentationa l  on e (Bloc k 1995 ,  Chalmer s 1996) .  Fo r 
th e anti-representationalists ,  th e differenc e betwee n a  stat e 
tha t  i s consciou s an d on e tha t  i s no t  i s no t  a  differenc e i n 
h o w tha t  stat e represent s anythin g o r  a  differenc e i n th e 
kin d o f  representatio n i t  i s o r  a  differenc e i n anythin g els e 
representational .  Sinc e w e wil l  eventuall y c o m e t o rais e 
some doubt s abou t  anti-representationalism ,  le t  u s fla g th e 
vie w explicitly : 

Anti-representationalis m -  th e vie w tha t  th e 
differenc e betwee n a  stat e tha t  i s consciou s an d on e 
tha t  i s no t  i s no t  a  differenc e i n h o w tha t  stat e 
represent s anythin g o r  a  differenc e i n th e kin d o f 
representatio n i t  i s o r  a  differenc e i n anythin g els e 
representational . 

Her e i s h o w th e anti-representationalis t  vie w ca n arise . 

W h en somethin g appear s t o u s t o b e a  certai n way , 
th e representatio n i n whic h i t  appear s tha t  w a y ca n pla y 
tw o role s i n ou r  cognitiv e economy .  O n th e on e hand ,  th e 
representatio n (o r  th e content s o f  th e representation )  ca n 
connec t  inferentiall y  t o othe r  representations :  i f  th e stic k 
appear s t o hav e tw o straigh t  part s wit h a  ben d i n th e 
middle ,  thi s wil l  preclud e representin g i t  a s formin g a 
circle .  Th e representatio n ca n als o connec t  t o belief :  i f  th e 
stic k appear s straigh t  wit h a  ben d i n it ,  w e wil l  no t  for m a 
belie f  tha t  i t  bend s i n a  circle .  A n d t o memory :  w e ca n 
compar e thi s stic k a s i t  appear s t o stick s I  recal l  from  th e 
past .  A n d action :  i f  I  wan t  somethin g t o pok e int o a  hole ,  I 
migh t  reac h fo r  th e stick .  I n al l  thes e case ,  s o lon g a s I  a m 
representin g th e stic k i n th e appropriat e way ,  i t  woul d 
see m t o b e irrelevan t  whethe r  I  a m consciou s o f  th e stic k 
or  not .  M y representatio n coul d d o thes e job s fo r  m e jus t  a s 
wel l  eve n i f  I  wer e no t  awar e eithe r  o f  th e stic k o r  o f  m y 
representatio n o f  it .  Bu t  I  a m als o consciou s o f  th e stic k -
i t  doe s appea r  t o m e i n a  certai n way .  Thi s ca n easil y see m 
t o b e somethin g differen t  from  an y representationa l 
propertie s o f  th e representation ,  a t  an y rat e propertie s suc h 
as thos e w e jus t  considered. ' 

Qialmers '  well-know n (1995 )  distinctio n betwee n wha t 
he call s  th e eas y proble m an d th e har d proble m o f  consciousnes s 
start s fro m thi s distinctio n betwee n th e cognitiv e rol e o f 
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Argument s fo r  thi s conclusio n ofte n tak e th e followin g 
foim :  th e fel t  qualit y o f  a  stat e coul d chang e whil e it s 
representationa l  propertie s remai n th e same .  Th e 
argument s ar e usuall y base d o n though t  experiment s suc h 
as th e inverte d spectru m argumen t  (ho w colour s appea r  t o 
us coul d b e inverte d withou t  changin g h o w ou r 
representation s o f  colou r  functio n a s representations )  o r  th e 
zombi e argumen t  (ther e coul d b e creature s fo r  w h o m i t  i s 
not  lik e anythin g t o represen t  anythin g whos e 
representation s nevertheles s functio n cognitivel y jus t  a s 
representation s functio n i n us) . 

Sometime s suc h argument s g o s o fa r  a s t o conclud e 
tha t  wha t  i s distinctiv e t o consciousnes s i s no t  jus t  no t 
representational ,  i t  i s no t  eve n physical .  O n e wa y o f 
arguin g fo r  thi s t o mak e one' s zombi e a  microphysica l 
duplicat e o f  consciou s beings .  I f  a  zombi e suc h a s thi s i s 
possible ,  the n quali a ar e no t  a  physica l  propert y o f 
consciou s beings .  AnoAe r  i s Jackson' s (1986 )  famou s 
though t  experimen t  concernin g Mary ,  th e colou r  scientist . 
Mar y know s everythin g ther e i s t o k n o w abou t  th e 
experienc e o f  colour ,  therefor e everything/^Aysica /  ther e i s 
t o k n o w abou t  th e experienc e o f  colour ,  bu t  sh e ha s neve r 
experience d colou r  herself .  The n sh e experience s colour . 
Clearl y sh e gain s somethin g sh e di d no t  hav e before . 
However ,  sh e kne w everythin g physica l  abou t  colour . 
Therefore ,  wha t  sh e gain s mus t  b e somethin g nonphysical . 

I t  i s no t  clea r  tha t  an y o f  thes e though t  experiment s 
establis h rea l  possibilities ,  or ,  i f  the y do ,  entai l  th e 
conclusion s draw n fro m them .  Fo r  reason s o f  length ,  i n 
thi s pape r  w e wil l  pas s o n tha t  issue .  Instead ,  w e wil l  tur n 
t o alternativ e approac h t o consciousnes s introduce d earlier , 
th e on e foun d mor e ofte n i n th e wor k o f  experimenta l 
psychologists . 

T h e d o m i n a n t  a p p r o a c h i n psycholog y 

I n shar p contras t  t o atomis m an d loca l  realis m (whethe r  i n 
it s representationa l  o r  it s anti-representationa l  form) ,  th e 
dominan t  approac h t o consciousnes s i n experimenta l 
psycholog y hold s tha t  consciousnes s i s a  propert y o f  th e 
cognitiv e syste m a s a  whole .  Le t  u s cal l  i t  th e syste m 
approac h t o consciousness : 

Syste m approac h t o coniciousnes s -  approache s t o 
consciousnes s tha t  vie w i t  a s a  propert y o f  whol e 
cognitiv e systems ,  no t  individua l  o r  smal l  group s o f 
representations . 

Ther e i s a  grea t  diversit y o f  opinio n a s t o wha t  th e relevan t 
propert y is .  W e caimo t  begi n t o explor e th e whol e rang e o f 
option s bu t  her e ar e a  fe w examples .  Baar s (1988 )  hold s 
tha t  consciousnes s consist s i n a  globa l  workspac e o f  a 
certai n kind .  Jackendof f  (1987 )  urge s tha t  i t  i s a n 

representation s an d somethin g appearin g t o b e lik e somethin g i n 
them . 

intermediat e leve l  o f  representation ,  a  phoneti c o r  simila r 
leve l  betwee n acousti c o r  visua l  inpu t  an d full-blow n 
conceptua l  content .  M a n y theorist s lin k consciousnes s ver y 
closel y t o attention .  Fo r  example .  Mac k an d Roc k sa y that , 
"Attentio n [is ]  th e proces s tha t  bring s a  stimulu s t o 
consciousness "  (Mac k an d Roc k 1998) ,  "i f  a  .. .  percep t 
capture s attention ,  i t  the n become s a n explici t  percept ,  tha t 
is ,  a  consciou s percept "  (Mac k 2001 ,  2) .  Posne r  (1994 ) 
capture s th e spiri t  o f  thi s lin e o f  thinkin g abou t 
consciousnes s nicely : 

an understandin g o f  consciousnes s mus t  res t  o n a n 
appreciatio n o f  th e brai n network s tha t  subserv e 
attention ,  i n muc h th e sam e wa y a s a  scientifi c 
analysi s o f  lif e withou t  consideratio n o f  D N A woul d 
see m vacuous .  [Posne r  1994 ,  7398 ] 

Nor  i s thi s approac h withou t  it s philosophica l  allies . 
Dennett' s  (1991 )  multipl e draft s mode l  i n whic h state s 
become consciou s b y seizin g contro l  o f  cognitiv e resource s 
i s a  simila r  approach .  (Curiously ,  h e say s almos t  nothin g 
abou t  attention. )  Pau l  Churchlan d i s anothe r  example .  Her e 
i s h o w Churchlan d sununarize d hi s approac h recently : 

[Consider ]  th e brain' s capacit y t o focu s attentio n o n 
some aspec t  o r  subse t  o f  it s  teemin g polymoda l 
sensor y inputs ,  t o tr y ou t  differen t  conceptua l 
interpretation s o f  tha t  selecte d subset ,  t o hol d th e 
result s o f  tha t  selective/interpretiv e activit y i n short -
ter m m e m o r y fo r  lon g enoug h t o updat e a  coheren t 
representationa l  'narrative '  o f  th e world-unfolding-in -
time ,  a  narrativ e thu s fit  fo r  possibl e selectio n an d 
imprintin g i n long-ter m memory .  A n y [such ] 
representatio n i s .. .  a  presumptiv e instanc e o f  th e clas s 
of  consciou s representations .  [Churchlan d 2002 ,  74 ] 

Thi s i s a  differen t  conceptio n o f  consciousnes s from  th e 
atomis t  one !  Ar e ther e reason s t o favou r  on e ove r  th e 
other ? Ther e are .  Firs t  reason :  th e system s approac h ha s 
th e potentia l  t o accoun t  fo r  tw o kind s o f  consciousness ,  th e 
atomis t  approac h onl y one . 

T w o k i n d s o f  consc iousnes s 

The variety of different things that we can have in mind 
when w e us e th e wor d 'consciousness '  i s a  bi g topic ,  to o 
bi g a  topi c t o explor e here .  However ,  w e ca n mak e on e 
distinctio n fairl y  briefl y an d whe n w e do ,  somethin g quit e 
interestin g abou t  th e tw o approache s become s apparent . 

Th e distinctio n w e hav e i n min d i s betwee n 
consciousnes s o f  th e worl d aroun d u s an d consciousnes s o f 
our  o w n psychologica l  states .  Blindsigh t  i s sometime s 
invoke d t o illustrat e thi s distinctio n bu t  wha t  i s 
tendentiousl y calle d 'inattentiona l  blindness '  work s better . 
(Tendentiousl y becaus e ther e i s actuall y a  hug e debat e 
abou t  whethe r  th e phenomeno n i n questio n ha s anythin g t o 
do wit h attentio n [Mack , 
http://psyche.cs.monash.edu.au/v7/psyche-7-16 -
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maclchtm]. )  I n inanentiona l  blindnes s research ,  th e subjec t 
fixate s o n a  poin t  an d i s aske d t o not e som e featur e o f  a n 
objec t  introduce d a t  o r  withi n a  fe w degree s o f  fixation . 
Afte r  a  fe w trials ,  a  secon d objec t  i s  introduced ,  i n th e 
same regio n bu t  clearl y distinc t  fro m th e first  object . 
Subject s ar e no t  tol d tha t  a  secon d objec t  wil l  appear . 
W h en th e appearanc e o f  th e tw o object s i s followe d b y 1. 5 
second s o f  masking ,  a t  leas t  one-quarte r  o f  th e subject s an d 
sometime s almos t  al l  subject s hav e n o awarenes s o f  havin g 
see n th e secon d object . 

Yet  -  an d thi s i s  wha t  make s inattentiona l  blindnes s 
bette r  fo r  ou r  purpose s tha n blindsigh t  -  w h e n th e secon d 
objec t  i s  a  word ,  subject s clearl y encod e i t  an d proces s it s 
meaning .  Evidence ? W h e n aske d shortl y afte r  t o do ,  fo r 
example ,  a  'ste m completio n task '  (i.e. ,  t o complet e a 
wor d o f  whic h the y ar e give n th e first  tw o o r  thre e letters) , 
the y complet e th e wor d i n lin e wit h th e wor d the y clai m 
not  t o hav e see n muc h mor e frequentl y tha n control s do .  I n 
short ,  i n inattentiona l  blindness ,  subjects '  acces s t o th e 
wor d the y ar e no t  awar e o f  seein g i s nevertheles s ver y 
deep-running . 

I n inattentiona l  blindness ,  i t  i s  importan t  t o note , 
object s appea r  i n a  certai n wa y t o th e subject ,  a s i s 
evidence d b y th e subjec t  processin g semanti c informatio n 
provide d b y it. '  Wha t  w e hav e her e i s no t  merel y Block' s 
A-consciousness ,  " a stat e .. .  poise d fo r  direc t  contro l  o f 
though t  an d action "  (Bloc k 1995 ,  233) .  Th e acces s t o th e 
unattende d objec t  i s  Block' s -consciousnes s o r  somethin g 
ver y muc h lik e it :  th e objec t  actuall y appear s t o th e subject . 
(Not e tha t  i f  thi s clai m i s correct ,  i t  pose s a  considerabl e 
proble m fo r  attentio n theorie s o f  consciousnes s -
somethin g els e w e don' t  hav e spac e t o g o into. )  I n thes e o r 
simila r  case s o f  acces s withou t  attention ,  subject s can ,  fo r 
example ,  poin t  t o th e item s i n question .  Th e object s ca n 
increas e th e subject' s leve l  o f  alertness ,  especiall y th e leve l 
of  alertnes s concernin g th e object s themselves .  A n d 
ensuin g behaviou r  i s ofte n appropriate ,  no t  t o th e w a y th e 
objec t  actuall y  is ,  bu t  t o h o w th e object s looke d t o th e 
subjec t  (Dennett ,  1978) .  Le t  u s cal l  di e kin d o f 
consciousnes s tha t  ca n b e presen t  i n case s o f  inattentiona l 
informatio n acces s an d s o o n consciousnes s o f  th e world . 
By contrast ,  le t  u s cal l  th e consciousnes s tha t  w e hav e 
when w e ar e consciou s o f  representin g item s i n th e worl d 

consciousnes s o f  self. ' 

Consciouines s o f  th e worl d -  th e kin d o f 
consciousnes s tha t  ca n b e presen t  i n case s o f 
inattentiona l  informatio n acces s an d s o o n 

Coniciouines s o f  sel f  -  th e consciousnes s tha t  w e 
hav e whe n w e ar e consciou s o f  representin g item s i n 
th e worl d 

N o w a  reaso n fo r  favourin g th e system s approach :  al l 
anti-representationa l  version s o f  atomis m an d m a n y 
representationa l  version s (e.g. ,  higher-orde r  though t  o r 
experienc e models )  hav e anythin g t o sa y onl y abou t 
consciousnes s o f  self ,  th e fel t  qualit y o f  psychologica l 
states ,  wha t  i t  i s  lik e t o hav e them ,  an d canno t  sa y anythin g 
abou t  consciousnes s o f  th e world ,  i.e. ,  th e w a y th e worl d 
appear s t o someone .  System s approache s no t  onl y hav e 
somethin g t o sa y abou t  consciousnes s o f  th e world ,  the y 
generall y focu s o n it .  W h e n theorist s tal k abou t  payin g 
attentio n t o something ,  fo r  example ,  the y generall y hav e i n 
min d payin g attentio n t o somethin g i n th e world ,  no t 
payin g attentio n t o one' s o w n states . 

W h a t  a  t h e o r y o f  c o n s c i o u s n e s s m u s t  exp la i n 

A second reason for favouring a systems over an atomistic 
approac h t o consciousness :  wha t  a  theor y o f  consciousnes s 
actuall y need s t o b e abl e t o explain . 

I f  consciousnes s i s a  matte r  o f  thing s appearin g -jus t 
appearing ,  i n th e cas e o f  consciousnes s o f  di e world , 
consciousnes s tha t  the y ar e appearin g i n th e cas e o f  (on e 
kin d of )  consciousnes s o f  sel f  - ,  the n consciousnes s i s a 
propert y o f  th e activit y o f  representing ,  no t  o f  individua l 
representations .  Consciousnes s i s a  matte r  oisomethin g 
bein g consciou s o f  something .  I f  so ,  a n adequat e theor y o f 
consciousnes s ha s t o addres s th e question :  W h a t  i s a 
syste m capabl e o f  consciousnes s like ? 

Her e ar e som e o f  th e feature s o f  suc h a  system : 

•  I t  i s  awar e o f  whol e group s o f  representation s i n on e 
'ac t  o f  consciousness ' 

•  Ofte n whe n i t  i s  awar e o f  whol e group s o f  repre -
sentations ,  i t  i s  als o awar e o f  itsel f  a s th e c o m m o n 
subjec t  o f  thes e representations . 

•  It s consciousnes s ca n b e faint ,  full ,  etc . 

•  I t  ha s m a n y globa l  cognitiv e facultie s an d som e o f 

Change blindness ,  attentiona l  blink ,  an d visua l  neglec t 
and th e doubl e dissociatio n betwee n th e ventra l  an d th e dorsa l 
stream s i n th e brai n discovere d b y Milne r  an d Goodal e (1995 ) 
ar e relate d phenomena .  I n al l  thes e phenomena ,  informatio n tha t 
th e subjec t  i s  no t  consciou s o f  havin g nevertheles s enter s int o 
cognitiv e task s tha t  us e semanti c informatio n ,  disambiguatio n 
tasks ,  fo r  example . 

Consciousnes s o f  sel f  need s t o b e broke n dow n int o 
consciousnes s o f  one' s psychologica l  state s an d consciousnes s o f 
oneself ,  th e thin g havin g thos e states .  Moreover ,  ther e ar c 
radicall y differen t  view s afoo t  abou t  wha t  consciousnes s o f  one' s 
psychologica l  state s consist s in .  Som e theorist s eve n maintai n 
tha t  i t  i s  nothin g mor e tha n consciousnes s o f  th e worl d plu s a 
shif t  o f  attentio n (Dretsk c 1995 ,  Ty e 1995) .  W e hav e t o ignor e al l 
thes e issue s here . 
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the m ar e closel y linke d t o consciousness ,  memory ,  fo r 
example ,  o r  attention ,  o r  language . 

•  I n particular ,  attentio n i s closel y linke d t o 
consciousness . 

•  Fo r  consciousness ,  a  syste m simpl y havin g 
informatio n a s a  resul t  o f  representing  this ,  tha t  o r  th e 
othe r  i s no t  enough ;  th e syste m mus t  mak e cognitiv e 
us e o f  th e information . 

•  Consciousnes s i n a  cognitiv e syste m ca n b e 
independen t  o f  sensor y input s 

•  It s consciousnes s disappear s i n dee p sleep ,  an d .. . 

•  reappears  i n dreams. ^ 

W h en face d wit h issue s lik e these ,  th e atomisti c approac h 
t o consciousnes s ha s s o fa r  jus t  clawe d th e ai r  -  an d i t  i s 
har d t o thin k o f  circumstance s unde r  whic h i t  coul d d o an y 
better . 

Take ,  fo r  example ,  di e unit y o f  consciousness . 
Consciou s subject s ar e awar e a t  th e sam e time ,  indee d i n a 
singl e ac t  o f  consciousness ,  o f  a  grea t  m a n y items .  A 
theor y o f  th e consciou s subject s ha s t o b e abl e accoun t  fo r 
thi s unity . 

Th e unit y o f  consciousnes s come s i n a  numbe r  o f 
kinds .  Menta l  unit y i n genera l  come s i n a t  leas t  si x 
differen t  kind s an d fou r  o f  the m ar e kind s o f  imifie d 
consciousness : 

1.  unit y o f  ou r  cognitiv e element s (w e ca n bring ,  fo r 
example ,  beliefs ,  desires ,  perceptions ,  intentions ,  an d 
m a ny othe r  thing s t o bea r  o n a  singl e situation) ; 

2.  unifie d consciousnes s o f  ou r  worl d (w e ar e awar e o f 
a whol e hos t  o f  diing s aroun d u s i n a  single ,  unifie d 
representation )  an d 

3.unifie d consciousnes s o f  one' s o w n representations ; 

4.  unifie d consciousnes s o f  sel f  (on e i s awar e o f 
onesel f  a s th e "single ,  c o m m o n subject "  o f  one' s 
experience ,  a s Kan t  pu t  it) , 

S.  unifie d focu s o f  a  numbe r  o f  cognitiv e resource s o n 
a singl e ite m o f  attention ; 

and , 

6.  unifie d behaviour  (ou r  behaviou r  i s highl y an d 
multipl y unifie d -  thin k o f  a  concer t  pianis t  playin g a 
sonata) . 

Set  item s (i )  an d (vi )  aside .  Item s (ii )  t o (v) ,  th e variou s 
kind s o f  imifie d consciousness ,  hav e a  c o m m o n core : 

Unit y o f  coniciousnes s -  a  grou p o f  representation s 
bein g relate d t o on e anothe r  suc h tha t  t o b e consciou s 

Thi s lis t  starte d from  bu t  goe s beyon d Churchland' s lis t  o f 
th e Magnificen t  Seve n requirement s o n a  theor y o f  consciousnes s 
i n (1995) ,  pp .  213-14 . 

of  an y o f  the m i s t o b e consciou s o f  other s o f  the m an d 
of  th e grou p o f  the m a s a  singl e group . 

Give n h o w centra l  unifie d consciousnes s i s t o th e 
consciou s mind ,  i t  i s  remarkabl e h o w littl e attentio n i t  i s 
has receive d i n recen t  writing s o n consciousness , 
especiall y philosophica l  writings .  Pau l  Churchlan d (1995 , 
p.  209 )  include s i t  a s on e o f  hi s Magnificen t  Seven ,  th e 
thing s tha t  a  theor y o f  consciousnes s ha s t o explain ,  an d 
th e notio n i s mentione d b y a  fe w othe r  philosopher s bu t  i n 
genera l  i t  ha s receive d littl e attentio n (th e topi c an d wha t 
has bee n don e wit h i t  i s  reviewe d i n Broo k 2000) . 

That  consciousnes s i s unifie d ha s immediat e 
implication s fo r  atomis m an d loca l  realism .  I f 
consciousnes s i s unified ,  consciousnes s canno t  b e a 
propert y o f  singl e representation s o r  tin y group s o f 
representation s (e.g. ,  a  representatio n an d a  though t 
directe d a t  i t  o n th e H O T model )  b y themselves .  No r  i t  i s 
somethin g tha t  coul d fiuitfiilly  b e studie d b y studyin g 
singl e representation s i n isolation .  A t  present ,  w e don' t 
thin k tha t  ther e i s a  theor y o f  consciousness , 
representationa l  o r  nonrepresentational ,  tha t  provide s a n 
adequat e accoun t  o f  th e fac t  tha t  consciousnes s i s unified . 
T o pa y attentio n t o i t  i s  t o se e th e prospect s fo r  atomis m 
abou t  consciousnes s immediatel y plummet . 

A P r o b l e m fo r  th e S y s t e m s A p p r o a c h ? 

If the systems approach to consciousness seems more 
likel y tha n atomis m t o b e abl e t o explai n wha t  a  theor y o f 
consciousnes s ha s t o explain ,  i t  als o face s som e problems . 
I n particular ,  m a n y theorist s worr y tha t  i t  m a y leav e ou t 
jus t  th e mos t  crucia l  element ,  th e consciousnes s itsel f  Thi s 
worr y arise s i n th e followin g way .  'Surely' ,  a n objecto r 
wil l  say ,  ' a cognitiv e facultie s an d capacitie s centra l  t o 
you r  favourit e system s approac h t o consciousnes s coul d 
exist ,  an d no t  onl y exis t  bu t  fimction  a s the y do ,  i n th e 
absenc e o f  consciousness? '  Thi s lin e o f  objectio n i s th e 
h o me o f  zombi e thought-experiments :  surel y somethin g 
coul d b e jus t  lik e u s behaviourally ,  o r  (a s i n thi s case ) 
fimctionally ,  o r  eve n physically ,  an d ye t  no t  b e conscious . 
Al l  w e ca n sa y her e i s tha t  i/zombi e thought-experiment s 
ar e coherent ,  the n th e system s approac h i s i n trouble ,  a s i s 
ever y othe r  representationa l  theor y o f  consciousness .  Bu t 
tha t  i s  a  bi g 'if .  Sinc e th e pric e o f  buyin g th e ide a tha t 
zombi e thought-experiment s ar e coheren t  i s tha t 
consciousnes s ha s t o b e somethin g deepl y mysterious , 
maybe beyon d cognitiv e ke n altogether ,  w e wan t  t o mak e 
ver y sur e tha t  zombi e thought-experiment s ar e coherent . 

Adjudicatin g tha t  issu e an d th e backgroun d issu e o f 
th e merit s o f  anti-representationa l  atomis m vs .  th e system s 
pictur e o f  consciousnes s i s a  tas k fo r  anothe r  occasion . 
Her e w e hav e merel y trie d t o introduc e th e tw o 
approaches ,  la y ou t  on e reaso n t o favou r  th e system s 
approach ,  an d loo k briefl y a t  on e difficult y i t  faces . 
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Abstrac t 

We examined how naive conversational participants 
circumscribe d referential  domain s durin g th e productio n an d 
comprehensio n o f  refierring  expression s b y monitorin g 
participants '  ey e movement s durin g a  referential 
communicatio n task .  Th e result s replicate d som e well -
establishe d results ,  e.g. ,  incrementa l  reference  resolution , 
demonstratin g th e feasibilit y  o f  studyin g real-tim e languag e 
comprehensio n i n interactiv e conversation .  W e als o observe d 
a hig h proportio n o f  underspecifie d referential  expression s 
tha t  wer e easil y understoo d b y addresse s becaus e o f  discours e 
and pragmati c constraints ,  includin g constraint s develope d a s 
a resul t  o f  th e conversation . 

Background 

I n characterizin g wor k i n languag e performance ,  Clar k 
(1992 )  pointe d ou t  tha t  th e fiel d ha s bee n largel y divide d 
int o tw o traditions .  O n e tradition ,  th e language-as-actio n 
tradition ,  emphasize s interactiv e conversatio n a s th e mos t 
basi c for m o f  languag e use .  Accordin g thi s traditio n th e 
principle s o f  languag e performanc e an d languag e desig n 
canno t  b e uiKlerstoo d withou t  takin g int o accoun t  th e 
interactiv e collaborativ e processe s tha t  ar e embedde d i n 
conversation .  A  centra l  tene t  i n wor k withi n thi s traditio n i s 
tha t  utterance s ca n onl y b e understoo d withi n a  particula r 
context ,  whic h include s th e time ,  plac e an d participant' s 
conversatio n goals .  Thu s researcher s withi n thi s traditio n 
hav e focuse d primaril y i n investigation s o f  interactiv e 
conversatio n usin g natura l  tasks ,  typicall y wit h real-worl d 
referents . 

A secon d tradition ,  th e language-as-produc t  tradition , 
focuse s primaril y o n th e processe s b y whic h listener s 
decod e (an d speaker s encode )  linguisti c utterances . 
Psycholinguisti c wor k o n languag e comprehensio n withi n i n 
thi s traditio n typicall y examine s moment-by-momen t 
processe s i n real-tim e languag e processin g usin g fine-
graine d reactio n tim e measures .  Th e rational e fo r  usin g 
thes e measure s i s tha t  comprehensio n processe s ar e closel y 

time-locke d t o th e linguisti c inpu t  which ,  fo r  spoke n 
language ,  unfold s ove r  time .  Unti l  recently ,  th e real-tim e 
respons e measure s i n th e psycholinguist' s  toolki t  require d 
th e us e o f  de-contextualize d language ,  typicall y  pre -
recorde d sentence s presente d i n impoverishe d contexts .  Thi s 
constrain t  rule d ou t  real-tim e investigation s o f  natural , 
interactiv e conversation .  Moreover ,  a  dominan t  theoretica l 
perspectiv e withi n th e produc t  traditio n wa s tha t  initia l 
"core "  processe s (e.g. ,  lexica l  acces s an d syntacti c 
processing )  wer e informationall y encapsulate d from 
contextua l  influence s (e.g. ,  Fodor ,  1983) . 

Recently ,  th e adven t  o f  light-weigh t  head-mounte d eye -
trackin g system s ha s m a d e i t  possibl e t o investigat e real -
tim e comprehensio n i n mor e namra l  tasks ,  suc h a s task s 
wher e participant s follo w spoke n instruction s t o manipulat e 
object s i n a  task-relevan t  "visua l  world "  (Tanenhaus , 
Spivey-Knowlton ,  Eberhar d &  Sedivy ,  1995) .  Fixation s t o 
task-relevan t  object s ar e closel y time-locke d t o th e 
unfoldin g utterance ,  providin g a  continuou s real-tim e 
measiu- e o f  comprehensio n processe s a t  a  tempora l  grai n 
fm e enoug h t o trac k th e earlies t  moment s o f  lexica l  access , 
parsin g an d referenc e resolutio n (Tanenhaus ,  Magnuson , 
Dahan &  Chambers ,  2000) . 

A growin g bod y o f  researc h employin g eye-trackin g 
technique s demonstrates  clea r  effect s o f  contextua l 
constraints .  Fo r  example ,  syntacti c ambiguit y resolutio n i s 
influence d b y referentia l  constraint s provide d b y th e visua l 
context ,  includin g th e numbe r  o f  potentia l  referent s an d 
thei r  propertie s (Tanenhau s e t  al. ,  2000) .  Moreover ,  som e 
recen t  wor k usin g confederate s i n constraine d task s suggest s 
tha t  unde r  som e circumstance s informatio n provide d b y 
knowledg e o f  th e speaker' s perspectiv e an d intention s ca n 
affec t  eve n th e earlies t  moment s o f  comprehensio n (Haima , 
2001) . 

However ,  a  majo r  limitatio n o f  previou s wor k i s tha t  al l 
of  th e languag e use d ha s c o m e from  scripte d language , 
rulin g ou t  spontaneou s collaborativ e processe s tha t  ar e 
likel y t o underli e circumscriptio n o f  referentia l  domains , 
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and interpretatio n o f  referentia l  expression s i n natura l 
interactiv e settings .  Fo r  example ,  Clar k &  Wilket-Gibb v 
(1986 )  investigate d conversationa l  partners '  us e o f 
collaborativ e processe s t o refe r  t o low-codabilit y  shape s i n a 
referentia l  communicatio n tas k (Kraus s an d Weinheimer , 
1966) .  Pair s o f  participant s worke d togethe r  t o arrang e 
differen t  abstrac t  shapes .  Ove r  th e cours e o f  th e 
conversatio n the y converge d o n share d name s fo r  th e 
shapes ,  dramaticall y increasin g th e efficienc y o f  thei r 
communicatio n ove r  th e cours e o f  th e interaction .  I n 
Breiman' s (1996 )  words ,  conversationa l  partner s develo p 
'conceptua l  pacts '  durin g th e cours e o f  a  conversation .  Th e 
mere actio n o f  participatin g i n th e developmen t  o f 
conversationa l  pact s i s essentia l  fo r  th e increas e i n 
efficiency -  ovcrhearer s priv y t o th e entiret y o f  th e 
conversatio n an d it' s contex t  ar e unabl e t o perfor m a s wel l 
i n thes e natura l  task s (Schobe r  an d Clark ,  1989) .  Thes e 
result s sugges t  tw o things :  1 )  Th e ac t  o f  participatin g i n a 
natura l  conversatio n contribute s t o efficien t  communication . 
2)  Extractin g conversationa l  interactio n from  languag e 
comprehensio n remove s a  centra l  componen t  o f  natura l 
language . 

The goa l  o f  th e presen t  stud y wa s t o explor e th e 
feasibilit y  o f  examinin g real-tim e comprehensio n processe s 
durin g natural ,  unscripted ,  interactiv e conversation .  W e 
focuse d o n th e comprehensio n o f  definit e referrin g 
expressions ,  suc h a s "th e re d block "  an d "th e cloud" . 
Definit e referenc e provide s a n idea l  domai n fo r  a  first 
investigatio n fo r  severa l  reasons .  First ,  definit e referenc e i s 
one o f  th e mos t  ubiquitou s an d centra l  component s o f 
natura l  language .  Second ,  us e o f  definit e referenc e assume s 
tha t  a  referen t  wil l  b e uniquel y identifiabl e withi n a 
circumscribe d referentia l  domain .  M u c h o f  th e stronges t 
evidenc e fo r  th e collaborativ e mode l  o f  languag e processin g 
comes from  demonstration s tha t  peopl e collaborat e t o defin e 
referentia l  domains .  Third ,  wor k wit h restricte d utterance s 
has establishe d tw o clea r  empirica l  result s tha t  allo w on e t o 
trac k th e tim e cours e o f  referenc e resolution :  lexica l 
competito r  (cohort )  effect s an d 'poin t  o f  disambiguation ' 
effects . 

W h en listener s ar e instructe d t o pic k u p o r  mov e a n 
object ,  suc h a s a  racket ,  fixations  t o th e targe t  objec t  begi n 
as earl y a s 20 0 m s afte r  th e onse t  o f  th e nou n (AUopenna , 
Magnuso n &  Tanenhaus ,  1998) .  Eye-movement s launche d 
at  thi s poin t  i n th e speec h strea m ar e equall y likel y t o b e 
directe d t o th e eventua l  referen t  an d othe r  object s wit h 
names tha t  ar e als o consisten t  wit h th e speec h signal ,  suc h 
as a  raccoon .  However ,  look s t o thes e competitors , 
hereafte r  "cohort "  competitor s ar e reduce d o r  eliminate d 
when contex t  make s a  cohor t  a n implausibl e referent .  Thu s 
we ca n us e cohor t  effect s t o infe r  th e degre e t o whic h 
conversatio n restrict s initia l  referentia l  domains . 

One o f  th e mos t  strikin g source s o f  evidenc e fo r  rapi d 
restrictio n o f  referentia l  domain s come s from  poin t  o f 
disambiguatio n effects .  Fo r  example ,  Eberhard ,  Spivey -
Knowlton ,  Sediv y an d Tanenhau s (1995 )  presente d subject s 
wit h display s containin g a  variet y o f  differentl y colore d 

shapes ,  a s subject s listene d t o instruction s suc h a s "Clic k o n 
th e re d triangle" .  I n a  subse t  o f  trial s th e colo r  o f  th e targe t 
ite m wa s no t  share d wit h an y othe r  item s i n th e referentia l 
domain .  I n thes e trial s th e referentiall y  disambiguatin g 
informatio n wa s th e color ,  whic h wa s conveye d i n th e 
prenomina l  adjective .  I n th e remainin g trials ,  th e targe t  ite m 
was th e sam e colo r  a s anothe r  ite m i n th e referentia l 
domain .  Fo r  example ,  th e displa y accompanyin g th e 
instructio n "Clic k o n th e re d triangle "  migh t  contai n a  re d 
circl e an d a  re d triangle .  I n thes e trial s th e referentiall y 
disambiguatin g informatio n cam e a t  th e noun .  Ey e 
movement s t o th e targe t  wer e agai n closel y time-locke d t o 
th e speech .  Look s t o th e targe t  increase d dramaticall y 
immediatel y followin g th e poin t  o f  disambiguatio n ( P O D ) , 
whethe r  i t  cam e a t  th e adjectiv e o r  th e noun . 

I n th e presen t  experimen t  w e monitore d eye-movement s 
as pair s o f  participants ,  separate d b y a  curtain ,  worke d 
togethe r  t o arrang e block s i n matchin g configuration s an d 
confir m thos e configurations .  Th e characteristic s o f  th e 
block s afforde d compariso n wit h findings from  scripte d 
experiment s investigatin g language-drive n eye-movements , 
specificall y thos e demonstratin g cohor t  effect s an d 
incrementa l  referenc e resolution .  W e investigated :  (1 ) 
whethe r  thes e effect s coul d b e observe d i n a  mor e comple x 
domai n durin g unrestricte d conversation ,  an d (2 )  unde r  wha t 
condition s th e effect s woul d b e eliminated ,  indicatin g tha t 
factor s outsid e th e speec h itsel f  migh t  b e operatin g t o 
circumscrib e th e referentia l  domain . 

Method 

We teste d fou r  pair s o f  participant s from  th e Universit y o f 
Rochester ,  w h o wer e pai d fo r  thei r  participatio n i n th e 
study .  Th e discours e partner s eac h ha d a n arra y o f  block s 
and a  boar d o n whic h t o plac e them .  Th e board s wer e 
partiall y  covered ,  creatin g 5  distinc t  sub-aieas .  Initially , 
sub-area s containe d 5 6 sticker s representin g blocks .  Th e 
tas k wa s t o replac e eac h sticke r  wit h a  matchin g block . 
Whil e partners '  board s wer e identica l  wit h respec t  t o sub -
areas ,  partners '  sticker s differed :  Ever y plac e tha t  on e 
parme r  ha d a  sticker ,  th e othe r  partee r  ha d a n empt y spot . 
Pair s wer e instructe d t o tel l  eac h othe r  wher e t o pu t  block s 
so tha t  i n th e en d thei r  board s woul d match .  N o othe r 
restriction s wer e place d o n th e interaction .  Th e entir e 
experimenta l  stud y laste d approximatel y 2. 5 hours .  Fo r  eac h 
pai r  w e recorde d th e ey e movement s o f  on e partner ,  an d th e 
speec h o f  bot h partners . 

The initia l  configuratio n o f  th e sticker s wa s suc h tha t  th e 
color ,  size ,  an d orientatio n o f  th e block s woul d encourag e 
th e us e o f  comple x nou n phrElse s an d groundin g 
constructions .  Ninetee n o f  th e sticker s (an d th e 
correspondin g blocks )  containe d picture s simila r  t o thos e 
use d b y Alloperma ,  Magnuso n an d Tanenhau s (1998) ,  i n th e 
stud y describe d above .  W e use d a  full-colo r  versio n 
(Rossio n &  Pourtois ,  2001 )  o f  a  larg e corpu s o f  norme d 
pictures ,  balance d fo r  thei r  linguisti c codablilt y  (Snodgras s 
& Vanderwart ,  1980) .  W e selecte d pair s o f  thes e picture s 
tha t  referre d t o object s whic h ha d initiall y  acousticall y 
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consisten t  name s (cohor t  competitors) .  Hal f  o f  th e cohor t 
competito r  sticker s wer e place d suc h tha t  bot h cohor t 
competito r  block s woul d b e place d i n th e sam e sub-are a o f 
th e board ,  an d hal f  o f  th e cohor t  competito r  sticker s wer e 
place d suc h tha t  th e cohor t  competito r  block s woul d b e 
place d i n differen t  sub-area s o f  th e board .  Al l  o f  th e cohor t 
competito r  pair s wer e separate d b y approximatel y 3. 5 
inches .  W e examine d th e ey e movement s o f  on e discours e 
partne r  wit h respec t  t o th e speec h generate d b y th e othe r 
discours e partner . 

Results 

The conversation s fo r  eac h o f  th e fou r  pair s wer e 
transcribed .  W e presen t  eye-trackin g analyse s fo r  tw o o f 
th e pairs ;  w e ar e stil l  analyzin g th e dat a fro m th e remainin g 
tw o pairs .  Th e non-eye-tracke d partne r  o f  eac h pai r 
generate d approximatel y 100-15 0 definit e reference s t o 
block s durin g th e cours e o f  th e conversation .  Whil e th e 
lengt h o f  th e conversatio n prevente d u s from  initiall y 
analyzin g mor e tha n 4  pairs ,  th e larg e numbe r  o f  'trials ' 
generate d b y eac h pai r  gav e u s enoug h statistica l  powe r  t o 
circumven t  thi s problem . 

A n I S C A N eyetrackin g viso r  wa s use d (fo r  detail s se e 
Tnieswell ,  Sekerina ,  Hil l  &  Logrip ,  1999) .  Th e imag e o f 
th e eye-tracke d partner' s board ,  an d thei r  superimpose d ey e 
position ,  alon g wit h th e entiret y o f  th e conversatio n (bot h 
participants '  voices )  wer e recorde d usin g a  frame-accurat e 
digita l  vide o recorde r  ( a S O N Y DSR-30) .  Ey e movement s 
wer e analyze d a t  th e onse t  o f  th e definit e reference ,  an d 
continue d 2000m s afte r  th e N P wa s complete .  Ther e wa s a 
hig h degre e o f  variabilit y  i n th e lengt h o f  utterances , 
especiall y thos e t o colo r  blocks . 

Reference s t o block s whic h ha d cohor t  competitor s 
(approximatel y 7 5 reference s pe r  pair )  wer e expecte d t o 
revea l  simila r  cohor t  effect s a s observe d i n mor e restricte d 
experimenta l  paradigms .  T o ou r  surprise ,  w e observe d onl y 
on e loo k t o a  cohor t  conqjetitor s durin g bot h 2  1/ 2 hou r 
conversation s w e hav e analyze d thu s far .  W e d o no t  thin k 
thi s nul l  resul t  i s  du e t o poo r  stimulu s design ,  a s w e di d 
observ e look s t o cohor t  competitor s imde r  specia l 
circumstances .  Periodically ,  subject s neede d t o remov e th e 
eye-tracke r  t o tak e a  break .  W h e n w e pu t  th e tracke r  bac k 
on an d re-calibrated ,  w e tested  th e calibratio n b y askin g th e 
subject s t o loo k a t  differen t  item s o n th e board .  Unde r  thes e 
circumstance s th e referentia l  domai n i s no t  restricte d b y 
conversationa l  constraints .  Her e w e sa w clea r  case s o f 
subject s initiall y  lookin g a t  th e cohor t  competito r  befor e 
lookin g a t  th e intende d referent . 

Eac h pai r  provide d u s wit h approximatel y 7 5 trial s o f  dat a 
fo r  eye-movement s elicite d b y definit e reference s t o colore d 
blocks .  T w o researcher s code d th e definit e N P s fo r  thei r 
point-of-disambiguation ,  an d resolve d an y codin g 
differences .  Th e P O D wa s th e poin t  a t  whic h th e N P 
uniquel y identifie d a  referent ,  give n th e visua l  contex t  a t  th e 
time .  Averag e P O D wa s 858m s (2 6 frames )  followin g N P 
onset .  Eye-movemen t  analyse s fo r  N P s wit h a  uniqu e 
linguisti c poin t  o f  disambiguatio n (50% )  wer e analyze d 

separatel y fro m thos e whic h wer e neve r  full y  disambiguate d 
linguistically .  Th e eye-trackin g analysi s wa s restricte d t o 
case s wher e a t  leas t  on e competito r  bloc k wa s present .  A s a 
result ,  th e numbe r  o f  ambiguou s trial s use d fo r  th e analysi s 
was clos e t o 50 ,  whil e ther e wer e onl y approximatel y 2 0 fo r 
th e disambiguate d trials . 

Eye-movemen t  analyse s (plaime d comparisons )  wer e 
performe d o n 800m s epoch s fo r  bot h ambiguou s an d 
disambiguate d NPs .  Ey e movement s elicite d b y 
disambig:uate d reference s showe d clea r  poin t  o f 
disambiguatio n effects ;  withi n 200m s o f  th e disambiguatio n 
point ,  look s converge d o n th e targe t  block :  w e foun d a  mai n 
effec t  o f  conditio n F(2,20) = 64.03 ,  p<.0001 ,  an d Bonferron i 
post-test s reveale d significantl y mor e look s t o th e 'target ' 
tha n 'competitor *  an d 'other '  unrelate d blocks ,  (se e Figur e 1) . 
Befor e th e disambiguatio n point ,  subject s wer e lookin g 
equall y a t  th e targe t  an d competito r  block(s) ,  th e mai n effec t 
o f  condition ,  F(2,19) = 6.77 ,  p<.01 ,  wa s du e t o significantl y 
mor e look s t o targe t  tha n othe r  block s (p<.001) ;  look s t o 
targe t  an d competito r  wer e equivalen t  a t  thi s region .  A t  th e 
522ms baselin e regio n (-112 2 t o -600ms )  ther e wa s n o 
effec t  fo r  condition .  Thi s replicate s th e point-of -
disambiguatio n effec t  see n b y Eberhard ,  e t  al .  (1995) , 
demonstratin g tha t  w e wer e successfu l  i n usin g a  mor e 
natura l  tas k t o investigat e on-lin e languag e processing . 
U p on inspectio n o f  th e eye-movemen t  plot ,  on e shoul d not e 
tha t  w e d o observ e a  pre-PO D targe t  bias .  W e wil l  argu e 
tha t  thi s initia l  bia s i s du e to  additiona l  pragmati c 
constraint s tha t  ar e operatin g durin g th e task . 
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-112 2 -85 8 -59 4 -33 0 -6 6 19 8 46 2 72 6 99 0 
ms sinc e N P onse t 

Figur e 1 ;  Proportio n o f  fixations  t o Targets ,  Competitors , 
and Othe r  block s b y tim e (ms )  fo r  Disambiguate d NPs . 

Grap h i s centere d b y ite m wit h 0  m s =  P O D onset . 

Most remarkably, ambiguous utterances elicited 
significantl y mor e look s to  th e targe t  tha n unambiguou s 
utterance s (se e Figur e 2) .  Moreover ,  fixations  wer e 
primaril y restricte d t o th e referen t  shortl y afte r  onse t  o f  th e 
definit e reference ;  w e observe d significantl y mor e look s to 
target s tha n competitor s withi n th e firs t  20 0 m s o f  N P onset , 
a significan t  effec t  o f  condition ,  F(2,53) = 18.37 ,  p<.0001 , 
was du e to  significan t  difference s betwee n targe t  an d bot h 
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competito r  an d othe r  block s (p'8<.0001) .  Thi s effec t 
persiste d i n th e secon d 800m s window . 
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-  Targe t 
-  Competito r 

Othe r 

0 23 1 46 2 69 3 92 4 115 5 138 6 161 7 184 8 207 9 
ms sinc e N P onse t 

Figur e 2 .  Proportio n o f  fixation s t o Targets ,  Competitors , 
and Othe r  block s b y tim e (ms )  fo r  Amb iguou s NPs .  Zer o 

ms =  N P onset . 

These results suggest that 1) speakers systematically use 
les s specifi c  utterance s w h e n th e referentia l  domai n ha s 
tieen  otherwis e constrained ;  2 )  th e attentiona l  state s o f 
speaker s an d addresse s becom e closel y tuned ;  an d 3 ) 
utterance s ar e interprete d wit h respec t  t o referentia l  domain s 
circumscribe d b y contextua l  constraints . 

I n orde r  t o identif y th e factor s tha t  le d speaker s t o choos e 
underspecifie d referrin g expressions ,  an d tha t  enable d 
addresse s t o understan d them ,  w e performe d a  detaile d 
analysi s o f  al l  o f  th e definit e references . 

Recenc y i s on e facto r  tha t  i s  likel y t o influenc e th e for m 
of  a  referrin g expression ,  wit h th e mos t  recentl y mentione d 
entit y bein g mor e salien t  tha n othe r  (non-focused )  entities . 
( We ar e assumin g tha t  reference s t o th e mos t  focuse d entit y 
woul d typicall y resul t  i n us e o f  a  pronoun ,  a  hypothesi s tha t 
we ar e currentl y evaluatin g i n th e dat a set. )  Thus ,  recenc y o f 
las t  mentio n o f  th e targe t  bloc k shoul d predic t  th e degre e o f 
specification ,  wit h reference s t o th e mos t  recentl y 
mentione d bloc k o f  a  type ,  resultin g i n ambiguou s referrin g 
expression s Fo r  example ,  i f  "th e gree n block "  i s uttere d i n 
th e contex t  o f  a  se t  o f  1 0 blocks ,  2  o f  whic h ar e green , 
'recency '  woul d predic t  tha t  th e referen t  shoul d b e t o th e 
gree n bloc k tha t  wa s mos t  recentl y mentioned .  Indeed ,  thi s 
i s wha t  w e found :  Ambiguou s utterance s wer e mor e likel y 
t o refe r  t o th e mos t  recentl y mentione d bloc k o f  it s  type , 
whil e thi s effec t  wa s th e opposit e fo r  Disambiguate d 
utterances .  Thi s effec t  wa s substantiate d b y a  significan t 
chi-squar e fo r  independence ,  x^=7.389 ,  p=.01 . 

Whil e recenc y o f  mentio n i s clearl y a n importan t  facto r 
constrainin g interpretatio n o f  ambiguou s references , 
approximatel y 3 6 % o f  thes e reference s di d no t  refe r  t o th e 
most  recentl y mentione d block .  Additionally ,  th e recenc y 
analysi s alon e doe s no t  explai n w h y speaker s sometime s 
chos e t o fiilly  specif y a  referenc e w h e n referrin g t o th e mos t 
recentl y mentione d bloc k o f  it s  type ;  i n fac t  3 0 % o f 

disambiguate d utterance s referre d t o th e mos t  recentl y 
mentione d bloc k o f  it s  type .  T w o question s aris e fro m thes e 
observations :  1 )  W h y ar c addresse s no t  confiisc d w h e n a 
speake r  use s a n underspecifie d expressio n t o refe r  t o 
somethin g othe r  tha n th e mos t  recentl y mentione d thing ;  2 ) 
W h at  factor s determin e w h e n speaker s wil l  ad d extr a 
informatio n w h e n referrin g t o th e mos t  recentl y mentione d 
block ? 

I n answe r  t o th e first  question ,  w e propos e tha t  additiona l 
pragmati c an d task-base d factor s functio n t o constrai n th e 
referentia l  domain ,  allowin g speaker s t o underspecify , 
addresse s t o interpre t  ambiguou s references ,  an d m a y 
explai n th e earl y targe t  advantag e i n th e disambiguate d 
trials .  I n additio n t o recenc y o f  mention ,  w e identifie d thre e 
factor s whic h contribute d t o th e intelligibilit y  o f  referrin g 
expressions :  1 )  Proximit y o f  targe t  referen t  t o th e las t 
mentione d block ;  2 )  Task-base d constraint s (suc h a s 
limitation s o n bloc k placemen t  du e t o th e siz e an d shap e o f 
th e board) ;  3 )  Spatia l  Te rm s whic h focu s attentio n t o a 
subse t  o f  th e wor k area .  W e ar e currentl y performin g a 
detaile d analysi s o f  th e interactio n o f  thes e constraints ,  an d 
a compariso n o f  h o w th e prediction s m a d e b y th e constraint s 
compar e wit h th e prediction s o f  th e addressee . 

Finally ,  analysi s o f  th e eyetrackin g dat a o f  th e final  tw o 
pair s wil l  allo w u s t o d o a  sub-analysi s o f  di e eye -
movement s durin g trial s influence d b y thes e differen t 
factors .  Ou r  hypothesi s i s tha t  bot h linguisti c factor s (suc h 
as recenc y o f  mention )  i n additio n t o pragmati c factor s 
(suc h a s proximit y an d tas k constraints )  ar e contributin g t o 
th e eas e wit h whic h subject s ar e identifyin g th e intende d 
referent s o f  thes e ambiguou s references . 

Th e answe r  t o th e secon d question ,  i s  th e revers e o f  th e 
answe r  t o th e first.  W e woul d lik e t o sugges t  tha t  i n case s 
wher e confusio n i s high ,  conversatio n i s inefficient ,  o r  thes e 
additiona l  tas k an d pragmati c constraint s m a y selec t  th e 
wron g referent ,  speaker s m a y choos e t o ad d additiona l 
disambiguatin g information .  I n orde r  t o verif y thi s claim , 
we inten d t o compar e th e referentia l  domai n circumscribe d 
b y thes e additiona l  constraints ,  wit h th e intende d referen t  o f 
th e speaker .  W e predic t  tha t  a  mismatc h woul d lea d t o a n 
increas e i n th e likelihoo d o f  extr a disambiguatin g 
information . 

A s a  par t  o f  thi s analysis ,  w e hav e als o looke d a t  th e case s 
i n whic h speaker s overdisambiguate .  I n approximatel y 2 1 % 
of  th e disambiguate d utterances ,  speaker s adde d betwee n 1 
an d 3  additiona l  element s pas t  th e P O D .  I n th e followin g 
example ,  th e referenc e w a s disambiguate d a t  'long' ,  ye t  th e 
speake r  chos e t o continue :  "th e lon g gree n squar e tha t  w a s 
layin g down" .  Thi s speake r  adde d tw o extr a elements ,  a 
colo r  term ,  an d a  collaborativel y define d term ,  whic h mean s 
'horizontal' .  I n m a n y cases ,  th e speake r  spen t  a  relativel y 
larg e amoun t  o f  tim e utterin g extr a disambiguatin g 
information ,  especiall y length y collaborativ e term s 
(CoUaboratively-define d term s wer e c o m m o n i n thi s corpus ; 
approximatel y 2 0 % o f  ambiguou s an d 4 0 % o f 
disambiguate d reference s containe d collaboratively-define d 
terms) .  O f  th e overspecifyin g element s used ,  onl y 5 0 % wer e 
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colo r  terms ,  whic h ar e th e prototypica l  overdisambiguatin g 
element .  Th e othe r  S 0 % include d reference s t o previou s 
actions ,  th e locatio n o f  th e objec t  an d it s shape .  I n general , 
speake r  overspecificatio n m a y b e fo r  clea r  communicativ e 
purposes ,  rathe r  tha n a s a  bi-produc t  o f  th e productio n 
system . 

Conclusions 

I n thi s experiment ,  w e investigate d 1 )  whethe r  i t  i s  possibl e 
t o observ e incrementa l  processin g effect s i n a  comple x 
domai n durin g unrestricte d conversation ,  an d 2 )  unde r  wha t 
condition s thes e effect s migh t  b e absent ,  indicatin g factor s 
outsid e th e speec h itsel f  migh t  b e operatin g t o circumscrib e 
th e referential  domain .  W e wer e successfu l  o n bot h counts . 
We di d observ e incrementa l  reference  resolutio n i n certai n 
contexts ,  an d i n th e context s i n whic h i t  wa s no t  observe d 
we wer e abl e t o identif y a  numbe r  o f  constraint s tha t 
seemed t o b e operatin g t o circimiscrib e th e referentia l 
domain .  Thes e constraint s include d linguisti c recency, 
pragmati c factor s related  t o th e tas k itself ,  suc h a s physica l 
limitation s o n bloc k placemen t  du e t o th e siz e an d shap e o f 
th e board ,  an d proximit y o f  a  give n referent  t o a  previousl y 
mentione d block .  A n exampl e o f  a  segmen t  o f  th e discours e 
i n whic h recency  circumscribe s th e referentia l  domai n i s 
show n below : 

2.0k. RIGHT direcUy next to the cloud? 
1.  mm-hini n 
2.  ju« t  thro w i n a  red  piece ,  lin e i t  u p evenl y 
1.  jus t  a  red ,  littl e *tquare * 

l.k,gotit 
2.0 k 
I .  now ,  I  go t  a n eas y one ,  s o I  wann a 'giv e it *  t o yo u 
2.'ok * 
1.  directly. .  .ABOV E th e red ,  gra b you r  lam p 

The first description of the target block (underlined) is 
unambiguous ,  bu t  th e secon d referenc e t o th e bloc k i s 
ambiguou s give n th e visua l  contex t  (ther e ar e S  othe r  re d 
block s i n tha t  sub-are a o f  th e board) .  Listener s d o no t  hav e 
difficult y wit h th e linguisti c ambiguit y i n thi s situatio n 
becaus e the y tak e recency  int o account ,  unifyin g th e 
referents  o f  th e tw o referring  expressions .  A n exampl e o f  a 
segmen t  o f  th e discours e i n whic h tas k constraint s 
circumscrib e th e referentia l  domai n i s s h o w n i n below : 

1. ok, you're gonna line it up... it'i gonna go <pausc> one row 
A B O VE th e gree n one ,  directl y nex t  t o i t 
2.  can' t  fit  i t 
1.  cardboard ? 
2.  can' t  yup ,  cardboar d 
1.  well ,  tel l  i t  to o bw: k 
2.  th e onl y wa y I  ca n d o i t  i s  i f  I  move ,  alright ,  shoul d ttie  gree n piec e 
wit h th e clow n b e direcd y line d u p wit h thuu h square ? 

Again, the referring expression (underlined) is ambiguous 
give n th e visua l  context .  I n thi s cas e th e listene r  doe s no t 
hav e difficult y dealin g wit h thi s ambiguit y because , 
althoug h ther e ar e a  numbe r  o f  block s on e coul d lin e u p 
wit h "th e gree n piec e wit h th e clown" ,  onl y on e i s task -

relevant .  Give n th e locatio n o f  al l  th e block s i n th e relevan t 
sub-area ,  th e targe t  bloc k i s th e easies t  bloc k t o lin e u p wit h 
th e clown .  T h e competito r  block s ar e inaccessibl e becaus e 
o f  th e positio n o f  th e othe r  block s o r  th e desig n o f  th e board . 
A n exampl e o f  a  segmen t  o f  th e discours e i n whic h 
proximit y constrain s th e referentia l  domai n i s th e following : 

2.  ok, so it's four down, you're gonna go over four, and then you're 
gonna pu t  th e piec e righ t  ther e 
1.  ok. .  .ho w man y space s d o yo u hav e betwee n thi s gree n piec e an d 
th e on e t o th e lef t  o f  i t  verticall y up ? 

As before, the referring expression (underlined) is 
ambiguou s give n th e visua l  context ;  ther e ar e approximatel y 
fiv e block s u p an d t o th e lef t  o f  th e previousl y focuse d bloc k 
(th e on e referre d t o i n th e N P a s "thi s gree n piece") .  I n thi s 
cas e th e listene r  doe s no t  hav e difficult y dealin g wit h th e 
ambiguit y becaus e h e consider s onl y th e bloc k closes t  t o th e 
las t  mentione d bloc k ("thi s  gree n piece") .  Finally ,  a n 
exampl e o f  a  referenc e tha t  i s  constraine d b y a  spatia l  ter m 
i s underline d i n th e followin g exchange : 

2:  ok, and then.. .alright, so then there is a dark green one? to thEE uh 
northeas t  o f  tha t  gree n one ? 
l:yu p 
2;  and ,  um ,  they'r e onl y overlapping...one...lin e an d the n there' s a 
yello w one. .  .belo w th e dar k gree n on e ttiat  I  jus t  talke d abou t  an d t o 
th e 1-  t o th e R I G H T ofthcgth^rdarkgfwngnt -

The underlined reference is constrained before the onset of 
th e nou n phras e b y th e spatia l  term s use d befor e i t  (bolded) . 
W h en th e listene r  hear s th e targe t  nou n phrase ,  sh e i s 
alread y awar e tha t  th e referen t  i s  belo w 'th e dar k gree n 
one' ,  an d tha t  ther e i s a  spac e t o th e lef t  o f  i t  (a s sh e i s 
directe d t o plac e a  yello w bloc k t o th e right  o f  th e referent) . 
Thi s informatio n narrow s th e interpretatio n o f  th e reference 
d o v m t o a  singl e block ,  wherea s th e referenc e wa s otherwis e 
ambiguou s wit h respect  t o tha t  sub-are a i n general . 

We ar e currentl y detailin g th e prediction s o f  an d th e 
interaction s betwee n thes e differen t  constraint s an d th e 
degre e t o whic h the y predic t  bot h speake r  behavior ,  an d th e 
interpretatio n processe s o f  th e addressee .  O u r  observation s 
an d analysi s o f  incrementa l  interpretatio n durin g thi s tas k 
sugges t  a  vie w o f  languag e processin g i n whic h 
conversationa l  participant s coordinat e a  mutuall y awar e 
relianc e o n certai n discourse ,  pragmati c an d tas k base d 
constraint s whic h facilitat e efficien t  completio n o f  th e tas k 
at  hand .  O u r  dat a mar k a n importan t  firs t  ste p toward s bein g 
abl e t o rigorousl y analyz e th e on-lin e processin g o f 
interactiv e conversatio n 'i n th e wild' .  T o ou r  knowledge , 
thi s i s th e firs t  demonstratio n o f  on-lin e circumscriptio n o f 
referentia l  domain s i n a  natura l  interactiv e tas k wit h naiv e 
participants .  A s w e continu e t o develo p mor e explici t 
model s o f  on-lin e languag e processing ,  a  critica l  par t  o f  thi s 
proces s shoul d b e t o infor m thes e model s wit h observation s 
m a de i n thes e natura l  situations .  Pairin g methodologicall y 
rigorous  laborator y studie s wit h naturalisti c studie s suc h a s 
thi s on e i s essentia l  t o a n understandin g o f  languag e 
processe s tha t  i s  bot h detailed ,  an d ecologicall y valid . 
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To conclude ,  w e successfull y replicate d a  lUndar d 
psycholinguisti c effect ,  th e poin t  o f  disambiguatio n effect , 
i n unscripte d interactiv e conversatio n wit h naiv e 
participants .  W e als o obtaine d result s suggestin g tha t 
referenc e selectio n an d comprehensio n i s modulate d b y bot h 
discourse-base d factors ,  suc h a s recency ,  bu t  als o b y tas k 
specifi c  pragmati c constraints . 

Moreover ,  referenc e resolutio n appeare d t o b e affecte d b y 
collaborativ e constraint s tha t  develope d durin g th e 
conversation .  Ou r  participant s spontaneousl y create d 
collaborativ e term s fo r  troublesom e word s (suc h a s 
'horizontal '  an d 'vertical') ,  an d tune d thei r  utterances ,  an d 
comprehensio n system s fo r  suc h detail s a s th e recenc y o f 
mentio n o f  eac h particula r  kin d o f  block ,  proximit y o f 
block s t o on e another ,  an d tas k constraint s idiosyncrati c t o 
our  block-game .  Thes e observation s sugges t  tha t  th e 
attentiona l  state s o f  th e speake r  an d listene r  becom e closel y 
tune d durin g th e cours e o f  interaction .  A n importan t 
questio n fo r  iiatur e researc h i s ho w thes e factor s 
differentiall y  affec t  speaker s an d addressees .  Th e dat a tha t 
we hav e collecte d i s rich  enoug h t o allo w u s t o investigat e 
thi s an d othe r  questions . 
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Abstrac t 

TRACS CTool for Eescarch on Adaptive Cognitive 
Strategies )  i s a  famil y o f  game s playe d wit h a  specia l 
dec k o f  two-side d card s (se e www.tracsgame.com) . 
T R A CS ha s th e advantag e o f  bein g bot h mathematicall y 
tractabl e t o theoretica l  analysi s an d psychologicall y 
relevan t  t o practica l  applications .  Th e simples t  game , 
calle d Straigh t  T R A C S,  i s a  serie s o f  choice s wher e th e 
playe r  mus t  tur n ove r  on e o f  tw o card s t o matc h a  thir d 
card .  Th e objec t  i s  t o mak e th e mos t  matche s o n a  tri p 
throug h th e deck .  Th e challeng e i s t o trac k th e changin g 
odd s i n orde r  t o mak e th e bes t  choices .  W e performe d 
experiment s an d simulation s t o measur e huma n 
performanc e i n thi s probabilisti c  an d dynami c task .  W e 
presen t  ou r  finding  o f  a  Baselin e Bias ,  i n whic h 
subjectiv e odd s ar e (incorrectly )  anchore d t o th e baselin e 
odds .  Thi s i s a n interestin g resul t  becaus e i t  i s  contrar y t o 
othe r  well-know n biases ,  suc h a s Gambler' s Fallacy ,  i n 
whic h subjectiv e odd s ar e (incorrectly )  gjj t  anchore d t o 
th e baselin e odds .  W e propos e a  theor y o f  menta l  model s 
t o reconcil e ou r  finding  wit h previou s researc h o n 
heuristic s an d biases . 

Introduction 

A dilemm a o f  decisio n researc h i s t o obtai n th e rigors 
o f  controlle d experimentatio n ye t  maintai n som e 
relevanc e t o practica l  applications .  Ou r  approac h i s a 
syntheti c tas k environmen t  (Gray ,  i n press )  calle d 
' T R A C S "  (Bums ,  2001a )  tha t  replicate s th e cognitiv e 
challenge s o f  naturalisti c decision-makin g (Klein , 
1998) ,  includin g probabilisti c  risk  assessmen t  an d 
dynami c resourc e allocation . 

T R A CS i s  bot h a  uniqu e g a m e an d a  usefu l  too l 
(Bums ,  2001b) .  F ro m a  mathematica l  perspective , 
T R A CS i s uniqu e becaus e i t  i s  playe d wit h a  specia l 
dec k o f  two-side d cards ,  an d becaus e i t  ha s extensibl e 
mle s tha t  allo w th e sam e g a m e t o b e playe d alon e o r 
wit h others . 

Unlik e standar d playin g cards ,  th e back s o f  th e card s 
provid e clue s t o th e fronts ,  an d th e dec k contain s 
unequa l  number s o f  eac h car d typ e (Tabl e 1) . 
Compare d t o Poke r  an d othe r  game s o f  imperfec t 
information ,  th e two-side d card s m a k e T R A C S mor e 
tractabl e t o theoretica l  analysi s o f  optima l  solutions . 
Compare d t o Ches s an d othe r  game s o f  perfec t 
information ,  th e two-side d card s m a k e T R A C S mor e 
relevan t  t o diagnose s an d decision s i n practica l  domain s 
lik e business ,  medicin e an d warfare . 

F ro m a  psychologica l  perspective ,  T R A C S i s usefu l 
becaus e i t  provides  a  naturalisti c micr o wori d fo r 
experiment s an d simulations .  Unlik e othe r  approache s 
t o researc h o n probabilisti c  reasoning ,  whic h ofte n 
emplo y verba l  stimul i  i n th e for m o f  stati c questions , 
T R A CS employ s graphica l  stimul i  i n a  gam e o f 
dynami c situations .  Thi s reduce s artificia l  framin g 
effect s (se e Nickerson ,  1996 )  an d introduce s realisti c 
tempora l  context . 

We ar e usin g T R A C S t o perfor m experiment s o n 
human subject s an d t o perfor m simulation s wit h 
softwar e agents .  Ou r  experiment s ar e designe d t o elici t 
cognitiv e strategie s an d ou r  simulation s ar e designe d t o 
evaluat e thes e strategie s agains t  normativ e standards . 
Take n together ,  ou r  experiment s an d simulation s allo w 
us t o buil d an d tes t  model s o f  cognitiv e competenc e 
tha t  ar e relevan t  t o practica l  application s i n c o m m a n d 
and contro l  (Bums ,  2001c) . 

Thi s pape r  report s o n ou r  firs t  experimen t  an d 
simulation s usin g th e simples t  versio n o f  th e game , 
calle d Straigh t  T R A C S .  W e explai n th e game ,  discus s 
our  experimen t  an d presen t  ou r  findin g o f  a  Baselin e 
Bias .  W e als o propos e a  theor y o f  menta l  model s t o 
reconcil e ou r  findin g wit h previou s researc h o n 
heuristic s an d biases . 

The Game 

Straigh t  T R A C S i s a  solitair e g a m e playe d wit h 2 4 two -
side d card s (Tabl e 1) .  Th e back s o f  th e cards ,  calle d 
"tracks" ,  sho w blac k shape s (triangle ,  circl e o r  square) . 
Th e fronts  o f  th e cards ,  calle d "treads" ,  sho w colore d 
set s (Re d o r  Blue )  o f  thes e sam e shapes .  Tabl e 1  show s 
th e distributio n o f  shape/colo r  (track/tread )  card s i n th e 
deck .  Thi s distributio n defme s th e baselin e odds .  Fo r 
example ,  a t  th e star t  o f  th e game ,  a  triangl e trac k i s 
likel y (6/ 8 =  7 5 % )  t o b e Red ,  a  squar e trac k i s likel y 
(6/ 8 =  7 5 % )  t o b e Blu e an d a  circl e trac k i s 50-50 . 
However ,  durin g th e game ,  th e odd s chang e a s th e dec k 
i s depleted . 

Tabl e 1 :  Distributio n o f  card s i n th e deck .  Th e back s 
ar e calle d "tracks "  an d th e fronts  ar e calle d "treads" . 

# o f  Card s 
Fron t  (tread ) 
Back (track ) 

6 
Red 
A 

4 
Red 
• 

2 
Red 
• 

2 
Blu e 
• 

4 
Bin e 
• 

6 
Bin e 
• 
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To pla y Straigh t  T R A C S ,  th e dec k i s hel d fac e dow n 
and ttu-e e card s ar e deal t  t o a  field .  T w o card s ar e deal t 
fac e dow n (showin g thei r  tracks )  an d th e thir d car d i s 
deal t  fac e u p (showin g it s  tread) .  Th e player' s tas k i s t o 
hi m ove r  on e o f  th e tw o track s (revealin g it s  tread) , 
tryin g t o matc h th e trea d (color )  o f  th e thir d card .  Th e 
tur n i s score d a  "save "  i f  th e tread s matc h o r  a  "strike " 
i f  th e tread s clash .  Th e tw o tread s ar e remove d fro m th e 
fiel d an d th e remainin g trac k i s turne d t o revea l  it s 
tread .  Thi s become s th e trea d t o matc h o n th e nex t  turn . 
T wo ne w track s ar e deal t  from  th e deck ,  a  trac k i s 
tumed ,  th e tread s ar e scored ,  etc .  Pla y continue s unti l 
al l  card s (excep t  th e las t  two ,  whic h d o no t  count )  hav e 
bee n paire d an d scored .  Th e objec t  o f  th e gam e i s t o 
minimiz e strike s o n a  tri p throug h th e deck . 

Experiment 

The goa l  o f  ou r  experimen t  wa s t o measur e h o w peopl e 
trac k th e changin g odd s i n T R A C S.  Th e prob e i n ou r 
experimen t  wa s a  confidenc e mete r  tha t  player s se t 
befor e eac h tu m t o indicat e thei r  subjectiv e belie f  i n th e 
colo r  (tread )  o f  eac h shap e (track )  o n th e field.  W e use d 
tw o differen t  confidenc e meter s (Figur e 1) ,  bot h base d 
on a  spectru m tha t  run s from  1 0 0 % Re d t o 1 0 0 % Blue . 
One confidenc e mete r  displaye d a  discret e se t  o f 
qualitativ e value s o n a n octa l  scale .  Th e othe r 
confidenc e mete r  displaye d a  continuou s se t  o f 
quantitativ e value s o n a  decima l  scale . 

Red Blu e 

"Button "  Confidenc e Mete r 

Red Blu e 

"Pointer "  Confidenc e Mete r 

Figure 1: Two different confidence meters. 

We tested 43 adults playing 10 games each. Subjects 
wer e teste d o n a  persona l  compute r  usin g a  mous e t o se t 
th e confidenc e meter .  Ther e wer e n o tim e limits ,  bu t 
eac h gam e wa s typicall y complete d i n les s tha n 5 
minutes .  Eac h subjec t  playe d i n tw o block s o f  5  games , 
one bloc k wit h eac h confidenc e mete r  i n balance d 
desig n t o contro l  fo r  fatigu e an d learnin g effects .  Th e 
tw o block s wer e separate d b y a  shor t  break .  Befor e dat a 
collection ,  subject s rea d a  playboo k tha t  describe d th e 
card s an d rules ,  watche d a  d e m o an d playe d a  practic e 
game.  Al l  game s wer e playe d wit h rando m shuffle s o f 
th e dec k an d al l  43*1 0 =  43 0 shuffle s wer e unique .  Th e 
experimenta l  result s wer e simila r  fo r  Butto n an d 
Pointe r  confidenc e meters ,  s o al l  dat a i s combine d here , 
roundin g Pointe r  dat a t o th e neares t  Butto n fo r 
consistency . 

Ana l ys i s 

Baseline Bias 

Th e player' s proble m i s illustrate d i n Figur e 2 ,  whic h 
shows th e actua l  odd s fo r  a  typica l  game .  B y 
convention ,  w e measur e odd s i n % Red ,  wher e % Blu e 
= 10 0 -  % Red .  Figur e 2  show s tha t  th e odd s fo r  eac h 
trac k typ e star t  a t  thei r  baselin e value s ( 7 5 % Re d fo r 
triangles ,  5 0 % Re d fo r  circle s an d 2 5 % Re d fo r 
squares) .  However ,  th e actua l  odd s chang e ( m o v m g 
up/dow n o n Figur e 2 )  a s track s ar e tume d t o revea l  thei r 
tread s (movin g righ t  o n Figur e 2) . 

turn * 

Figur e 2 :  Chang e i n actua l  odd s (typica l  game) . 

Figure 3 illustrates a typical player's solution to the 
proble m illustrate d i n Figur e 2 ,  a s reporte d b y th e 
player' s settin g o f  th e confidenc e mete r  fo r  eac h trac k 
(befor e eac h tum) .  Relativ e t o th e actua l  odd s (Figur e 
2) ,  w e se e tha t  th e reporte d odd s exhibi t  a  bia s toward s 
th e baselin e odds .  Fo r  example ,  afte r  a  mino r 
adjustmen t  nea r  th e star t  o f  th e game ,  th e playe r  (Figur e 
3 )  reporte d constan t  odd s fo r  circle s eve n afte r  th e 
actua l  odd s (Figur e 2 )  ha d move d fa r  from  th e baseline . 
Thi s Baselin e Bia s i s explore d furthe r  below . 

Odds Inversions 

Recal l  tha t  th e objec t  o f  Straigh t  T R A C S i s t o t u m th e 
trac k tha t  i s  mos t  likel y t o matc h a  give n tread .  A t  th e 
star t  o f  th e game ,  thi s i s a  simpl e tas k sinc e th e baselin e 
odd s specif y whic h trac k t o tum ,  e.g. ,  triangl e rathe r 
tha n circl e t o matc h Red .  However ,  a s th e dec k i s 
depleted ,  th e actua l  odd s fo r  tw o trac k type s m a y 
become "inverted "  wit h respec t  t o thei r  baselin e 
configuration .  Thi s occur s wheneve r  ther e i s a 
crossove r  o f  tw o trac k type s o n th e dynami c odd s plo t 
(Figur e 2) . 
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Figure 3: Change in reported odds (typical game). 

For example, in Figure 2, a crossover near the middle 
o f  th e g a m e cause s th e odd s t o b e les s % R e d fo r 
triangle s tha n fo r  circle s fo r  th e remainde r  o f  th e game . 
Thi s i s a n inversio n o f  th e baselin e odd s relatio n 
betwee n triangle s an d circles .  Figur e 3  show s tha t  th e 
playe r  fiiiled  t o detec t  thi s odd s inversion . 

A s a  gros s measur e o f  cognitiv e competence ,  w e trea t 
eac h odd s inversio n a s a  signa l  tha t  a  playe r  mus t  detec t 
i n orde r  t o minimiz e strike s i n Straigh t  T R A C S .  Figur e 
4 show s th e tota l  numbe r  o f  hits ,  misse s an d fals e 
alarm s fo r  thi s signa l  (fo r  al l  player s an d al l  games) . 
T h e relativel y smal l  numbe r  o f  hit s compare d t o misse s 
demonstrate s tha t  subject s exhibi t  a  Baselin e Bias .  T h e 
occurrenc e o f  s o m e hit s an d fals e alarm s suggest s that , 
althoug h biase d toward s th e baselin e odds ,  subject s ar e 
at  leas t  tryin g t o updat e odds ,  i.e. ,  the y ar e no t  jus t 
playin g th e baselin e odds . 

i60 r 

Fals e Alarm s 

A v e r a g e E r r o r 

Each odd s inversio n (se e above )  involve s a  pai r  o f 
tracks .  A s anothe r  measur e o f  cognitiv e competence , 
we als o examin e confidenc e error s fo r  singl e tracks . 
Figiu *  5  show s th e averag e erro r  versu s tur n i n game , 
fo r  huma n subject s an d fo r  a  simulate d agen t  tha t 
alway s play s th e baselin e odds . 

Figur e 5  show s tha t  erro r  increase s wit h turn ,  i.e. ,  a s 
th e actua l  odd s deviat e mor e from  th e baselin e odds ,  fo r 
bot h th e huma n subject s an d th e baselin e agent .  Thi s 
shows tha t  peopl e hav e a  Baselin e Bia s relativ e t o th e 
actua l  odd s (zer o error) .  Figur e 5  als o show s tha t  th e 
averag e erro r  i s highe r  fo r  huma n subject s tha n fo r  th e 
baselin e agen t  a t  th e star t  o f  th e game .  Thi s i s a 
surprisin g resul t  because :  (1 )  Th e baselin e odd s ar e 
explicitl y  illustrate d o n th e card s (treads )  fo r  th e playe r 
t o see .  (2 )  Th e actua l  odd s ar e obviousl y equa l  t o th e 
baselin e odd s a t  th e star t  o f  th e game .  (3 )  Playin g th e 
baselin e odd s i s a  strateg y tha t  require s virtuall y n o 
menta l  effort . 

-< -  Human Subject s (Al l  Errors ) 
-• -  Human Subject s (Updal e Errors ) 

Baselin e Agen t 

4 5  6  7  8 
Tur n Number  (I n Game) 

10 1 1 

Figur e 4 :  Detectio n o f  odd s inversions . 

Figur e 5 :  Averag e erro r  i n reporte d odds . 

Kinds of Errors 

T o hel p explai n Figur e 5 ,  w e defin e a  taxonom y o f 
error s (Tabl e 2) .  W e firs t  distinguis h betwee n Cognitiv e 
Ertors ,  whic h ar e menta l  error s i n judgin g odds ,  an d 
Manipulativ e Errors ,  whic h ar e physica l  error s i n 
movin g th e mous e t o matc h th e mind .  W e the n 
distinguis h betwee n tw o kind s o f  Cognitiv e Errors : 
Updat e Error s ar e menta l  error s i n updatin g odd s 
relativ e t o baselin e odds ,  an d Baselin e Error s ar e 
menta l  error s i n estimatin g th e baselin e odd s 
themselves .  Finally ,  w e furthe r  distinguis h betwee n tw o 
kind s o f  Updat e Errors :  Omissio n Error s ar e wher e n o 
menta l  updat e i s performe d whe n i t  shoul d be ,  an d 
Commissio n Error s ar e wher e a  menta l  updat e i s 
performe d bu t  th e resul t  i s incorrect . 

156 



Tabl e 2 :  A  taxonom y o f  errors . 

Error s 

I 
I 

Cognitiv e Error s Manipuiativ e Error s 

Updat e Error s 

I 

Baselin e Error s 

Omissio n Error s Commissio n Error s 

The baselin e agen t  make s n o Manipulativ e Errors ,  n o 
Baselin e Error s an d n o Commissio n Errors ,  i.e. ,  i t 
makes onl y Updat e Error s o f  Omission .  I n fact ,  sinc e 
th e baselin e agen t  neve r  update s odds ,  it s  performanc e 
provide s a n uppe r  boun d o n th e magnitud e o f  Omissio n 
Errors .  Figur e 5  show s tha t  th e baselin e agent' s Updat e 
Erro r  i s non-zer o o n tur n 1 .  Thi s  i s becaus e th e trea d o n 
th e firs t  fiel d ca n caus e a  chang e i n odd s befor e th e firs t 
turn .  Fo r  example ,  assum e tha t  th e card s o n th e firs t 
fiel d ar e circl e (track) .  Re d circl e (tread )  an d squar e 
(track) .  Th e baselin e odd s fo r  circle s ar e 4/ 8 Red ,  bu t 
sinc e on e Re d circl e i s reveale d a s a  trea d o n th e field , 
th e actua l  (updated )  odd s fo r  circle s ar e 3/ 7 Red .  Th e 
same effec t  i s  magnifie d o n late r  turn s a s mor e tread s 
ar e revealed ,  henc e th e Omissio n Erro r  increase s wit h 
tur n (Figur e 5 ,  curv e fo r  baselin e agent) . 

For  huma n subjects ,  th e tota l  erro r  comprise s 
Manipulativ e Error ,  Baselin e Erro r  an d Updat e Erro r 
(Omissio n an d Commission) .  Th e differenc e betwee n 
tota l  huma n erro r  an d baselin e agen t  erro r  o n tur n 1  i s 
attribute d t o Manipulativ e Erro r  an d Baselin e Error , 
whic h w e assum e ar e relativel y independen t  o f  tur n i n 
game.  Thus ,  th e curv e fo r  tota l  huma n erro r  ca n b e 
shifte d downward s (curv e *  i n Figur e 5 )  t o ge t  a n 
estimat e o f  huma n Updat e Error . 

Thi s shifte d curv e fo r  huma n erro r  i s  directl y 
comparabl e t o th e erro r  curv e fo r  th e baselin e agent , 
whic h als o include s onl y Updat e Error .  Th e compariso n 
(Figur e 5 )  show s tha t  huma n subject s ar e biase d 
toward s th e baselin e agent ,  relativ e t o th e actua l  odd s 
(zer o error) .  However ,  th e shifte d curv e als o show s tha t 
human subject s outperfor m th e baselin e agen t  (wh o 
doe s no t  updat e odds) ,  an d th e differenc e grow s wit h 
tur n a s th e differenc e betwee n actua l  odd s an d baselin e 
odd s increases .  Thus ,  w e conclud e tha t  huma n subject s 
make fewe r  Omissio n Error s tha n th e baselin e agent , 
and tha t  th e Commissio n Error s mad e b y huma n 
subject s ar e no t  significantl y large r  i n numbe r  an d 
magnitud e tha n th e baselin e agent' s Omissio n Errors . 

A n c h o r i n g a n d A d j u s t m e n t 

Thes e result s ar e consisten t  wit h th e well-know n 
heuristi c strateg y o f  "anchorin g an d adjustment " 
(Tvcrsk y &  Kahneman ,  1974) .  I n ou r  case ,  th e baselin e 
odd s (wit h som e Baselin e Error ,  se e above )  ar e th e 
ancho r  t o whic h peopl e mak e adjustments .  Th e 
adjustment s  are ,  o n average ,  bette r  tha n pur e anchorin g 
but  significantl y wors e tha n optima l  adjusting . 

T o gai n furthe r  insigh t  int o th e adjustments ,  w e 
examin e h o w th e confidenc e mete r  setting s chang e 
from  tur n t o tur n (fo r  th e sam e trac k type) .  W e defin e 
variou s magnitude s o f  adjustmen t  (i.e. ,  no-butto n jimip , 
one-butto n jun^ ,  two-butto n jump ,  etc. )  an d comput e 
th e numbe r  o f  time s eac h magnitud e o f  adjustmen t  wa s 
made.  Figur e 6  compare s th e result s fo r  huma n subject s 
t o a n optima l  agen t  (playin g th e sam e games )  w h o 
alway s set s th e confidenc e mete r  a t  th e actua l  odds .  A s 
expecte d from  anchoring ,  huma n subject s mos t  ofte n 
make a  no-butto n adjustment .  Thi s i s i n contras t  t o th e 
optima l  agent ,  w h o mos t  ofte n make s a  one-butto n 
adjustment . 

3000 

2500 

i200 0 

;i5o o 

100 0 

500 

I  Subjec t  Playin g Menta l  Odd s 
Aflen l  Playin g Actua l  Odd s 

i j j _J . 
0 1 2 3  4  5 

Adjustmen t  Magnitud e 

Figur e 6 :  Nimibe r  o f  adjustment s (b y magnitude) . 

Besides the magnitude of adjustment, we also 
examin e variou s type s o f  adjustments .  W e defin e fiv e 
type s o f  adjustment s (Tabl e 3 )  an d comput e th e numbe r 
of  time s eac h typ e o f  adjustmen t  wa s made .  Figur e 7 
compare s th e result s fo r  huma n subject s t o a n optima l 
agen t  (playin g th e sam e games )  w h o alway s set s th e 
confidenc e mete r  a t  th e actua l  odds . 

Table 3: Types of adjustments (anchor = baseline odds). 

Type O 
Type l 
Typ e 2 
Typ e 3 
Typ e 4 

No adjustmen t 
Fro m on-ancho r  t o off-ancho r 
Fro m off-ancho r  t o mor e off-ancho r 
Fro m mor e off-ancho r  t o les s off-ancho r 
Fro m off-ancho r  t o on-ancho r 
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As expecte d from  anchoring ,  Figur e 7  show s tha t 
human subject s mak e m a n y mor e Typ e 0  adjustment s 
(actuall y non-adjustments )  an d les s Typ e 1  an d Typ e 2 
adjustment s tha n th e optima l  agent .  Figur e 7  als o show s 
tha t  th e differenc e betwee n Typ e 1  an d Typ e 4 
adjustment s i s smalle r  fo r  huma n subject s tha n fo r  th e 
optima l  agen t  Thi s suggest s that ,  whe n peopl e d o m o v e 
of f  th e baselin e ancho r  (Typ e 1 )  i n a n attemp t  t o adjus t 
odds ,  the y ofte n "los e it "  an d retur n t o th e baselin e 
ancho r  (Typ e 4) .  Th e optima l  agen t  move s of f  th e 
baselin e ancho r  (Typ e 1 )  mor e ofte n an d return s t o th e 
ancho r  (Typ e 4 )  onl y whe n th e actua l  odd s ar e equa l  t o 
th e baselin e odd s (i.e. ,  th e agen t  neve r  "lose s it") . 

Thes e result s (Figxire s 6  an d 7 )  fiirther  suppor t  ou r 
conclusio n tha t  Baselin e Bia s i n T R A C S (Figure s 4  an d 
5 )  i s cause d b y a  heuristi c strateg y o f  anchorin g an d 
adjustment . 
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Figure 7: Number of adjustments (by type). 

The question, of course, is how (exactly) do people 
decid e whe n an d h o w m u c h t o m o v e of f  anchor ? Tha t 
is ,  wha t  (exactly )  ar e th e menta l  limit s tha t  preven t 
mor e accurat e adjustments ? Th e answe r  i s crucia l  i f  w e 
ar e t o explai n an d predic t  huma n performanc e i n 
T R A CS o r  an y othe r  domai n wher e peopl e mus t  thin k 
probabilisticall y abou t  thing s tha t  ar e changin g 
dynamically .  Belo w w e propos e a  theor y o f  menta l 
model s tha t  take s a  firs t  ste p i n thi s direction . 

Theory 

Mind Sets 

We clai m (Bums ,  i n press ;  2002 ;  2001b ;  2001c ;  2001d ) 
tha t  peopl e mak e sens e o f  th e worl d b y formin g 
probabilisti c  model s i n thei r  head s (se e Knil l  & 
Richards ,  1996 ;  Johnson-Laird ,  1994 ;  Gigerenze r  e t  al. , 
1991) . 

We furthe r  clai m that :  (1 )  Menta l  model s ar e 
bounde d b y natura l  regularitie s o f  th e worid .  (2 )  Menta l 
model s hav e a  normativ e basi s withi n thei r  natura l 
bounds .  (3 )  Cognitiv e competenc e ca n b e explaine d an d 
predicte d b y specifyin g th e natura l  bound s an d 
normativ e basi s o f  menta l  model s (i.e. ,  i n bounde d 
rationality ,  se e Simon ,  1990) . 

Mor e specifically ,  w e clai m tha t  probabilisti c  menta l 
model s ca n b e characterize d a s computationa l  "min d 
sets "  (Bums ,  2002) .  Lik e th e ter m "model" ,  whic h i s 
bot h nou n an d verb ,  w e us e th e ter m "set "  i n dua l  sens e 
t o refe r  t o bot h th e menta l  representatio n o f  classe s 
(e.g. ,  declarativ e knowledge )  an d th e menta l  operatio n 
of  routine s (e.g. ,  procedura l  knowledge) .  Th e centra l 
tene t  o f  ou r  theor y (Bum s 2002 )  i s tha t  thes e min d set s 
ar e normativ e withi n thei r  cognitiv e bounds . 

As a n initia l  test ,  belo w w e sketc h ho w ou r  theor y 
ca n explai n Baselin e Bia s i n T R A C S.  W e als o sketc h 
ho w ou r  theor y ca n reconcil e Baselin e Bia s wit h 
previou s fmding s o f  Gambler' s Fallac y an d Bas e Rat e 
Neglec t  i n othe r  probabilisti c  reasonin g task s (Tversk y 
& Kahneman ,  1974) .  Thi s i s a  non-trivia l  tes t  o f  th e 
theory ,  sinc e Gambler' s Fallac y an d Bas e Rat e Neglec t 
appea r  a t  firs t  glanc e t o b e contrar y t o Baselin e Bias . 

Gambler's Fallacy and Base Rate Neglect 

I n Baselin e Bia s (i n T R A C S ) ,  peopl e d o no t  updat e th e 
baselin e odd s whe n the y should .  Conversely ,  i n 
Gambler' s Fallacy ,  peopl e updat e th e baselin e odd s 
when the y shoul d not .  Furtiiermore ,  i n Bas e Rat e 
Neglect ,  peopl e discoun t  o r  ignor e th e baselin e odd s 
altogether .  H o w ca n w e explai n thes e differences ? 
Accordin g t o ou r  theory ,  al l  thre e biase s occu r  becaus e 
peopl e reaso n abou t  probabilitie s wit h min d sets . 

For  Bas e Rat e Neglec t  (Tversk y &  Kahneman ,  1974 ; 
Koehler ,  1996 ;  Cosmide s &  Tooby ,  1996) ,  w e sugges t 
tha t  peopl e ignor e th e baselin e odd s i n ligh t  o f  othe r 
evidenc e becaus e the y believ e tha t  th e baselin e odd s 
reflec t  a  les s relevan t  (no t  applicable )  se t  o f 
occurrences .  I t  i s  difficul t  i n theory ,  le t  alon e i n 
practice ,  t o aggregat e probabilitie s tha t  ar e derive d from 
divers e source s wit h differen t  pedigrees .  A s such ,  i t  i s a 
bounded-Bayesia n strateg y t o rel y o n th e on e sourc e 
tha t  i s  judge d t o b e mos t  relevan t  an d reliable .  Bas e 
rate s tha t  ar e judge d irrelevan t  o r  unreliabl e ar e 
therefor e neglected . 

For  Gambler' s Fallac y (Tversk y &  Kahneman , 
1974) ,  w e sugges t  tha t  peopl e updat e th e baselin e odd s 
becaus e the y ar e judgin g odd s fo r  a  finit e (bounded )  se t 
rathe r  tha n fo r  a n infinit e set .  Fo r  example ,  afte r  seein g 
10 head s an d 2  tails ,  a  gamble r  w h o believe s th e coi n i s 
fai r  wil l  thin k tha t  th e futur e hold s mor e tail s  tha n 
heads ,  simpl y becaus e h e think s tha t  th e eventua l  (larg e 
but  finite )  se t  o f  m a n y tosse s fo r  thi s coi n wil l  b e 
balanced .  A s such ,  i t  i s  a  bounded-Bayesia n inferenc e 
t o conclud e tha t  th e futur e odd s ar e slightl y highe r  fo r 
tail s  tha n fo r  heads . 
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For  Baselin e Bia s (i n T R A C S ) ,  w e sugges t  tha t 
peopl e wan t  t o updat e odd s (a s the y tel l  us )  bu t  tha t  i t  i s 
simpl y beyon d thei r  cognitiv e capacity .  T o d o so , 
player s mus t  coun t  card s i n eac h o f  si x set s (se e Tabl e 
1)  an d normaliz e t o conver t  th e count s t o odds .  Thes e 
tw o tasks ,  i.e. ,  concurren t  countin g an d normalizin g 
numbers ,  ar e naturall y har d fo r  th e unaide d min d 
(Dehaene ,  1997 ;  Dehaene ,  1992 ;  Galliste l  &  Gelman , 
1992 ;  Nickerson ,  1996) .  Thus ,  wit h self-knowledg e o f 
menta l  limits ,  i t  i s  a  bounded-Bayesia n strateg y t o 
remai n anchore d t o th e baselin e odd s unles s an d unti l 
th e evidenc e fo r  a n adjustmen t  i s compelling .  Fo r 
example ,  i n th e extrem e case ,  pur e anchorin g t o 
baselin e odd s (i.e. ,  neve r  adjusting )  i s th e bounded -
Bayesia n strateg y fo r  a  decisio n make r  wh o know s tha t 
he canno t  remembe r  whic h card s hav e bee n reveale d i n 
th e cours e o f  a  game . 

Conclusion 

Our  initia l  experimen t  an d simulation s sho w tha t 
T R A CS provide s a  usefu l  micr o worl d fo r  investigatin g 
ho w peopl e mak e diagnose s an d decision s unde r 
uncertainty .  Ou r  finding  i n Straigh t  T R A C S i s tha t 
player s exhibi t  a  Baselin e Bias ,  whic h w e attribut e t o a 
heuristi c strateg y o f  anchorin g an d adjustment .  W e 
sketche d a  theor y o f  set-base d menta l  model s tha t 
reconcile s ou r  finding  wit h previou s researc h o n 
heuristic s an d biases .  Ou r  futur e plan s ar e t o us e 
T R A CS t o investigat e th e menta l  limit s o f  concunen t 
counting ,  normalizin g number s an d othe r  facet s o f 
cognitiv e competenc e i n probabilisti c  an d dynami c 
reasoning . 
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Abitrac t 
Reasoner s revis e thei r  belief s i n th e premise s whe n a n 
inferenc e the y hav e mad e i s contradicted .  W e describ e 
th e result s o f  a n experimen t  tha t  show s tha t  th e belie f 
the y revis e depend s o n th e inferenc e the y hav e made . 
They revis e thei r  belie f  i n a  conditiona l  (i f  A  the n B ) 
when the y mak e a  modu s tollen s inferenc e (fro m not- B 
t o not-A )  tha t  i s  subsequend y contradicte d (A) .  Bu t  whe n 
the y mak e a  modu s ponen s inferenc e (fro m A  t o B )  tha t 
i s  contradicte d (not-B )  the y revis e thei r  belie f  i n th e 
categorica l  assertio n (A) .  Th e experimen t  show s tha t  thi s 
inferenc e contradictio n effec t  occur s no t  onl y fo r  factua l 
conditional s bu t  als o fo r  counterfactua l  conditionals . 
However ,  reasoner s revis e thei r  belief s i n factua l 
conditional s mor e tha n counterfactuals . 

Belief Revision 

Suppos e yo u kno w th e followin g well-establishe d se t  o f 
knowledg e t o b e true : 

I f  th e ca r  wa s ou t  o f  petro l  the n i t  stalled . 
The ca r  wa s ou t  o f  petrol . 
What,  i f  anything ,  follows ? 

You ma y conclude : 
The ca r  stalled . 

But  si^os e additiona l  knowledg e come s t o ligh t  a t  a 
late r  tim e an d yo u discove r  th e followin g i s true : 

The ca r  di d no t  stall . 
What  d o yo u thin k yo u shoul d believ e t o b e tru e a t  thi s 
point ? 

N ew informatio n ca n contradic t  previousl y hel d 
belief s an d inference s abou t  th e world .  Th e abilit y  t o 
recognis e inconsistenc y i s a  necessar y ste p i n revisin g 
belief s (e.g. ,  Legrenzi ,  Girotto ,  &  Johnson-Laird ,  2002) . 
Once inconsistencie s an d contradiction s ar e detected , 
the y mus t  b e resolve d (e.g. ,  Eli o &  Pelletier ,  1997) .  Fo r 
example ,  yo u ma y decid e t o revis e you r  belie f  i n th e 
conditional ,  an d believ e instea d tha t  th e ca r  bein g ou t  o f 
petro l  doe s no t  necessaril y  mea n tha t  i t  stalle d (i t  ma y 
be a  diese l  engine) .  O r  yo u ma y revis e you r  belie f  i n th e 
categorical ,  an d believ e instea d tha t  th e ca r  wa s no t 
entirel y ou t  o f  petrol . 

Dealin g wit h contradiction s i s commo n no t  onl y i n 
scienrifi c  discover y bu t  als o i n everyda y 'non -
monotonic '  inference .  Whic h belief s d o peopl e revis e 
most  readily ? Conditional s ca n conve y explanations , 
regularitie s o r  hypothese s abou t  th e world ;  categorical s 
can conve y facts ,  dat a o r  observation s (Elio ,  1997) . 
Revisin g th e conditiona l  o r  categorica l  i s  equall y 
acceptabl e logicall y (Revlin ,  Cate ,  &  Rouss ,  2002) .  Ye t 
most  studie s sho w tha t  reasoner s revis e thei r  belie f  i n 
th e conditiona l  (Dieussaert ,  Schaeken ,  D e Neys ,  & 
d'Ydewalle ,  2000 ;  Elio ,  1997 ;  Eli o &  Pelletier ,  199 7 
Politze r  &  Carles ,  2001 ;  Revlin ,  e t  al ,  2002) . 

Reasoner s ma y prefe r  t o revis e som e sort s o f  belief s 
more tha n other s becaus e the y accommodat e ne w 
informatio n b y changin g littl e o f  thei r  existin g belief s 
(Harman ,  1986) .  Minima l  change s ca n be  accomplishe d 
by alterin g belief s tha t  hav e th e leas t  explanator y powe r 
or  informationa l  conten t  (Gardenfors ,  1988) . 
Categorical s conve y mor e semanti c informatio n (the y 
rul e ou t  mor e state s o f  affair s a s false )  tha n conditional s 
(Johnson-Lair d &  Byrne ,  1991) ;  bu t  conditional s an d 
categorical s ma y diffe r  i n ho w entrenche d the y ar e i n a 
belie f  system . 

Intriguingly ,  som e studie s sugges t  tha t  th e belie f 
reasoner s revis e depend s o n th e inferenc e contradicted . 
Conside r  a  secon d problem : 

I f  th e ca r  wa s ou t  o f  petro l  the n i t  stalled . 
The ca r  di d no t  stall . 

You ma y conclude : 
The ca r  wa s no t  ou t  o f  petrol . 

But  suppos e th e additiona l  knowledg e come s t o light : 
The ca r  wa s ou t  o f  petrol . 

What  d o yo u thin k yo u shoul d believ e t o b e true ? Onc e 
agai n yo u ma y decid e t o revis e you r  belie f  i n th e 
conditional ;  o r  yo u ma y revis e you r  belie f  i n th e 
categorical ,  an d believ e instea d tha t  th e ca r  di d stall .  Th e 
first  exampl e illustrate s a  modu s ponen s inferenc e an d 
th e secon d illustrate s a  modu s tollen s inference ,  an d 
Tabl e 1  summarize s th e structur e o f  th e tw o sort s o f 
problem . 
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Tabi c 1 :  T w o type s o f  belie f  revisio n proble m 

Modus ponens Modus tollens 

1. Conditional If A then B If A then B 
2.  Categorica l  A  Not- B 
3.  Conclusio n B  Not- A 
4.  Contradictio n Not- B A 

T h e Inferenc e Contradictio n Effec t 

Some studie s sho w tha t  reasoner s revis e thei r  belie f  i n 
th e conditiona l  mor e whe n a  modu s tollen s inferenc e 
has bee n contradicted ,  wherea s the y revis e thei r  belie f  i n 
th e categorica l  mor e whe n a  modu s ponen s ha s bee n 
contradicte d (Elio ,  1997 ,  experimen t  1 ;  Politze r  & 
Carles ,  2001) .  Th e possibilit y  tha t  th e belie f  reasoner s 
revis e depend s o n th e inferenc e tha t  ha s bee n 
contradicted ,  whic h w e wil l  cal l  th e inferenc e 
contradictio n effect ,  i s  puzzling .  Th e contradictio n 
establishe s th e sam e counterexampl e fo r  bot h 
inferences ,  e.g. ,  th e ca r  wa s ou t  o f  petro l  an d i t  di d no t 
stal l  ( A an d not-B) ,  ye t  th e counterexampl e i s 
accommodate d differentl y  i n eac h case . 

However ,  i t  i s b y n o mean s clea r  whethe r  a n inferenc e 
contradictio n effec t  exists :  som e studie s sho w th e 
opposit e patter n (Dieussaert ,  e t  al ,  2000 ;  Revlin ,  e t  al , 
2002) ,  an d other s sho w mor e revisio n o f  th e conditiona l 
followin g a  modu s ponen s inference ,  bu t  equa l  revisio n 
of  th e categorica l  followin g modu s ponen s an d tollen s 
(Eli o &  Pelletier ,  1997) .  Th e vagarie s m a y aris e becaus e 
previou s studie s hav e aske d participant s t o selec t  fro m 
differen t  sort s o f  -  sometime s quit e comple x an d 
constraine d -  options ,  e.g. ,  t o indicat e denia l  o r  doub t 
abou t  eac h o f  th e statements ,  t o choos e on e statemen t  t o 
reject ,  t o rat e degree s o f  belief ,  o r  t o choos e amon g 
variou s compoun d option s suc h a s 'disbeliev e 
conditiona l  an d uncertai n abou t  categorical' .  Ou r  ai m i n 
th e experimen t  w e repor t  i s  t o establis h whethe r  a n 
inferenc e contradictio n effec t  exists ,  an d s o w e allowe d 
participant s t o generat e thei r  o w n revisions ,  unfettere d 
by pre-se t  selectio n options . 

Previou s studie s hav e als o presente d a  conclusio n t o 
participant s prio r  t o contradictin g it ,  withou t  requirin g 
participant s t o indicat e thei r  evaluatio n o f  th e inference . 
A participan t  w h o ha s no t  mad e th e inference ,  o r  w h o 
does no t  agre e tha t  th e presente d inferenc e i s valid ,  m a y 
not  nee d t o engag e i n belie f  revisio n followin g th e 
subsequen t  'contradiction' .  T o guar d agains t  suc h a 
possibility ,  w e allowe d participant s t o generat e th e 
inference s the y considere d t o follo w fro m th e premises , 
prio r  t o presentin g the m wit h a  contradiction ,  an d i n 
thi s wa y w e ensure d tha t  thei r  belief s wer e genuinel y 
contradicted . 

Our  conjectur e i s tha t  a n inferenc e contradictio n 
effec t  occur s becaus e differen t  cognitiv e processe s ar e 
require d t o alte r  conditiona l  an d categorica l  belief s 
followin g modu s ponen s an d tollen s inferences ,  an d w e 
retur n t o thi s ide a afte r  w e conside r  som e n e w data . 

Generation of Belief Revisions 

We constructe d a  se t  o f  8  problems ,  consistin g o f  thre e 
m o d us ponen s inferences ,  thre e m o d u s tollen s 
inferences ,  an d tw o filler s base d o n quantifiers .  Th e 
problem s wer e base d o n a  scienc e fictio n conten t  abou t 
differen t  aliens ,  thei r  properties ,  livin g habit s an d s o o n 
(i n othe r  experiment s w e hav e examine d causa l  an d 
definitiona l  contents ,  se e Byrn e an d Walsh ,  2002) .  Th e 
conten t  an d instruction s wer e adapte d fro m Eli o & 
Pelletie r  (1997 )  an d Politze r  &  Carle s (2001) . 
Participant s wer e tol d the y woul d b e give n 'a n initia l  se t 
of  knowledg e tha t  wa s tru e an d wel l  establishe d a t  th e 
tim e yo u bega n exploring .  Ther e wer e n o mistake s a t 
tha t  time' .  The y wer e give n a  se t  o f  premise s o n a  pag e 
of  a  bookle t  (e.g. ,  i f  A  the n B ,  A )  an d aske d t o writ e 
what ,  i f  anything ,  followed .  O n th e nex t  page ,  the y wer e 
give n th e contradictio n (e.g. ,  no t  B ) .  The y wer e tol d thi s 
informatio n wa s "additiona l  knowledg e abou t  th e plane t 
tha t  ha s com e t o ligh t  a t  a  late r  time .  Thi s knowledg e i s 
als o tru e an d wel l  established .  Th e worl d i s stil l  th e 
same bu t  wha t  ha s happene d i s tha t  knowledg e abou t  i t 
has increased' .  Thei r  tas k wa s '  t o tr y t o reconcil e th e 
initia l  knowledg e an d th e additiona l  knowledge .  Y o u ar e 
t o writ e dow n wha t  yo u n o w believ e t o b e tru e o f  al l  th e 
knowledg e yo u hav e a t  thi s point' . 

Th e conditional s give n t o on e grou p o f  participant s 
wer e phrase d i n th e indicativ e mood ,  e.g. ,  'I f  th e 
ancien t  rui n wa s inhabite d b y Pings ,  the n i t  ha d a  forc e 
field  surroundin g it' ,  an d thos e give n t o a  secon d grou p 
wer e i n th e subjunctiv e m o o d e.g. ,  'I f  th e ancien t  rui n 
had bee n inhabite d b y Pings ,  the n i t  woul d hav e ha d a 
forc e field  surroundin g it' .  Th e participant s wer e 2 8 
undergraduate s o f  th e psycholog y departmen t  a t  th e 
Universit y o f  Dublin ,  Trinit y Colleg e w h o participate d 
fo r  cours e credi t 

Belief Revision Responses 

Th e sort s o f  revision s tha t  reasoner s spontaneousl y 
generate d fal l  int o thre e mai n categories : 
1.  Revision s o r  negation s o f  th e conditional .  Reasoner s 
indicate d tha t  th e origina l  interpretatio n o f  th e 
conditiona l  neede d t o b e revised ,  saying ,  e.g. ,  ' A doe s 
not  mea n mus t  B' ,  'I f  A  don' t  hav e t o B' ,  'no t  al l  A' s d o 
B' .  O r  the y denie d it s truth ,  e.g. ,  'tha t  B  i f  A  i s false' , 
'th e origina l  statemen t  tha t  A' s B  i s incorrect' . 
Revision s o f  th e interpretatio n wer e fa r  mor e c o m m o n 
tha n negations . 
2.  Revision s o r  negation s o f  th e categorical .  Negatin g 
th e categorica l  fo r  modu s ponen s lead s t o th e conclusio n 
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'not-A' ,  fo r  modu s tollen s i t  lead s t o th e conclusio n 'B * 
vi a th e doubl e negatio n 'no t  not-B' .  I n othe r  cases , 
reasoner s deduce d a  n e w conclusio n fro m th e 
contradictio n an d th e conditional .  Th e contradictio n fo r 
modus ponen s i s 'no t  B' ,  an d wit h th e conditiona l  lead s 
(vi a modu s tollens )  t o 'not- B an d s o not-A '  (whic h i s 
als o th e denia l  o f  th e categorical) .  Th e contradictio n fo r 
modus tollen s i s 'A' ,  an d wit h th e conditiona l  lead s (vi a 
modus ponens )  t o " B '  (se e als o E U o &  Pelletier ,  1997) . 
Thi s tacti c lead s t o th e sam e conclusio n a s th e previou s 
one ,  bu t  b y a  differen t  process . 
3.  Reasoner s affirme d th e contradictio n an d th e 
categorical ,  eithe r  i n combinatio n o r  separately .  Thi s 
tacti c le d t o th e conclusio n ' A an d not-B '  (o r 
equivalently ,  'not- B an d A' ) .  Reasoner s find  i t  difficul t 
t o mak e th e inferenc e fro m 'no t  (i f  A  the n B ) '  t o th e 
conclusio n ' A an d not-B '  (Handley ,  1996) ,  whic h 
support s th e suggestio n tha t  th e conclusio n ' A an d not -
B'  i s  reache d b y a  differen t  proces s fro m th e 
conclusion s i n 1 . 

Revisions to Factual Conditionals 

We repor t  first  th e result s fo r  th e participant s w h o 
receive d indicativ e conditionals .  The y mad e th e modu s 
ponen s an d tollen s inference s frequently  ( 1 0 0 % an d 
9 0 % respectively )  perhap s unsurprisingl y give n th e 
content .  Mos t  participant s generate d on e revisio n (81% ) 
and w e score d thos e w h o generate d mor e tha n on e b y 
thei r  first  on e (se e Byrn e &  Walsh ,  200 2 fo r  details) . 

Table 2: The percentages of revision types for modus 
ponen s an d tollen s fo r  indicativ e conditional s 

Modus M o d u s 
Ponen s Tollen s 

M e an 

Revis e conditiona l 
Revis e categorica l 
Affir m contradictio n 
and/o r  categorica l 

33 
41 

8 

54 
18 

18 

44 
30 

13 

Participant s revise d thei r  belie f  i n th e conditiona l 
somewhat  mor e tha n th e categorica l  ( 4 4 % versu s 3 0 % , 
binomia l  z  =  1.32 ,  I-uile d p  =  .093) .  However ,  the y 
revise d thei r  belie f  i n th e conditiona l  mor e ofte n whe n 
m o d us tollen s wa s contradicte d tha n w h e n m o d u s 
ponen s wa s contradicte d ( 5 4 % versu s 3 3 % ,  Wilcoxo n z 
= 1.94 ,  p  =  .05) ,  wherea s the y revise d thei r  belie f  i n th e 
categorica l  mor e ofte n w h e n m o d u s ponen s wa s 
contradicte d tha n whe n modu s tollen s wa s contradicte d 
( 4 1 % versu s 1 8 % ,  Wilcoxo n z  =  2.20 ,  p  =  .03) ,  a s Tabl e 
2 shows .  S o m e o f  thei r  response s consiste d o f 
affirmation s o f  th e contradictio n an d th e categorica l  ( A 
and not-B )  eithe r  togethe r  o r  separatel y (13%) ,  a s Tabl e 

2 shows .  Th e remainde r  o f  response s consiste d largel y 
of  explanation s o f  th e premise s o r  contradiction ,  o r 
assertion s tha t  non e o f  th e premise s wer e true . 

The result s confir m earlie r  findings  tha t  reasoner s 
revis e thei r  belie f  i n th e conditiona l  mor e tha n th e 
categorical ;  perhap s mor e importantl y th e result s als o 
confir m earlie r  findings  o f  a n inferenc e contradictio n 
effect ,  tha t  is ,  th e belie f  revise d depend s o n th e 
inferenc e contradicted .  I n thi s experiment ,  th e directio n 
of  th e inferenc e contradictio n effec t  i s  tha t  reasoner s 
revis e th e conditiona l  mor e followin g modu s tollen s an d 
th e categorica l  mor e followin g modu s ponen s (fo r 
simila r  result s se e Elio ,  1997 ;  Politze r  &  Carles ,  2001) . 

The generate d revision s sho w tha t  reasoner s d o no t 
revis e thei r  belief s solel y b y rejectin g o r  disbelievin g 
one o r  bot h o f  th e premises ,  no r  b y doubtin g o r 
expressin g uncertaint y i n on e o r  bot h o f  them .  Instea d 
thei r  revision s activel y attemp t  t o re-interpre t  th e 
premise s i n a  w a y tha t  genuinel y reconcile s th e 
conflictin g informatio n an d resolve s th e contradiction , 
fo r  example ,  b y callin g int o questio n th e necessit y o f  th e 
anteceden t  fo r  th e consequent .  Thi s sor t  o f  revisio n ha s 
not  bee n identifie d i n previou s studie s whic h relie d o n 
presente d selection s only .  Th e generate d revision s als o 
sho w tha t  reasoner s d o no t  confin e themselve s solel y t o 
revisin g thei r  categorica l  o r  conditiona l  beliefs ;  a  thir d 
categor y o f  response s emerge d whic h consiste d o f 
affirmation s o f  (on e o r  bot h of )  th e contradictio n an d th e 
categorical .  I t  i s  noteworth y tha t  n o participan t 
generate d a  respons e whic h simpl y affirme d th e 
conditional . 

Revisions to Counterfactual Conditionals 

Th e secon d grou p o f  participant s receive d 
counterfactua l  conditional s i n th e subjunctiv e moo d e.g. , 
'I f  th e Sprack s ha d ha d high-frequenc y soun d senso r 
ear s the n the y woul d hav e ha d tentacles' .  A 
counterfactua l  seem s t o mea n somethin g differen t  frx)m 
it s correspondin g factua l  conditiona l  (Costell o & 
McCarthy ,  1999 ;  Ginsberg ,  1986 ;  Lewis ,  1973 ; 
Stalnaker ,  1968) .  I t  convey s th e presuppositio n tha t  th e 
fact s ar e 'Sprack s d o no t  hav e high-frequenc y soun d 
senso r  ears '  an d 'Sprack s d o no t  hav e tentacles' .  W h e n 
reasoner s ar e give n a  surpris e m e m o r y tes t  fo r 
counterfactuals ,  the y mistakenl y identif y tha t  the y wer e 
give n thes e fact s (Fillenbaum ,  1974) .  The y judg e tha t 
someone utterin g a  counterfactua l  mean s t o impl y thes e 
fact s (Thompso n &  Byrne ,  i n press) .  The y mak e th e 
m o d us tollen s inferenc e mor e readil y fro m a 
counterfactua l  tha n fro m a  correspondin g factua l 
conditiona l  (Byrn e &  Tasso ,  1999) .  The y mak e th e 
modus ponen s inferenc e jus t  a s readil y from  bot h sort s 
of  conditional . 

Sinc e counterfactua l  conditional s conve y bot h th e 
fact s 'Sprack s d o no t  hav e high-frequenc y soun d senso r 
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ears' ,  'Sprack s d o no t  hav e tentacles' ,  a s wel l  a s th e 
suppositions ,  'Sprack s hav e high-frequenc y soun d 
senso r  ears' ,  'Sprack s hav e tentacles' ,  w e considere d 
tha t  reasoner s woul d no t  revis e thei r  belief i  i n 
counterfactua l  conditional s a s ofte n a s factua l 
conditionals . 

Table 3: The percentages of revision types for modus 
ponen s an d tollen s fo r  counterfactua l  conditional s 

Modus Modu s 
Ponens Tollen s 

Mean 

Revis e conditiona l 
Revis e categorica l 
Afifir m contradictio n 
/  categorica l 

16 
53 

18 

38 
13 

29 

27 
33 

24 

The result s suppor t  ou r  conjecture ,  a s Tabl e 3  shows . 
Once again ,  participant s mad e th e modu s ponen s an d 
tollen s inference s frequentl y ( 9 6 % an d 8 7 % 
respectively) .  A  compariso n o f  th e mean s i n bot h table s 
shows tha t  reasoner s revis e a  factua l  conditiona l  mor e 
tha n a  counterfactua l  conditiona l  (44 % v s 2 7 % ,  chî = 
5.29 ,  p  <.05) .  Fo r  a  counterfactua l  conditional ,  the y 
ofte n affirme d th e contradictio n an d th e categorica l 
(togethe r  o r  separately) .  Th e result s als o sho w th e 
presenc e o f  a n inferenc e contradictio n effect ,  an d it s 
directio n i s th e sam e fo r  counterfactua l  a s fo r  factua l 
conditionals . 

Cognitive Processes in Belief Revision 

Differen t  cognitiv e processe s ma y b e require d t o alte r 
conditiona l  an d categorica l  belief s followin g modu s 
ponen s an d tollen s inference s fro m a  factua l  conditional . 
The differen t  effect s o f  th e counterexample ,  A  an d not -
B,  o n th e wa y reasoner s revis e thei r  belief s ma y aris e 
becaus e o f  th e menta l  representation s the y hav e 
constructe d i n th e cours e o f  makin g a n inference . 

Reasoner s ma y understan d conditional s b y keepin g i n 
min d differen t  possibilitie s (Johnson-Lair d &  Byrne , 
1991) .  Th e explici t  se t  o f  model s fo r  th e conditiona l  'i f 
A the n B  ar e a s follows : 

A B 
Not- A not- B 
Not- A B 

wher e i n th e diagra m 'not '  i s a  propositional-lik e ta g t o 
indicat e negation .  Reasoner s w h o interpre t  th e 
conditiona l  a s a  biconditiona l  wil l  construc t  th e first  tw o 
model s i n th e se t  only .  Regardles s o f  thei r  interpretation , 
reasoner s ma y construc t  a n initia l  se t  o f  model s tha t 
makes som e informatio n explicit ,  bu t  leave s othe r 
informatio n implicit ,  becaus e o f  th e constraint s o f 
workin g memory : 

A B 

where the three dots represent an implicit model 
(Johnson-Lair d &  Byrne ,  i n press) . 

Reasoner s ca n mak e th e modu s ponen s inferenc e fro m 
thi s initia l  se t  o f  models .  Th e categorical .  A ,  i s 
consisten t  wit h th e explici t  model : 

A B 
whic h support s th e parsimoniou s conclusion ,  B .  T o 
make th e modu s tollen s inference ,  the y mus t  fles h ou t 
th e initia l  se t  o f  model s t o b e mor e explicit .  Th e 
information ,  not-B ,  canno t  b e incorporate d readil y int o 
th e initia l  se t  o f  models .  However ,  i t  ca n b e incorporate d 
int o th e fleshed-ou t  models ,  i t  eliminate s tw o o f  the m 
and i t  leave s a  singl e model : 

not- A not- B 
whic h support s th e parsimoniou s conclusion ,  not-A . 

The proces s b y whic h th e tw o inference s ar e mad e 
differs .  Th e modu s ponen s inferenc e i s mad e fro m th e 
initia l  se t  o f  models ,  bu t  th e modu s tollen s inferenc e i s 
made onl y afte r  fleshin g ou t  th e model s t o b e explicit , 
eliminatin g model s tha t  ar e inconsistent .  Thi s differenc e 
i n th e proces s o f  makin g th e inference s ma y affec t  th e 
revisio n o f  beliefs . 

Conside r  th e contradictio n t o th e modu s ponen s 
inference .  Reasoner s mus t  incorporat e th e contradictio n 
•not-B' .  The y mad e th e inference ,  'B' ,  base d o n th e 
initia l  se t  o f  models ,  an d s o the y hav e th e optio n o f 
returnin g t o th e initia l  se t  t o fles h the m ou t  t o b e mor e 
explicit .  Face d wit h th e contradiction ,  the y ma y decid e 
the y nee d t o thin k mor e ftiUy  abou t  th e possibilitie s 
compatibl e wit h th e conditional .  Peopl e ofle n retur n t o 
earlie r  possibilitie s t o thin k abou t  wha t  migh t  hav e bee n 
(e.g. ,  Byrn e &  McEleney ,  2000) .  W h e n the y d o s o the y 
can incorporat e th e contradictio n 'not-B '  int o on e o f  th e 
fleshe d ou t  models : 

Not- A not- B 
The ne w mode l  indicate s tha t  th e belie f  t o revis e i s th e 
categorical ,  A . 

For  th e modu s tollen s inference ,  reasoner s mus t 
incorporat e th e contradiction ,  A .  The y mad e th e modu s 
tollen s inferenc e b y fleshin g ou t  th e model s t o b e mor e 
explici t  an d eliminatin g al l  bu t  th e model : 

Not- A not- B 
They d o no t  hav e th e optio n o f  returnin g t o fles h ou t  th e 
initia l  model s again ,  sinc e the y hav e execute d tha t 
optio n i n th e proces s o f  makin g th e inference .  I n th e 
cours e o f  makin g th e inferenc e the y hav e considere d 
severa l  alternative s an d eliminate d them ,  'cashin g out ' 
th e possibilitie s t o on e singl e remainin g possibility .  Th e 
contradictio n 'A '  canno t  b e incorporate d int o th e 
existin g mode l  an d s o th e belie f  t o revis e i s th e 
conditional ,  i f  A  the n B . 

The essentia l  revisio n principl e m a y b e tha t  a 
contradictio n ca n b e incorporate d int o on e o f  th e 
possibilitie s compatibl e wit h th e conditional ,  i f  thes e 
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possibilitie s hav e no t  bee n though t  abou t  an d eliminate d 
already .  I n th e cas e o f  m o d u s ponens ,  th e onl y 
possibilit y  compatibl e wit h th e contradictio n an d th e 
conditiona l  (not- A not-B )  i s incompatibl e wit h th e 
categorica l  (A )  an d s o th e categorica l  mus t  b e revised . 
I n th e cas e o f  modu s toUens ,  th e possibilitie s hav e bee n 
exhauste d alread y i n th e cours e o f  makin g th e inference , 
and s o th e conditiona l  itsel f  mus t  b e revised .  Th e 
inferenc e contradictio n effect ,  tha t  th e belie f  revise d 
depend s o n th e inferenc e mad e befor e th e contradiction , 
m ay aris e becaus e differen t  inference s requir e peopl e t o 
kee p i n min d differen t  possibilities ,  whic h subsequentl y 
limit s thei r  r oo m fo r  manueve r  i n incorporatin g 
contradictor y information . 

Reasoner s ca n rel y o n backgroun d knowledg e t o ad d 
or  eliminat e possibilitie s (Johnson-Lair d &  Byrne ,  i n 
press) .  A s a  result ,  whe n the y hav e relie d o n knowledg e 
t o ad d o r  eliminat e possibilities ,  thei r  revision s m a y no t 
be influence d b y th e inference s the y hav e mad e (Byrn e 
an d Walsh ,  2002) .  Fo r  example ,  give n a  causa l 
conditional ,  'i f  wate r  wa s throw n o n th e campfir e the n i t 
went  out' ,  an d 'th e fir e di d no t  g o out' ,  reasoner s mak e 
th e modu s tollen s inference ,  'wate r  wa s no t  throw n o n 
th e campfire' .  Bu t  whe n th e inferenc e i s contradicte d 
"wate r  wa s throw n o n th e campfire '  the y ca n incorporat e 
i t  b y saying ,  fo r  example ,  'no t  enoug h wate r  w a s 
throw n o n th e campfire' .  Reasoner s m a y eve n short-cu t 
th e proces s b y 'matching '  variou s model s (Legrenzi , 
Girotto ,  &  Johnson-Laird ,  2002) .  Th e inferenc e 
contradictio n effec t  m a y b e a  featur e o f  certai n kind s o f 
content . 

Modifying or Abandoning Beliefs? 

Previou s studie s hav e focuse d o n wha t  belief s peopl e 
disbelieve ,  den y o r  reject ,  doub t  o r  ar e uncertai n about . 
However ,  a  contradictio n ca n cal l  fo r  a  revisio n t o th e 
origina l  interpretatio n o f  th e premises .  A  putativ e 
counterexample ,  A  an d not-B ,  doe s no t  necessaril y 
mean tha t  a  conditional ,  i f  A  the n B ,  i s false .  Ou r 
participant s generate d revision s t o th e interpretatio n 
(e.g. ,  'A' s d o no t  necessaril y  hav e B's' ,  'Som e othe r 
variabl e affecte d B ,  e.g. ,  C )  mor e ofte n tha n the y 
indicate d disbelief ,  denial ,  rejection ,  doub t  o r 
uncertaint y abou t  th e conditional' s truth . 

Reasoner s m a y reac h man y differen t  interpretation s o f 
a conditiona l  (Johnson-Lair d &  Byrne ,  i n press) .  O n e 
interpretatio n o f  'i f  A  the n B '  i s  tha t  A  i s sufficien t  bu t 
not  necessar y fo r  B ,  an d a  secon d i s tha t  A  i s bot h 
necessar y an d sufficien t  fo r  B .  Thes e 'conditional '  an d 
'biconditional '  interpretation s ar e inconsisten t  wit h th e 
counterexample ,  A  an d not-B .  Bu t  othe r  interpretation s 
ar e consisten t  wit h it ,  fo r  example ,  tha t  A  i s necessar y 
but  no t  sufficien t  fo r  B .  Thi s "revers e conditional ' 
interpretatio n m a y b e c o m m o n i n everyda y reasonin g 
(Byrne ,  Espino ,  &  Santamaria ,  1999) . 

The revers e conditiona l  inteqjretatio n ca n occu r  whe n 
an additiona l  requiremen t  i s mad e explicit ,  e.g. ,  'i f  th e 
rui n wa s inhabite d b y Ping s the n i t  ha d a  forc e field ,  i f 
the y ha d t o protec t  thei r  habitation s the n i t  ha d a  forc e 
field'.  Th e modu s ponen s inferenc e from ,  e.g. ,  'th e rui n 
was inhabite d b y Pings '  i s  suppresse d (Byrne ,  1989) . 
Reasoner s sa y ther e i s no t  enoug h information ,  o r  the y 
incorporat e th e secon d requiremen t  e.g. ,  'Th e rui n ha d a 
forc e field  i f  th e Ping s ha d t o protec t  thei r  habitations ' 
(Byrne ,  e t  al ,  1999) .  The y selec t  option s tha t  refe r  t o th e 
secon d requiremen t  (e.g .  Diuessaert ,  Schaeken , 
Schroyens ,  &  d'Ydewalle ,  2000 )  an d the y judg e th e 
requirement s t o b e conjoin t  (Byrn e &  Johnson-Laird , 
1992) .  W h e n bot h requirement s ar e affirme d the y 
readil y mak e th e inference s (Byrne ,  1989 ;  1991) ,  an d 
the y ca n b e enhance d w h e n reasoner s k n o w th e 
adcUtiona l  requirement s hav e bee n satisfie d (Manktelo w 
& Fairley ,  2000) .  Th e suppressio n i s increase d whe n 
th e additiona l  requiremen t  i s emphasized ,  b y phrasin g i t 
as a  biconditional ,  'i f  an d onl y i f  th e Ping s ha d t o 
protec t  thei r  habitations... '  (Byrne ,  e t  al ,  1999) ,  b y 
relyin g o n familia r  conten t  (Cha n &  Chua ,  1994 ;  se e 
als o Bonnefo n &  Hilton ,  i n press) ,  b y qualifyin g it s 
satisfactio n (Stevenso n &  Over ,  1995) ,  o r  b y specifyin g 
tha t  th e requiremen t  wa s uttere d b y a n exper t  rathe r  tha n 
a novic e (Stevenso n &  Over ,  2001) .  Conditional s wit h 
many additiona l  requirement s lea d t o mor e suppressio n 
(Cummins ,  Lubart ,  Alksnis ,  &  Rist .  1991 ;  se e als o Elio , 
1997) .  Th e condition s i n whic h a  revers e conditiona l  ar e 
tru e ca n b e specifie d wit h a s muc h certaint y a s th e trut h 
condition s o f  a  conditiona l  o r  biconditiona l  (bu t  se e 
Politze r  &  Braine ,  1991 ;  Stevenso n &  Over ,  1995 ; 
2001) . 

Our  result s sho w tha t  revisin g belie f  i n a  conditiona l 
ca n mea n modifyin g th e origina l  interpretation ,  fo r 
exampl e changin g fro m a  conditiona l  interpretatio n t o a 
revers e conditiona l  one ,  rathe r  tha n abandonin g belie f  i n 
th e trut h o f  th e conditional .  I n everyda y life ,  jus t  a s i n 
scientifi c  thought ,  i t  m a y b e rar e t o abando n entirel y 
eithe r  a  theor y o r  a  fact ,  upo n discover y o f  anothe r 
contradictor y fact ;  instea d reasoner s m a y progres s b y 
attemptin g t o modif y thei r  interpretatio n t o restor e 
consistency . 

Conclusions 
I n everyda y reasoning ,  th e conclusion s t o inference s ca n 
be readil y withdraw n i n th e ligh t  o f  subsequen t 
information ,  tha t  is ,  the y ar e non-monotonic .  A n 
importan t  tas k i n everyda y inferenc e i s th e revisio n o f 
belief s i n th e ligh t  o f  contradictions .  Th e result s als o 
sho w a n inferenc e contradictio n effect ,  tha t  is ,  reasoner s 
revis e a  categorica l  belie f  whe n a  m o d u s ponen s 
inferenc e i s contradicte d an d the y revis e a  conditiona l 
belie f  whe n a  modu s tollen s inferenc e i s contradicted . 
Our  result s sho w tha t  reasoner s revis e thei r  belie f  i n a 
factua l  conditiona l  mor e tha n a  counterfactua l 
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conditional .  Ou r  nove l  revisio n generatio n tas k allowe d 
us t o captur e som e o f  th e rich  re-interpretation s tha t 
peopl e produc e t o resolv e contradiction s throug h 
modifyin g rathe r  tha n abandonin g beliefs . 
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Abstrac t 

Research on anthropomorphic agent interfaces has produced 
widel y divergen t  results .  W e sugges t  tha t  thi s i s du e t o 
insufficien t  consideratio n o f  ke y factor s tha t  influenc e th e 
perceptio n an d effectivenes s o f  agent-base d interfaces .  W e 
propos e a  framework  fo r  studyin g anthropomorphi c agent s 
tha t  ca n systematiz e th e research .  Th e framewor k emphasize s 
feature s o f  th e agent ,  th e user ,  an d th e tas k th e use r  i s 
performing .  Ou r  initia l  experimen t  withi n thi s framewor k 
manipulate d th e agent' s appearanc e (lifelik e versu s iconic ) 
and ttie  natur e o f  th e user' s tas k (carryin g ou t  procedure s 
versu s providin g opinions) .  W e foun d tha t  th e perceptio n o f 
th e agen t  wa s strongl y influence d b y th e tas k whil e feature s 
of  th e agen t  tha t  w e manipulate d ha d littl e effect . 

Introduction 

I f  yo u coul d as k fo r  assistanc e from  a  smart ,  spoke n natura l 
languag e hel p system ,  woul d tha t  b e a n improvemen t  ove r 
an on-lin e referenc e manual ? Presumabl y th e answer ,  i n 
most  cases ,  i s yes ,  fo r  tw o reasons .  First ,  th e spoke n natura l 
languag e aspec t  woul d allo w yo u t o spea k you r  question s 
rathe r  tha n havin g t o typ e them .  Generall y thi s i s a  faste r 
approac h fo r  mos t  people .  Second ,  th e smar t  aspec t  woul d 
improv e th e chanc e o f  th e hel p syste m fmdin g th e 
informatio n yo u wan t  eve n i f  yo u d o no t  stat e th e quer y 
usin g th e correc t  o r  mos t  appropriat e terms . 

The stat e o f  th e ar t  i n thi s styl e o f  interfac e i s a  huma n 
use r  consultant .  Doe s i t  matte r  tha t  th e use r  consultan t  ha s 
a fac e an d tha t  th e fac e ca n hav e expression s an d conve y a 
personality ? Wou l d a  fac e affec t  yo u i n term s o f  you r 
comfor t  an d satisfactio n wit h th e interaction ? Wou l d th e 
presenc e o f  a  fac e m a k e th e hel p o r  advic e yo u receiv e 
mor e persuasive ? Th e answer s t o suc h question s hav e 
implication s fo r  th e desig n o f  trainin g systems ,  custome r 
service ,  informatio n kiosks ,  an d m a n y othe r  applications . 

M a ny peopl e believ e tha t  anthropomorphi c compute r 
interface s hav e grea t  potentia l  t o b e beneficia l  fo r  a  numbe r 
of  reasons .  Agent s coul d ac t  a s smar t  assistants ,  muc h lik e 
trave l  agent s o r  investmen t  advisors ,  helpin g peopl e 
m a n a ge th e ever-growin g amoun t  o f  informatio n 
encountere d toda y (Lyma n &  Varian ,  2002) .  Further ,  a 
conversationa l  interfac e appear s t o b e a  natura l  dialo g styl e 
i n whic h th e use r  doe s no t  hav e t o lear n comple x c o m m a n d 
structur e an d functionalit y (Laurel ,  1990) . 

A n anthropomorphi c interfac e coul d us e intonation ,  gaz e 
patterns ,  an d facia l  expressions ,  i n additio n t o words ,  fo r 
conveyin g informatio n an d affect .  Th e huma n fac e seem s 
t o occup y a  privilege d positio n fo r  conveyin g a  grea t  dea l 
of  information ,  includin g relativel y subtl e information , 
efficientl y (Fridlun d &  Gilbert ,  1985) .  Anthropomorphi c 
interface s coul d m a k e a  compute r  mor e human-like , 
engaging ,  entertaining ,  approachable ,  an d understandabl e 
t o th e user ,  thu s harborin g potentia l  t o buil d trus t  an d 
establis h relationship s wit h users ,  an d mak e the m fee l  mor e 
comfortabl e wit h computers . 

Thes e potentia l  advantage s ar e balance d b y stron g 
negatives .  Anthropomorphi c agen t  interface s ar e viewe d b y 
some researcher s a s bein g impractica l  an d inappropriate . 
Curren t  speec h recognition ,  natura l  languag e 
understanding ,  an d learnin g capabilitie s o f  computer s stil l 
fal l  fa r  shor t  o f  an y huma n assistant . 

M o r e specifically ,  i t  ha s bee n propose d tha t  agen t 
system s disempowe r  user s b y cloudin g issue s suc h a s w h o 
i s responsibl e fo r  a  system' s action s (Lanier ,  1995) .  Other s 
fee l  tha t  use r  interface s ar e mor e beneficia l  whe n the y 
clearl y reflec t  th e conunand s availabl e t o a  use r  an d presen t 
th e object s tha t  a  use r  ca n ac t  upo n (Shneiderman ,  1997) . 
Furthermore ,  critic s argu e tha t  agen t  interface s m a y 
mislea d bot h user s an d designers ,  increas e use r  anxiety , 
reduc e use r  control ,  undermin e use r  responsibility ,  an d 
destro y a  user' s sens e o f  accomplishmen t  (Shneiderma n & 
Maes,  1997) .  M a n y curren t  anthropomorphi c o r  personifie d 
interface s ar e viewe d a s bein g annoying ,  sill y  character s 
w ho hinde r  rathe r  tha n enhanc e productivit y (e.g. ,  th e 
Microsof t  Pape r  Clip) . 

Althoug h stron g opinion s hav e bee n voice d o n bot h side s 
of  thi s issue ,  relativel y littl e carefu l  empirica l  researc h o n 
anthropomorphi c interface s ha s bee n conducted ,  an d th e 
result s from  thi s researc h hav e bee n contradictor y o r 
equivoca l  (Cassell ,  2000) . 

Our  goa l  i s t o develo p a  framework  t o systematicall y 
evaluat e an d understan d th e autonomou s agen t  a s a  use r 
interfac e paradigm .  Th e presen t  pape r  outline s th e 
framework  an d a n initia l  stud y tha t  examine s tw o issue s 
withi n thi s framework.  Th e first  i s  whethe r  th e degre e t o 
whic h a n interfac e agen t  i s  anthropomorphi c ha s a 
measurabl e effec t  o n users .  Not e tha t  anthropomorphis m i s 
not  a  dichotom y bu t  rathe r  a  continuum .  O n e ca n thin k o f 
interface s wit h fiil l  fidelity  vide o o r  3 D image s o f  peopl e t o 
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more caricature-styl e character s t o 2 D cartoon s o f  peopl e o r 
personifie d character s suc h a s dog s o r  toasters . 

The secon d issu e i s t o wha t  exten t  th e natur e o f  th e tas k 
wil l  influenc e a  user' s perceptio n o f  a n agent .  Som e task s 
migh t  b e mor e likel y t o induc e a  use r  t o imbu e th e agen t 
wit h human-lik e qualitie s (suc h a s i f  th e use r  ha d t o engag e 
th e agen t  i n a  debate )  whil e othe r  task s migh t  lea d th e use r 
t o vie w th e agen t  simpl y a s a  referenc e too l  (e.g. ,  fo r 
providin g reminder s o f  keystroke s fo r  a  softwar e 
application )  wit h n o "individuality. " 

Related Work 

A fe w studie s hav e reveale d tha t  anthropomorphi c agent s 
ar e attention-grabbin g an d peopl e m a k e natura l 
assumption s abou t  th e intelligenc e an d abilitie s o f  thos e 
agents .  Kin g an d Ohy a (1996 )  foun d tha t  a  dynami c 3 D 
human for m whos e eye s blinke d wa s rate d mor e intelligen t 
tha n an y othe r  form ,  includin g non-blinkin g 3 D forms , 
caricatures ,  an d geometri c shapes . 

One c o m m o n tren d discovere d i n studie s i s tha t 
anthropomorphi c interface s appea r  t o comman d people' s 
attention ,  bot h i n positiv e an d negativ e senses .  Takeuch i 
and Naga o (1995 )  create d conversationa l  styl e interactio n 
system s tha t  allowe d correspondin g facia l  display s t o b e 
include d o r  omitted .  Accordin g t o thei r  metrics ,  th e 
conversation s wit h a  fac e presen t  wer e mor e "successful. " 
Acros s tw o experiment s the y foun d tha t  th e presenc e o f  a 
fac e provide d importan t  extr a conversationa l  cues ,  bu t  tha t 
thi s als o require d mor e effor t  from  th e huma n interactin g 
wit h th e syste m an d sometime s serve d a s a  distraction . 

Othe r  studie s hav e show n tha t  th e attentio n garnere d b y 
an anthropomorphi c interfac e ha d a  mor e positiv e effect . 
Walker ,  Sproull ,  an d Subraman i  (1994 )  foun d tha t  peopl e 
who interacte d wit h a  talkin g fac e spen t  mor e tim e o n a n 
on-lin e questionnaire ,  mad e fewe r  mistakes ,  an d wrot e 
mor e comment s tha n thos e w h o answere d a  tex t 
questionnaire .  Kod a (1996 )  create d a  Web-base d poke r 
game i n whic h a  huma n use r  coul d compet e wit h othe r 
personifie d compute r  character s includin g a  realisti c image , 
cartoo n mal e an d femal e characters ,  a  smile y face ,  n o face , 
and a  dog .  Sh e gathere d dat a o n people' s subjectiv e 
impression s o f  th e character s an d foun d tha t  people' s 
impression s o f  a  characte r  wer e differen t  i n a  tas k contex t 
tha n i n isolatio n an d wer e strongl y influence d b y perceive d 
agent  competence . 

An influentia l  bod y o f  relate d wor k i s tha t  o f  Nas s an d 
hi s colleagues .  Thei r  effort s focu s o n th e stud y o f 
"Computer s a s Socia l  Actors. "  The y hav e conducte d a 
number  o f  experiment s tha t  examine d h o w peopl e reac t  t o 
compute r  system s an d application s tha t  hav e certai n 
personifie d characteristic s (Nass ,  Isbister ,  &  Lee ,  2000 ; 
Nass ,  Steuer ,  &  Tauber ,  1994 ;  Rickenber g &  Reeves , 
2000) .  Thei r  chie f  findin g i s tha t  peopl e interac t  wit h an d 
characteriz e compute r  system s i n a  socia l  manner ,  muc h a s 
the y d o wit h othe r  people .  Furthermore ,  the y sugges t  tha t 
finding s i n th e socia l  psycholog y literatur e (e.g. , 
individual s wit h simila r  personalitie s ten d t o ge t  alon g 

bette r  tha n d o thos e wit h diflferen t  personalities )  appl y eve n 
when on e o f  th e tw o participant s i s a  machine . 

The studie s cite d above ,  an d others ,  sugges t  tha t  peopl e 
ar e incline d t o attribut e human-lik e characteristic s t o agent s 
and tha t  a  variet y o f  factor s migh t  influenc e h o w positivel y 
th e agent s ar e viewed .  Deh n an d va n Mulke n (2000 ) 
provid e a  mor e extensiv e revie w o f  thi s literature . 

A Framework for Research on 

A n t h r o p o m o r p h i c Interfac e A g e n t s 

To effectivel y an d systematicall y investigat e th e us e o f 
anthropomorphi c interfac e agents ,  on e need s t o conside r 
th e ke y factor s tha t  wil l  affec t  th e usefulnes s o f  suc h 
interfaces .  W e propos e a n investigativ e framewor k 
compose d o f  thre e ke y components :  characteristic s o f  th e 
user ,  attribute s o f  th e agent ,  an d th e tas k bein g performed . 

We believ e tha t  seriou s empirica l  stud y i n thi s are a mus t 
systematicall y addres s eac h o f  thes e factor s an d understan d 
h o w i t  affect s huma n users .  Below ,  w e provid e example s o f 
individua l  variable s withi n eac h facto r  tha t  coul d 
potentiall y  influenc e use r  performanc e an d impressions . 

Factor 1: Features of the User 

Potentia l  user s vary ,  o f  course ,  i n man y ways .  However , 
ther e ar e certai n feature s tha t  m a y b e quit e likel y t o affec t 
h o w usefii l  a  use r  find s a n agent .  Thes e feature s include : 

Personality :  Researcher s hav e identifie d wha t  ar e 
referre d t o a s th e "Bi g Five "  trait s tha t  see m t o b e quit e 
usefii l  i n describin g huma n personalities :  extraversion , 
openness ,  agreeableness ,  neuroticism ,  an d 
conscientiousnes s (e.g. ,  McCra e &  Costa ,  1987) .  Whil e 
any suc h breakdow n i s debatable ,  i t  seem s reasonabl e t o 
examin e whethe r  users '  position s o n these ,  o r  other ,  trai t 
dimension s predict s h o w tfiey  wil l  respon d t o agents . 

Backgroun d Knowledge :  A  use r  w h o ha s a  goo d dea l 
of  backgroun d knowledg e i n a  domai n migh t  prefe r  a n 
agen t  tha t  i s  reactiv e an d tha t  th e use r  ca n cal l  upo n whe n 
he o r  sh e need s som e low-leve l  bi t  o f  informatio n o r  ha s a 
low-leve l  tas k tha t  need s t o b e done .  Conversely ,  a  use r 
w ho i s learnin g h o w t o carr y ou t  task s i n a  particula r 
domai n migh t  welcom e strateg y advic e from  a n agent , 
particularl y i f  th e agen t  ca n analyz e th e strateg y an d 
provid e reason s fo r  wh y th e strateg y migh t  b e altered . 

Othe r  Variables :  Othe r  user-relate d variable s includ e 
gender ,  age ,  an d compute r  experience . 

Factor!: Features of the Agent 

Fidelity :  Earlie r  studie s sugges t  tha t  mor e realistic -
appearing ,  3 D huma n representation s ar e perceive d a s 
bein g mor e intelligent ,  whic h coul d b e viewe d positivel y o r 
negatively .  However ,  realistic-appearin g agent s ar e mor e 
difficul t  t o implement ,  s o i f  use r  performanc e i s improve d 
by th e presenc e o f  a n agent ,  bu t  doe s no t  var y accordin g t o 
appearance ,  simple r  caricatur e styl e character s woul d b e 
advantageous . 

Presence :  I s a n agent' s fac e alway s presen t  o n th e scree n 
or  doe s th e agen t  onl y appea r  whe n i t  i s  engage d i n a  dialo g 
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wit h th e user ? O n e migh t  hypothesiz e tha t  a n ever-presen t 
agen t  woul d mak e user s uneas y b y producin g a n effec t  o f 
bein g watche d o r  evaluate d al l  th e time . 

Role :  Shoul d a n agen t  ac t  a s a  partne r  i n th e tas k o r 
shoul d i t  contribut e onl y i n clearl y specifie d ways ? Fo r 
instance ,  a n agen t  migh t  b e abl e t o offe r  strateg y guidanc e 
fo r  desig n tasks .  Alternatively ,  i t  migh t  provid e onl y 
lower-leve l  procedura l  "ho w to "  information . 

Initiative :  Shoul d a n agen t  proactivel y m a k e 
suggestion s an d offe r  guidanc e o r  shoul d i t  respon d onl y 
when directl y addressed ? A  proactiv e agen t  migh t  b e 
viewe d a s bein g "pushy "  an d migh t  bothe r  users ,  o r  i t  coul d 
be viewe d a s bein g extremel y helpfu l  an d intelligen t  i f  i t 
act s i n situation s i n whic h th e use r  i s unsur e o f  h o w t o 
procee d o r  i s s o confuse d tha t  h e o r  sh e i s unabl e t o for m a 
coheren t  hel p request . 

Othe r  Variables :  Othe r  agent-relate d variable s t o 
conside r  ar e expressiveness ,  speec h quality ,  "gender, " 
"personality, "  an d competence . 

Factor 3: Features of the Task 

Task s ca n var y i n a  variet y o f  ways .  S o m e task s ca n b e 
opinion-lik e (e.g. ,  choosin g wha t  t o brin g o n a  trip )  whil e 
other s ar e mor e objectiv e (e.g. ,  solvin g a  puzzle )  i n term s 
of  assessin g th e qualit y o f  a  solution .  S o m e involv e a  goo d 
deal  o f  high-leve l  plannin g (e.g. ,  writin g a  talk )  whil e 
other s ar e mor e rot e (e.g. ,  changin g boldfac e word s int o 
italics) .  Task s migh t  b e classifie d alon g som e o r  al l  o f  th e 
dimension s liste d below : 

Objectivenesi :  Th e situatio n migh t  b e a n opinion-base d 
on e i n whic h th e use r  i s seekin g advic e an d 
recommendation s o n som e topi c (e.g. ,  whic h item s t o pac k 
fo r  a  tri p t o Europe) .  Alternatively ,  th e use r  migh t  b e 
carryin g ou t  a n objectiv e tas k suc h a s acquirin g fact s (e.g. , 
findin g th e keystrok e combinatio n fo r  a  particula r 
c o m m a nd i n a  softwar e application) . 

Intent :  Th e use r  coul d hav e a  learnin g goa l  o r 
alternativel y m a y b e carryin g ou t  a  se t  o f  step s i n a  familia r 
domain .  I n th e latter ,  th e use r  migh t  wan t  hel p wit h low -
leve l  detail s wherea s i n th e forme r  th e use r  i s lookin g fo r 
guidanc e a s t o th e structur e o f  th e domain . 

Othe r  Variables :  Othe r  task-relate d variable s t o 
conside r  ar e domain ,  degre e o f  tim e pressure ,  duration ,  an d 
consequence s o f  th e qualit y o f  tas k performance . 

The number of variables within each factor is certainly 
large r  tha n th e numbe r  w e hav e identifie d here .  N o doub t 
thes e factor s wil l  als o interact .  Fo r  instance ,  a  novic e 
attemptin g t o carr y ou t  a  tas k i n a  particula r  domai n migh t 
welcom e proactiv e comments/advic e fro m a n agen t  whil e 
someone wit h mor e experienc e coul d ge t  annoyed . 

Wit h respec t  t o measurin g th e usefulnes s o f  a n agent ,  w e 
hav e t o conside r  whic h dependen t  measure s ar e mos t 
appropriate .  Toward s th e mor e objectiv e end ,  a  user' s 
performanc e o n a  tas k i n term s o f  accurac y an d time-whe n 
suc h measure s ar e meaningful—ca n giv e on e indicatio n o f 
usefulness .  Thus ,  tim e an d error s woul d b e appropriat e 
measure s fo r  a  text-editin g task .  Toward s th e mor e 

subjectiv e end ,  a  use r  i s likel y t o hav e a  numbe r  o f 
affectiv e reaction s t o a n agent .  Thes e reaction s migh t 
manifes t  themselve s i n term s o f  h o w muc h user s like d th e 
agent ,  h o w intrusiv e the y foun d th e agent ,  h o w the y 
perceive d th e agent' s personality ,  an d h o w willin g the y ar e 
t o us e th e agen t  i n th e future .  W e ca n certainl y asses s a 
user' s likin g an d satisfactio n toward s a n agent ,  bu t  i f  th e 
use r  ca n carr y ou t  th e task s mor e effectivel y wit h th e agen t 
regardles s o f  likin g an d satisfaction ,  the n h o w importan t 
ar c thos e variables ? O n th e othe r  hand ,  long-ter m us e o f  a n 
agen t  migh t  b e predicte d b y likin g an d satisfactio n 

The likelihoo d o f  a  use r  followin g a n agent' s advic e 
migh t  b e anothe r  interestin g measur e o f  th e usefulnes s o f 
an agent .  Whil e advice-followin g woul d certainl y b e a t 
leas t  partl y a  functio n o f  th e qualit y o f  th e advice ,  i t  wil l 
als o b e impacte d b y h o w th e use r  feel s abou t  th e agen t 
(ho w m a n y childre n ignor e th e advic e o f  thei r  parent s 
merel y becaus e i t  i s  th e parent s givin g th e advice?) . 

Experiment 

Ove rv i e w 

O ne fundamenta l  issu e i n th e qualit y o f  agen t  interface s i s 
competenc e (Maes ,  1994) .  I t  appear s obviou s tha t 
perception s o f  anthropomorphi c agen t  interface s wil l  b e 
strongl y influence d b y th e competenc e o f  th e supportin g 
softwar e syste m an d th e qualit y o f  th e replie s an d 
suggestion s mad e b y th e agent .  W e chos e t o facto r  ou t 
competenc e a s a n influence .  I f  ou r  experiment s uncove r 
tha t  people' s performanc e i s no t  enhance d an d the y dislik e 
anthropomorphi c use r  interface s eve n thoug h th e syste m i s 
competent ,  the n tha t  i s a n importan t  an d stron g resul t  tha t 
othe r  researcher s an d developer s nee d t o understand .  T o 
remov e competenc e a s a  factor ,  w e employe d a  "Wizar d o f 
O z"  (Dahlback ,  Jonsson ,  &  Ahrenberg ,  1993 )  methodolog y 
(describe d below) . 

The experimen t  manipulate d th e agen t  fidelit y an d th e 
tas k objectivenes s variable s becaus e prio r  wor k an d ou r 
framewor k sugges t  the y seeme d likel y candidate s t o hav e 
an affec t  o n th e perceptio n o f  agents .  Usefulnes s wa s 
evaluate d vi a bot h th e performanc e an d satisfactio n 
dimensions .  W e hypothesize d tha t  use r  reaction s t o th e 
agen t  woul d var y a s a  functio n o f  th e objectivenes s o f  task . 
A tas k tha t  require d th e use r  t o debat e di e merit s o f  hi s o r 
her  opinio n (abou t  item s t o pac k o n a  trip )  migh t  lea d th e 
use r  t o fee l  th e agen t  ha d mor e o f  a  personalit y (fo r  goo d o r 
fo r  bad )  compare d t o a  tas k i n whic h th e use r  mad e us e o f 
th e agen t  mor e a s a  referenc e too l  (i.e. ,  remindin g th e use r 
of  keystrok e c o m m a n d s fo r  a  tex t  editor) .  W e als o 
hypothesize d tha t  user s migh t  fin d th e agen t  t o b e mor e 
usefu l  i n it s rol e a s a  referenc e sourc e rathe r  tha n a s a n 
entit y tha t  provide s opinions .  Finally ,  w e expecte d tha t  th e 
mor e life-lik e th e agen t  appeared ,  th e mor e likel y th e use r 
migh t  b e t o ascrib e qualitie s suc h a s personalit y an d 
intelligenc e t o th e agent ,  bu t  objectiv e performanc e woul d 
likel y no t  b e affecte d b y appearance . 
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Participant s 

Thirty-nin e undergraduate s participate d fo r  cours e credi t 
and wer e randoml y assigne d t o conditions .  Participant s 
had a  variet y o f  major s an d compute r  backgrounds . 

Procedure and Design 

Participant s wer e ru n individuall y usin g a  compute r 
equippe d wit h a  microphon e an d speaker .  Participant s 
performe d tw o tasks :  a  trave l  tas k an d a n editin g task .  Th e 
trave l  tas k wa s chose n t o b e a  typ e o f  creative ,  opinion -
base d tas k i n whic h interactin g wit h a n agen t  migh t  b e 
viewe d a s a n opportunit y t o thin k mor e deepl y abou t  th e 
tas k b y discussin g point s o f  vie w abou t  th e importanc e o f 
trave l  items .  Th e editin g tas k wa s chose n t o represen t  a n 
opportunit y t o us e a n agen t  primaril y a s a  referenc e sourc e 
rathe r  tha n a s a  guid e o r  teacher . 

The trave l  tas k involve d a  hypothetica l  situatio n i n whic h 
th e participan t  ha d a  frien d w h o wa s flyin g oversea s o n hi s 
first  internationa l  trip .  Th e tas k wa s t o recommen d si x 
item s fo r  th e perso n t o tak e wit h hi m fro m a  poo l  o f  1 2 
item s an d t o ran k th e si x item s i n orde r  o f  importance . 

Afte r  th e participan t  di d th e initia l  rankin g usin g a  simpl e 
softwar e interface ,  a  compute r  agen t  w h o supposedl y ha d 
knowledg e abou t  internationa l  trip s appeared .  Th e agen t 
made a  predefine d se t  o f  suggestion s i n whic h i t 
recommende d changin g th e ranking s o f  fou r  o f  th e si x 
choice s an d i t  agree d wit h th e rankin g o f  tw o othe r  items . 
For  example ,  th e agen t  first  suggeste d promotin g th e 
person' s fourt h ite m t o th e first  position ,  demotin g th e first 
ite m bu t  keepin g i t  i n th e to p six .  Th e agen t  explaine d th e 
reasonin g fo r  it s suggestio n a t  ever y stag e an d aske d th e 
participan t  wha t  h e o r  sh e though t  abou t  th e suggestion . 
Afte r  th e participan t  responde d t o th e agent' s commen t  o n a 
particula r  item ,  th e agen t  woul d sa y on e o f  severa l 
conversationa l  convention s (e.g. ,  "OK ,  let' s  continue" )  s o 
tha t  i t  coul d mov e o n t o th e nex t  suggestion .  Afte r  th e agen t 
finished  providin g feedbac k o n th e rankings ,  th e origina l 
ranking s wer e displaye d o n th e scree n an d th e participan t 
was give n th e opportunit y t o chang e th e rankings .  Afte r 
doin g th e re-ranking ,  participant s filled  ou t  a  questionnair e 
abou t  th e agen t  an d wer e aske d a  fe w question s abou t  th e 
agen t  an d relate d issue s b y th e experimenter . 

The editin g tas k require d participant s t o us e a n 
unfamilia r  tex t  edito r  t o modif y a n existin g documen t  b y 
makin g a  se t  o f  prescribe d change s t o th e document . 
Participant s first  viewe d a  shor t  vide o tha t  describe d th e 
variou s function s (e.g. ,  copy ,  paste )  an d th e specifi c  ke y 
combination s neede d t o issu e th e commands .  Participant s 
wer e the n show n a  marked-u p documen t  tha t  require d a  se t 
of  change s suc h a s deletions ,  insertions ,  an d moves ,  an d 
the y wer e instructe d tha t  i f  a t  an y tim e the y coul d no t 
remember  th e keystroke s fo r  a  particula r  function ,  the y 
coul d as k th e agen t  fo r  help .  Pilo t  testin g wa s conducte d t o 
ensur e tha t  th e numbe r  o f  command s wa s sufficientl y larg e 
so tha t  participant s woul d b e likel y t o nee d t o as k th e agen t 
fo r  help .  Afte r  completin g th e editin g tasks ,  participant s 

agai n filled  ou t  a  questionnair e abou t  th e agen t  an d 
answere d question s fro m th e experimenter . 

Th e agen t  wa s controlle d throug h a  Wizar d o f  O z 
technique .  On e experimente r  wa s i n th e roo m wit h th e 
participan t  t o introduc e th e experimenta l  materials ,  an d a 
secon d experimente r  wa s i n a n adjacen t  room ,  monitorin g 
th e question s an d response s m a d e b y th e participant .  Th e 
secon d experimente r  insure d tha t  th e agen t  responde d i n a 
consisten t  manne r  usin g a  prepare d se t  o f  replies . 

T wo between-subject s variable s wer e manipulated :  typ e 
of  agen t  (animated ,  stiff ,  iconic )  an d tas k orde r  (trave l  tas k 
the n editin g tas k o r  vic e versa) .  Th e lef t  sid e o f  Figur e 1 
show s th e fac e o f  th e agen t  i n th e animate d an d stif f 
conditions .  Th e animate d agen t  (donate d b y Hapte k Corp. ) 
was 3 D ,  wit h a  femal e appearance-thoug h somewha t 
androgynous-tha t  blinked ,  m o v e d it s head ,  an d produce d 
certai n facia l  expression s i n additio n t o movin g it s mout h 
i n synchronizatio n wit h th e synthesize d voice .  Th e stif f 
agen t  ha d th e sam e fac e a s th e animate d agen t  bu t  m o v e d 
onl y it s mouth .  Th e iconi c agen t  (se e th e right  sid e o f 
Figur e 1 )  wa s a  light-bul b ico n tha t  ha d arrow s appea r 
wheneve r  i t  spoke . 

O ne desig n issu e abou t  thi s experimen t  shoul d b e 
flagged.  Althoug h ou r  ke y tas k manipulatio n wa s th e 
"objectiveness "  o f  th e tas k (i.e. ,  th e trave l  tas k bein g les s 
objectiv e an d th e editin g tas k bein g mor e objective) ,  th e 
natur e o f  th e agen t  als o wa s varie d a s a  functio n o f  th e task . 
The agen t  wa s completel y reactiv e i n th e editin g task ;  i t 
provide d informatio n onl y w h e n requested .  However ,  i n th e 
trave l  tas k th e agen t  provide d feedbac k regardles s o f  th e 
participants '  desire .  A  cleane r  versio n o f  th e experimen t 
woul d hav e bee n t o hol d th e "nature "  o f  th e agen t  constan t 
acros s th e tasks .  W e allowe d thi s confoundin g t o occu r  her e 
becaus e wer e intereste d i n gettin g participants '  reaction s t o 
certai n human-lik e attribute s o f  th e agen t  bu t  di d no t  hav e 
th e resource s t o ru n th e additiona l  condition s tha t  woul d 
hav e bee n require d t o completel y cros s thi s facto r  wit h th e 
tas k an d appearanc e manipulations .  I n futur e wor k w e pla n 
t o systematicall y investigat e thi s reactive/proactiv e 
dimension . 

Figur e 1 :  Appearanc e o f  Agen t  i n Animate d an d Stif f 
Condition s (left )  an d Iconi c Conditio n (right) . 

Measures 

Bot h objectiv e an d subjectiv e measure s wer e used .  O n e 
objectiv e measur e was ,  fo r  th e trave l  task ,  whethe r 
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participant s change d thei r  ranking s a s a  functio n o f  th e 
agent' s feedback .  Fo r  th e editin g tas k w e measure d h o w 
lon g i t  too k participant s t o complet e th e edits .  Th e primar y 
subjectiv e variable s wer e th e response s t o th e individua l 
item s i n th e questionnaire s an d th e answer s t o th e question s 
pose d b y th e experimenter .  Th e questionnair e item s use d a 
five-point  Liker t  scal e ( 1 =  strongl y agree ,  5  =  strongl y 
disagree )  tha t  addresse d a  numbe r  o f  qualitie s o f  th e agen t 
(se e Tabl e 2) .  Th e question s pose d b y th e experimente r 
wer e open-ende d an d provide d participant s a n opportimit y 
t o giv e thei r  impression s abou t  th e agent' s personality , 
helpfulness ,  an d intelligence . 

Results 

I n th e dat a analyse s w e foun d tha t  th e tas k orde r 
manipulatio n di d no t  hav e a n effect ,  s o i n th e interes t  o f 
simplicit y w e wil l  collaps e acros s tha t  facto r  i n th e 
presentatio n an d discussio n o f  th e results . 

Performanc e Measures .  Wit h respec t  t o mor e objectiv e 
measures .  Tabl e 1  show s tha t  participant s wer e mor e likel y 
t o chang e th e ranking s o f  item s tha t  th e agen t  disagree d 
wit h compare d t o item s tha t  th e agen t  agree d with ,  F(l ,  36 ) 
= 38.48 ,  M S E =  .07 ,  p  <  .0001) .  Ther e wa s n o effec t  o f 
typ e o f  agent ,  F(2 ,  36 )  =  0.9 ,  M S E =  M ,  p  =  .42 .  Ther e 
was n o interaction ,  F(2 ,  36 )  =  1.25 ,  p  =  .30 . 

Tabl e I :  Proportio n o f  Trave l  Item s wit h Change d 
Ranking s a s a  Functio n o f  Typ e o f  Agen t  &  Agen t  Advice . 

SuKKcste d Chang e 
Keep Ran k 

Animate d 
( « =14 ) 

.82 

.57 

Stif f 
(n=12 ) 

.90 

.42 

Iconi c 
(n=13 ) 

.77 

.38 

The tim e (i n seconds )  t o d o th e editin g tas k di d no t  diffe r 
as a  functio n o f  agen t  (animated :  714.8 ,  stiff :  568.7 ,  iconic : 
671.1) ;  F(2 ,  31 )  =  1.78 ,  M S E =  37637.22 ,  p  =  .1 9 ( 5 
participant s di d no t  d o th e editin g task) . 

Questionnair e Responses .  Tabl e 2  show s th e m e a n 
response s t o th e questionnair e item s fo r  th e differen t  agen t 
condition s afte r  th e trave l  an d editin g task s (ther e wer e 5 
participant s w h o di d no t  d o bot h task s an d the y ar e 
exclude d fro m Tabl e 2) .  Ther e wa s n o effec t  o f  agen t  typ e 
fo r  an y o f  th e questions .  Fo r  tw o o f  th e items ,  worthwhil e 
and intrusive ,  ther e wa s a n effec t  o f  tas k (worthwhile :  /'(I , 
31 )  =  15.68 ,  M S E =  .45 ,  p  =  .0004 ;  intrusive :  F(l ,  31 )  = 
20.28 ,  M S E =  .23 ,  p  =  .0001) .  Th e agen t  wa s rate d mor e 
worthwhil e an d les s intrusiv e afte r  th e editin g tas k 
compare d t o th e trave l  task .  Thes e result s m a k e sense . 
First ,  th e editin g tas k require d mos t  participant s t o rel y 
heavil y o n th e agen t  t o remin d the m o f  commands ,  thu s 
makin g th e agen t  see m worthwhile .  Second ,  th e uninvite d 
critiqu e o f  participants '  ranking s o f  trave l  item s coul d 
certainl y hav e seeme d intrusive . 

Whil e grou p difference s di d no t  exis t  o n mos t  o f  th e 
questionnair e items ,  i t  i s  interestin g tha t  fo r  mos t  items ,  th e 
averag e respons e tende d t o b e i n th e positiv e direction . 
Participant s fel t  positively ,  o n average ,  abou t  th e agent . 

Intervie w Responses .  Whil e participant s m a d e a 

number  o f  interestin g an d insightfii l  comment s abou t  th e 
agen t  i n respons e t o question s fro m th e experimenter ,  a 
simpl e tall y  o f  response s show s reaction s t o th e agen t  tha t 
agai n varie d a s a  functio n o f  task .  Virtuall y al l  participant s 
foun d th e agen t  helpfu l  fo r  bot h tasks .  Participant s wer e 
much les s likel y t o conside r  th e agen t  t o hav e a  personalit y 
afte r  doin g th e editin g tas k compare d t o th e trave l  task . 
Thi s make s sens e becaus e th e agen t  wa s merel y providin g 
subject s wit h informatio n o n command s i n th e editin g task . 
I n tfie  trave l  tas k th e agen t  expresse d it s "opinions. " 

Finally ,  i t  i s  wort h notin g tha t  i n genera l  th e agen t  wa s 
perceive d a s mor e intelligen t  afte r  th e trave l  tas k tha n afte r 
th e editin g task .  A t  on e leve l  thi s seem s od d becaus e th e 
agen t  ha d al l  th e answer s fo r  th e editin g task .  However ,  a s 
demonstrate d b y som e participants '  comments ,  th e agen t 
was perceive d a s ver y limite d i n th e editin g task ;  i t  kne w 
abou t  editin g command s an d probabl y littl e els e (despit e 
th e fac t  tha t  i t  als o appeare d t o understan d spoke n 
language!) .  I n th e trave l  tas k thoug h i t  presumabl y gav e 
th e impressio n o f  havin g sufficientl y dee p knowledg e abou t 
trave l  suc h tha t  i t  coul d giv e feedbac k o n th e importanc e o f 
variou s item s on e migh t  tak e o n a  trip .  Whil e som e o f  th e 
participants '  response s t o th e agen t  indicate d tha t  the y 
disagree d wit h it s suggestions ,  the y appeare d t o believ e tha t 
th e suggestion s wer e a t  leas t  thoughtful . 

Discussion 

I n additio n t o th e result s reporte d above ,  w e learne d a  grea t 
deal  b y observin g participants '  behavior s an d response s i n 
th e sessions .  On e ke y questio n w e ha d wa s h o w woul d th e 
participant s interac t  wit h th e agen t  i n th e tw o differen t 
tasks .  I n th e editin g task ,  participant s seeme d ver y 
comfortabl e askin g th e agen t  fo r  assistance .  Participant s 
requeste d hel p a n averag e o f  6. 5 times .  However ,  i n th e 
trave l  tas k participant s seeme d reluctan t  t o engag e th e 
agen t  i n a  dialog .  Onl y a  fe w replie d wit h mor e tha n a  fe w 
word s whe n th e agen t  engage d them .  Ther e wa s clearl y 
awkwardnes s t o th e interaction . 

The agent' s socia l  abilitie s an d personalit y (o r  lac k 
thereof )  wer e note d b y a  numbe r  o f  th e participants .  I n th e 
trave l  task ,  w e intentionall y ha d th e agen t  begi n th e sessio n 
saying ,  "Hello ,  [person' s name]. "  Thre e participant s 
explicitl y  mentione d thi s feature ,  on e stating ,  whe n aske d i f 
th e agen t  ha d a  personality ,  "Yes ,  respectful .  I t  said ,  '[m y 
name]' ,  an d ' I  agre e wit h this.'... l  though t  tha t  wa s ver y 
funny .  Tha t  wa s reall y cool. " 

Othe r  comment s implyin g a  personalit y included , 
"Seeme d a  lo t  lik e a  trave l  agen t  tha t  wa s i n a  hurry, "  an d 
"helpful ,  bu t  kin d o f  annoying, "  an d "h e seeme d almos t 
irritate d whe n I  didn' t  agre e wit h him. "  On e participan t  w h o 
di d th e editin g tas k first,  state d afte r  th e tas k tha t  th e agen t 
di d no t  hav e a  personality ,  "I t  wa s jus t  directe d a t 
answerin g questions .  I t  ha d n o inflections. "  Bu t  whe n 
aske d agai n afte r  th e trave l  task ,  th e participan t  responded , 
"I t  wa s stil l  mechanical ,  bu t  yo u coul d fee l  th e attemp t  a t 
bein g mor e personable .  I t  acknowledge d m y responses , 
askin g m e t o elaborate .  Th e response s wer e a t  a  mor e 
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persona l  level. "  Participants '  willingnes s t o ascrib e a 
personalit y t o th e agen t  base d o n a  fe w comment s b y th e 
agent  i n on e tas k suggest s tha t  peopl e migh t  b e predispose d 
t o "finding "  a  personalit y i n a n agent .  I f  th e effect s o f 
seein g a  personalit y i n a n agen t  ca n b e bette r  understood , 
suc h a  predispositio n migh t  b e exploite d fo r  goo d purpos e 
by designers . 

Conclusion 

Anthropomorphi c interfac e agent s migh t  b e on e o f  th e bes t 
interfac e approache s eve r  devised .  O r  the y migh t  not . 
Equivoca l  result s fro m prio r  researc h mak e i t  virtuall y 
impossibl e t o decid e thi s matter .  Th e difficult y wit h prio r 

wor k ha s bee n it s lac k o f  systematicit y i n examinin g ke y 
factor s an d th e us e o f  dependen t  measure s tha t  ofte n di d no t 
appropriatel y asses s subjectiv e experienc e an d objectiv e 
performance . 

I n thi s pape r  w c introduce d a  framewor k fo r 
systematicall y examinin g th e effect s o f  anthropomorphi c 
agent s o n use r  performanc e an d subjectiv e responses .  W e 
performe d a n initia l  experimen t  withi n thi s framework  tha t 
suggeste d tha t  typ e o f  tas k ma y pla y a n outsize d rol e i n th e 
perceptio n o f  agents .  W e pla n t o us e ou r  framework  t o 
guid e additiona l  studie s an d hop e othe r  researcher s fm d i t 
usefu l  an d tha t  i t  wil l  allo w friture  experiment s t o buil d o n 
eac h othe r  mor e effectivel y tha n i n th e past . 

Tabl e 2 :  Response s t o Questionnair e Item s a s a  Functio n o f  Typ e o f  Agen t  an d Task . 

Agent  wa s 
Worthwhil e 
Intrusiv e 
Friendl y 
Annoyin g 
Intelligen t 
Col d 
Agent  ha s clea r  voic e 
Enjoye d interactin g wit h Agen t 
Agent  helpe d wit h tas k 
Lik e t o hav e agen t 

Animate d (n=]2 ) 
Trave l 
2.5 0 
2.8 3 
2.6 7 
3.2 5 
2.5 8 
3.2 5 
2.3 3 
3.0 8 
2.2 5 
2.8 3 

Edi t 
1.5 8 
3.5 0 
2.6 7 
3.3 3 
2.9 2 
3.0 8 
2.5 8 
3.1 7 
1.5 0 
2.6 7 

Stif f  (/ I  =12 ) 
Trave l 
2.2 5 
3.5 0 
2.4 2 
2.8 3 
2.5 8 
3.0 0 
2.5 8 
2.7 5 
1.6 7 
2.5 8 

Edi t 
1.4 2 
4.0 0 
2.5 0 
3.2 5 
2.5 0 
2.6 7 
2.3 3 
2.8 3 
1.5 0 
2.3 3 

Iconi c (> i  =10 ) 
Trave l 
2.3 0 
3.4 0 
2.4 0 
3.2 0 
2.4 0 
3.7 0 
2.5 0 
2.7 0 
2.0 0 
2.2 0 

Edi t 
2.1 0 
3.8 0 
2.8 0 
3.8 0 
2.7 0 
3.3 0 
2.4 0 
2.9 0 
2.3 0 
2.4 0 

AVG 
Travel/Edi t 
2.35/1.5 7 
3.24/3.7 6 
2.50/2.6 5 
3.09/3.4 4 
2.53/2.7 1 
3.29/3.0 0 
2.47/2.4 4 
2.85/2.9 7 
1.97/1.7 4 
2.56/2.4 7 

Note :  Response s wer e o n a  scal e from  1  (strongl y agree )  t o 5  (strongl y disagree) . 
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Abstrac t 

Given practice, people generate new more efficient 
strategie s fo r  achievin g desire d goals .  However ,  som e 
researchers  hav e observe d tha t  eve n experience d user s o f 
compute r  system s persis t  wit h relatively  InefTicien t 
strategies .  On e reaso n fo r  thes e finding s ma y b e a 
reduce d opportunit y t o us e efficien t  strategie s i n task s 
wher e highe r  goa l  constraint s ar e present .  I n thi s stud y 
hal f  o f  th e participant s complete d a  drawin g tas k i n 
Microsof t  PowerPoin t  i n whic h the y ha d t o desig n th e 
layou t  o f  a  compute r  roo m an d stud y area ;  th e othe r  hal f 
complete d a n equivalen t  drawin g tas k tha t  involve d n o 
highe r  goa l  constraints .  Thos e wit h highe r  goa l 
constraint s wer e slowe r  t o generat e mor e efficien t 
strategies .  Thi s ca n b e accounte d fo r  b y a  reduce d 
opportunit y t o us e 'efficient '  strategies .  Experienc e i n 
othe r  compute r  package s an d strategi c knowledg e als o 
influence d strateg y generation . 

Introduction 

W h en peopl e lear n a  n e w skil l  the y ofte n m o v e throug h 
a serie s o f  progressivel y mor e efficien t  strategies . 
Practicin g a  tas k doe s no t  onl y resul t  i n faste r 
performance ,  bu t  als o lead s t o th e generatio n o f  n e w 
strategie s (Delaney ,  Reder ,  Staszewsk i  an d Rittcr ,  1998 ; 
Charma n an d H o w e s ,  2001) .  Fo r  example ,  Charma n 
an d H o w e s (2001 )  foun d tha t  peopl e ca n successfiiU y 
generat e mor e efficien t  drawin g strategie s w h e n usin g 
Microsof t  PowerPoin t  a s a  resul t  o f  practic e o n 
componen t  procedures . 

However ,  Carrol l  an d Rosso n (1987 )  observe d tha t 
th e skill s o f  compute r  user s "ten d t o asymptot e a t 
relativ e mediocrity "  (p.l) .  Similarly ,  Bhavnan i  an d 
Joh n (1997 )  reporte d tha t  eve n afte r  a  numbe r  o f  year s 
of  experienc e an d forma l  trainin g i n a  compute r  aide d 
desig n package ,  m a n y user s ha d no t  adopte d mor e 
efficien t  strategies .  Th e reason ,  the y suggest ,  wa s no t 
relate d t o th e standar d o f  interfac e desig n o r  experienc e 
wit h th e package ,  bu t  t o a n absenc e o f  strategi c 
knowledge .  Bhavnani ,  Joh n an d Flemmin g (1999 ) 
foun d tha t  peopl e sta y wit h inefficien t  method s unles s 
the y ar e taugh t  efficien t  strategie s explicitly . 

O ne explanatio n fo r  th e conflictin g observation s o f 
Charma n an d H o w e s (2001 )  an d Bhavnan i  an d Joh n 
(1997 )  i s tha t  participant s ha d differen t  primar y goals . 
Wherea s th e tas k use d b y Charma n an d H o w e s (2001 ) 

involve d participant s reproducin g simpl e picture s i n 
Microsof t  PowerPoint ,  Bhavnan i  an d Joh n (1997 ) 
observe d C A D user s completin g rea l  wor k tasks ,  whic h 
woul d hav e impose d highe r  goa l  constraints .  I t  i s 
possibl e tha t  th e presenc e o f  highe r  goa l  constraint s 
inhibit s th e generatio n o f  mor e efficien t  strategie s 
and/o r  reduce s th e opportunit y t o us e them .  Highe r 
goa l  constraint s w h e n preparin g a  repor t  o r 
presentation ,  fo r  example ,  migh t  concer n synta x an d 
semantics ,  an d whe n designin g a  buildin g the y migh t 
concer n fiinctionalit y an d aestheti c quality . 

Highe r  goa l  constraint s m a y hinde r  strateg y 
generatio n b y changin g th e user' s focus .  Thi s i s 
consisten t  wit h th e observation s o f  Carrol l  an d Rosso n 
(1987) .  The y foun d tha t  peopl e wer e unwillin g t o tak e 
tim e ou t  t o rea d a  manua l  becaus e the y wer e 'end -
product '  focused ,  i.e .  thei r  paramoun t  concer n wa s wit h 
completin g th e task s a t  hand .  I t  i s  possibl e tha t 
Bhavnan i  an d John' s (1997 )  participant s faile d t o 
generat e mor e efficien t  strategie s becaus e the y wer e 
focuse d o n meetin g highe r  goa l  tas k constraint s derive d 
fro m th e wor k domain .  Th e focu s i n Charma n an d 
H o w e s'  (2001 )  stud y howeve r  wa s o n th e metho d fo r 
whic h mor e efficien t  strategie s wer e available . 

I n addition ,  th e presenc e o f  highe r  goa l  constraint s 
m ay reduc e th e opportunit y t o us e efficien t  strategies . 
W h en takin g int o consideratio n highe r  goa l  constraints , 
sub-goal s ten d t o b e smaller ,  an d s o strategie s tha t 
exploi t  th e iterativ e powe r  o f  th e compute r  packag e ar e 
not  a s beneficial .  W h e n workin g wit h highe r  goa l 
constraint s compute r  user s m a y generat e strategie s tha t 
ar e efficien t  give n th e sub-goa l  structur e o f  th e task ,  bu t 
whic h appea r  inefficien t  w h e n viewe d fro m th e 
perspectiv e o f  th e en d product .  E.g .  I t  i s  possibl e t o 
imagin e a n efficien t  w a y o f  drawin g a  give n floo r  plan , 
but  w h e n a  perso n i s designin g a  pla n the y d o s o 
interactively ,  usin g th e devic e a s repositor y fo r  partia l 
solutions . 

While ,  substantia l  effort s hav e bee n m a d e t o mode l 
strateg y chang e (e.g .  Shrage r  an d Siegler ,  1998) ,  thes e 
model s d o no t  addres s th e issu e o f  whe n peopl e deplo y 
strateg y generatio n mechanisms .  Thes e model s instea d 
hav e addresse d detail s o f  th e mechanism s b y whic h 
n e w strategie s ar e generate d fro m existin g strategies . 
For  example ,  Crowley ,  Shrage r  an d Siegle r  (1997 ) 

172 

mailto:CharmanSCl@cardifr.ac.uk
mailto:H0we9A@cardifr.ac.uk


propose d tha t  peopl e us e bot h a  meucognitiv c an d a n 
associativ e mechanism .  Th e metacognitiv e mechanis m 
i s o f  particula r  interes t  her e becaus e i t  require s 
deliberat e an d resourc e intensiv e proble m solving .  Ou r 
interes t  i n thi s pape r  i s i n th e exten t  t o whic h highe r 
goal  constraint s moderat e abilit y  o r  opportunit y t o 
beneficiall y  deplo y metacognitiv e proble m solving . 

We predic t  tha t  ther e wil l  b e a  negativ e impac t  o f 
highe r  goa l  constraint s o n th e generatio n o f  efficien t 
strategies .  I n th e followin g experiment ,  whethe r  o r  no t 
participant s ha d a  highe r  leve l  goa l  t o mee t  wa s 
manipulated .  Th e higher-goa l  tas k wa s t o desig n th e 
layou t  o f  a  compute r  roo m an d stud y space .  I n th e no -
higher-goa l  tas k participant s copie d an d paste d a n 
equivalen t  numbe r  o f  computer s an d desk s int o a  larg e 
blan k area .  T o complet e th e task s a  rang e o f  strategie s 
varyin g i n efficiency ,  wit h th e sam e componen t 
procedures ,  coul d b e used .  Participant s coul d cop y an d 
past e jus t  on e ite m ( a compute r  o r  a  desk )  a t  a  time ,  o r 
coul d cop y an d past e multipl e item s a t  once .  Previou s 
experienc e an d strategi c knowledg e wer e als o examine d 
as factor s affectin g strateg y generation . 

Method 

Participants 

Twenty-fou r  undergraduate s w h o wer e regula r 
compute r  users ,  rangin g i n ag e fro m 1 8 t o 26 ,  too k par t 
i n th e experimen t  fo r  1  Y z hour s o f  cours e credi t  o r  fo r 
payment  o f  £6 .  Al l  participant s wer e give n th e sam e 
amount  o f  credi t  o r  paymen t  t o tak e par t  i n th e study , 
no matte r  h o w lon g the y took ,  i n orde r  t o encourag e 
efficien t  completio n o f  th e tasks . 

Design 

The stud y involve d thre e between-subject s factors .  Th e 
first  wa s tas k type .  I n on e conditio n participant s wer e 
give n a  highe r  goal ,  wher e the y wer e aske d t o desig n 
th e layou t  o f  a  compute r  classroo m an d a  stud y are a 
(se e Appendi x  I) .  Thi s highe r  goa l  gav e rise  t o severa l 
desig n constraint s tha t  determine d th e manne r  i n whic h 
th e desk s an d computer s coul d b e arranged .  Th e goa l 
fo r  thes e participant s wa s t o tak e int o consideratio n th e 
constraint s outline d an d als o t o conside r  th e bes t  us e o f 
space .  I n anothe r  conditio n participant s di d no t  hav e a 
highe r  goa l  i n mind ,  the y wer e aske d t o cop y an d past e 
an equivalen t  numbe r  o f  computer s an d stud y desk s 
int o a  larg e blan k space .  A  media n spli t  (ove r  bot h tas k 
typ e conditions )  o n tw o pre-tes t  measures ,  experienc e 
and strategi c knowledge ,  create d tw o mor e betwee n 
subject s factors . 

Procedure and Materials 

The participant s complete d a n informe d consen t  for m 
and the n a  shor t  onlin e spatia l  I Q tes t  (Crampto n an d 

Jerabek ,  2000) ,  whic h consiste d ofte n questions ,  givin g 
a scor e ou t  o f  100 .  Participant s wer e the n aske d t o 
complet e a  shor t  questionnair e tha t  aske d abou t  prio r 
experienc e wit h Microsof t  PowerPoint ,  a s wel l  a s othe r 
softwar e package s wit h drawin g ftinctions  an d 
Microsof t  Word .  Th e tuitio n phas e wa s the n 
completed ,  whic h ensure d tha t  th e participant s mastere d 
basi c drawin g skill s  (drawing ,  moving ,  altering ,  fencin g 
t o select ,  copyin g an d pastin g a  singl e shape) .  Th e 
participant s wer e informe d tha t  the y shoul d onl y us e 
function s identifie d i n th e tutoria l  stage .  Thes e 
include d fencing ,  copyin g an d pasting ,  but ,  fo r 
example ,  exclude d duplicatio n an d grouping . 

Afte r  th e tuitio n phas e th e participant s complete d a n 
open-ende d questionnair e designe d t o asses s knowledg e 
abou t  th e device .  Te n question s relevan t  t o th e ke y 
concept s particula r  t o workin g wit h mor e tha n on e ite m 
at  a  tim e wer e included .  Fiv e question s relate d t o 
fencin g multipl e shape s wit h spac e betwee n the m an d 
five  relate d t o th e manipulatio n o f  multipl e shapes . 

The participant s the n complete d a  pre-tes t  stag e 
wher e the y wer e aske d t o dra w eigh t  2-shap e item s i n 
as fe w move s a s possibl e (Figur e 1) .  Th e strateg y use d 
by th e participan t  wa s code d an d score d (1-7 )  accordin g 
t o th e relativ e efficienc y o f  th e strateg y base d upo n th e 
codin g framewor k outline d i n Charma n an d H o w e s 
(2001) .  Fo r  example ,  participant s wer e give n a  scor e o f 
1 i f  the y dre w eac h shap e on e b y one ,  an d a  scor e o f  7  i f 
an exponentia l  copyin g strateg y wa s use d 
(exponentiall y  increas e th e numbe r  o f  item s mad e eac h 
tim e cop y an d past e ar e used) .  Thi s scor e wa s take n a s 
a measur e o f  strategi c knowledge . 

e e e e 
4^ ^ 

e e e 

Figur e 1 :  Pre-tes t  task . 

The mai n tas k o f  th e experimen t  wa s the n conducted . 
Participant s wer e informe d tha t  ther e wa s a n onlin e 
hel p facilit y  tha t  the y coul d choos e t o consul t  i f  the y 
wishe d (thi s wa s availabl e fi'eely  t o th e participant s an d 
coul d b e accesse d b y selectin g a n ope n Interne t 
Explore r  window) .  Fo r  th e mai n task ,  th e no-higher -
goal  conditio n participant s wer e give n a  ke y wit h 
sampl e desk s an d computer s i n it ,  an d aske d t o 
reproduc e 5 4 stud y desk s an d 14 8 computer s i n th e 
spac e provided .  Th e participant s wer e al l  instructe d 
tha t  the y coul d fenc e (t o select) ,  cop y an d past e th e 
computer s an d stud y desk s provide d i n th e key . 

I n th e higher-goa l  condition ,  participant s wer e aske d 
t o pla n th e layou t  o f  a  ne w extensio n t o th e Psycholog y 
buildin g (Appendi x  I) .  I n th e propose d extensio n ther e 
was a  stud y are a wher e stud y booth s wer e t o b e placed , 
and a  compute r  classroo m wher e computer s wer e t o b e 

173 



placed .  Participant s wer e give n desig n constraint s fo r 
whic h visua l  measure s wer e provided ,  suc h a s makin g 
sur e tha t  ther e wer e gangways ,  acces s t o desk s an d 
spac e betwee n computers .  Althoug h participant s wer e 
tol d tha t  a  desig n coul d includ e 14 8 computer s an d S 4 
desks ,  th e tas k wa s ove r  whe n th e participan t  fel t  the y 
had finishe d thei r  design ,  wit h th e constraint s met . 

Participant s wer e instructe d t o complet e th e tas k i n a s 
fe w move s a s possible .  Finall y participant s fille d i n 
anothe r  devic e representatio n questionnaire .  Microsof t 
PowerPoin t  9 7 wa s use d t o can y ou t  th e drawin g tasks . 

Strategies 

T o complet e th e task ,  severa l  strategie s coul d b e 
employed .  I t  wa s possibl e t o wor k wit h a n individua l 
shape ,  a s th e composit e part s o f  eac h ite m ( a compute r 
or  desk )  wer e no t  groupe d together .  A  bette r  wa y t o 
complet e th e tas k wa s t o dra w a  fenc e aroun d on e ite m 
and the n copy ,  past e an d mov e th e item .  A n eve n bette r 
strateg y wa s t o wor k wit h mor e tha n on e ite m a t  a  time . 
I n orde r  t o d o thi s a  participan t  neede d t o kno w tha t 
multipl e item s wit h spac e betwee n the m coul d b e 
selecte d a t  onc e (b y drawin g a  fenc e aroun d them ,  se e 
Figur e 2 )  an d the n manipulate d (copied ,  paste d an d 
moved)  simultaneously .  Finally ,  th e exponentia l 
copyin g strateg y allowe d ver y fas t  completio n o f  th e 
task .  Her e th e numbe r  o f  copie s produce d a t  onc e 
increase s exponentially . 

Curso r 
star t  poin t 

S S 

End poin t 

Figur e 2 :  Fencing ,  b y usin g th e mous e t o clic k an d 
dra g fro m th e star t  poin t  an d releasin g a t  th e en d point . 

Results 

Eac h m o v e mad e b y a  participan t  wa s recorded , 
allowin g a  fine-graine d analysi s o f  performance .  A n 
individua l  m o v e wa s take n t o b e eithe r  a  key-strok e 
(e.g .  delete )  o r  a  purposefu l  mouse-clic k (e.g .  cop y o r 
selec t  shape) .  Creatin g a  fenc e wa s als o counte d a s on e 
m o ve (althoug h t o d o thi s on e mus t  clic k an d drag) . 

Usin g efficien t  copyin g strategie s di d sav e time .  Th e 
tota l  tim e take n wa s negativel y correlate d wit h th e 
proportio n o f  move s wher e multipl e item s wer e worke d 
wit h a t  onc e (rs=-0.612 ,  /KO.OOl) .  Onl y thre e 
participant s visite d th e on-lin e hel p facility ,  fo r  les s 
tha n fort y second s each ,  s o thes e result s ar e no t 
include d i n th e analyses . 

For  analysis ,  participant s wer e spli t  int o hig h an d lo w 
experienc e group s base d upo n th e experienc e 
questioimair e data ,  an d als o hig h an d lo w strategic -
knowledg e group s base d upo n th e pre-tes t  strateg y 

scor e achieved .  Th e mai n analysi s use d wa s a  betwee n 
subject s 2x2x 2 A N O V A wit h tas k type ,  experienc e an d 
strategi c knowledg e a s factors . 

Task Type 

Tota l  Move s Thos e i n th e no-higher-goa l  conditio n 
(A/=116.8 )  mad e fewe r  move s i n tota l  tha n th e higher -
goal  conditio n (M=323.2 )  [F(l,16)=51.168 ,  /XO.OOl , 
MSE=7916.\ ] ,  an d too k fewe r  move s t o mak e eac h ite m 
(A/=^.6 )  tha n thos e i n th e higher-goa l  conditio n 
(A/=1.9 )  [F(l,16)»37.444,p<0.001 ,  M5£'=0.4] . 

Exceii Movei as a Proportion of Total Moves The 
fac t  tha t  ther e wer e fewe r  move s mad e i n th e no-higher -
goal  conditio n ma y hav e bee n du e eithe r  t o reduce d 
opportunit y o r  t o tas k focus .  I n orde r  t o fiirthe r 
investigat e strateg y chang e a s a  fiinctio n o f  opportunit y 
we analyze d th e exces s move s a s a  proportio n o f  tota l 
moves .  Fo r  eac h tas k typ e th e mea n optima l  numbe r  o f 
moves wa s calculate d (14 5 fo r  higher-goal ;  4 6 fo r  no -
higher-goal )  an d subtracte d fro m eac h participant s tota l 
number  o f  move s t o giv e th e exces s moves .  Th e exces s 
moves a s a  proportio n o f  th e tota l  move s mad e wa s the n 
calculate d fo r  eac h participant .  Ther e wa s n o 
significan t  differenc e betwee n th e higher-goa l  grou p 
(A/=0.45 )  an d th e no-higher-goa l  grou p (A/=0.49 )  [F(l , 
16)=0.363,p=0.555 ,  MSE=O.0S] . 

Strategy Generation Higher goal constraints impacted 
upo n h o w soo n strategie s wer e generated .  Participant s 
occasionall y starte d t o complet e th e tas k b y workin g 
wit h individua l  shapes .  Mos t  howeve r  starte d workin g 
wit h on e ite m (compute r  o r  a  desk )  a t  a  time .  A  bette r 
strateg y wa s t o wor k wit h mor e tha n on e ite m a t  a  time . 
The mov e o n whic h thi s strateg y wa s firs t  use d wa s 
recorded .  Th e higher-goa l  conditio n (A/=197.9 )  worke d 
wit h mor e tha n on e ite m significantl y late r  o n tha n 
thos e i n th e no-higher-goa l  conditio n (A/=41.0) , 
F(  1,16) = 18.729,/><0.001 ,  A/5£ = 17227.6 . 

The fina l  progressio n i n strateg y us e wa s t o us e a n 
exponentia l  copyin g strategy .  A  mai n effec t  o f  tas k 
typ e o n th e m o v e whe n thi s strateg y wa s first  use d wa s 
foun d [F(l,16>=13.820 ,  /kO.01 ,  M 5 £ = 2 1072.3) ;  thos e 
wit h a  highe r  goa l  (A/=229.8 )  generate d th e strateg y 
late r  o n tha n thos e wit h n o highe r  goa l  (A/=8S.2) . 

However ,  whil e i n bot h task s th e earlies t  opportunit y 
t o us e eac h o f  th e strategie s wa s th e sam e (mov e 7) ,  th e 
overal l  opportunit y t o us e th e strategie s differe d 
betwee n tasks .  Thes e result s m a y therefor e reflec t 
eithe r  reduce d opportunit y o r  a  differen t  tas k focus . 

Experience 

At  th e star t  o f  th e experimen t  participant s ha d eithe r  n o 
experience ,  o r  ver y littl e experience ,  wit h th e drawin g 
function s i n Microsof t  PowerPoint . 
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Tabl e 1 :  Interactio n betwee n taa k typ e an d experience . 

High-Experienc e Low-Experienc e 

Measur e Higher-Goa l  No-Higher-Goa l  Higher-Goa l  No-Higher-Goa l 

Tota l  tim e take n t o complet e th e tas k 1060. S 
Tota l  move s take n t o complet e th e tas k 279. 0 

384. 3 
116. 0 

1630. 7 
750. 0 

458. 2 
118. 0 

Performanc e A  media n spli t  place d participant s i n 
eithe r  a  high-experienc e o r  low-experienc e group ,  base d 
upo n thei r  experienc e questionnair e score . 

A mai n effec t  o f  experienc e o n tim e take n t o perfor m 
th e tas k wa s foun d [F(l,16)=18.102 ,  /KO.OOl , 
A/5£=57457.4] .  Unsurprisingl y thos e wit h hig h 
experienc e (Af=696.4s )  performe d th e tas k faste r  tha n 
thos e wit h lo w experienc e (A/=1097.7s) .  High -
experienc e participant s (Af=191.2 )  als o performe d th e 
tas k usin g fewe r  move s tha n thos e i n th e low -
experienc e grou p (A/=254.0) ,  F(l,16)=9.395 ,  p<0.01 , 
M5£=7916.1 . 

Strategy Generation More interestingly, experience 
had a n effec t  o n h o w soo n efficien t  strategie s wer e 
generated .  Ther e wa s a  mai n effec t  o f  experienc e o n 
th e mov e participant s fu-s t  worke d wit h multipl e item s 
[F(l,16)=7.024 ,  p<0.05 ,  M5£=17227.6] .  High -
experienc e participant s generate d thi s strateg y 
(Af=87.1 )  earlie r  tha n thos e w h o ha d lo w experienc e 
(A/ = 157.7) .  Thos e wit h hig h experienc e (A/ = 122.2 ) 
als o generate d th e exponentia l  copyin g strateg y earlie r 
tha n thos e wit h lo w experienc e (A/ = 199.3) , 
/'(l,16)=5.856,p<0.05,A/S'£=21072.3 . 

Strategic Knowledge 

Performanc e A  media n spli t  place d participant s i n 
eithe r  a  high-strategic-knowledg e o r  low-strategic -
knowledg e group ,  base d upo n thei r  pre-tes t  strateg y 
score .  A  mai n effec t  o f  strategi c knowledg e 
[F(1,16)=I9.321 ,  p<0.001 ,  A/5£=7916.1 ]  foun d tha t 
high-knowledg e participant s (Af = 199.3 )  performe d th e 
tas k usin g fewe r  move s tha n thos e i n th e low -
knowledg e grou p (Af=240.8) . 

Interactions 

Ther e wa s a  significan t  interactio n betwee n experienc e 
and tas k typ e fo r  th e tota l  tim e take n t o perfor m th e tas k 
[F(l,16)=12.906 .  /KO.Ol ,  A/5'£=57457.4 ]  an d als o fo r 
th e tota l  numbe r  o f  move s take n t o perfor m th e tas k 
[F(l,16)=7.956 ,  p<0.05 ,  MSE=19\6.\ ]  (se e Tabl e 1) . 
Simpl e effect s test s reveale d tha t  wher e experienc e wa s 
low ,  th e presenc e o f  highe r  goa l  constraint s ha d a n 
effec t  o n th e tim e take n [Fs@a2(l,16)=6.575 ,  p<0.05 ] 
and move s mad e [FB@a2(l,16)=11.457 ,  p<0.05] . 
Simpl e effect s test s als o foun d tha t  experienc e ha d a 
greate r  effec t  o n tim e take n [F/<@67(1,16)=8.350 , 
p<0.05 ]  an d move s mad e [FA@bl(\,\6)=\23%2 , 

/KO.OS ]  wher e participant s wer e give n a  highe r  goal . 
However ,  thi s interactio n m a y hav e bee n du e t o a 
ceilin g effec t  i n th e performanc e o f  th e no-higher-goa l 
condition . 

Similarl y ther e wa s a n interactio n betwee n tas k typ e 
and strategi c knowledg e (se e Tabl e 2 )  fo r  th e numbe r  o f 
moves take n t o complet e th e tas k [F(l,16)=7.544 , 
/K0.05 ,  Af5'£=7916.1] .  Simpl e effect s test s reveale d 
tha t  strategi c knowledg e ha d a  greate r  effec t  wher e 
participant s wer e give n a  highe r  goa l  t o conside r 
[F.4@Z)/(1,16)=4.509 ,  p<0.05] .  However ,  agai n thi s 
interactio n m a y b e du e t o a  ceilin g effect . 

Table 2: Total moves taken to complete the task. 

High-Strategic -
Knowledg e 

Higher-Goa l 
No-Higher-Goa l 

262. 6 
72. 5 

Low-Strategic -
Knowledg e 

444. 3 
139. 0 

Spatia l  I Q 

A regressio n foun d tha t  spatia l  I Q ha d a  significan t 
influenc e o n th e tota l  niunbe r  o f  delete s an d undo s use d 
by a  participant ,  (P=-0.477 ,  ;K0.05) .  Thi s suggest s tha t 
thos e wit h a  hig h spatia l  I Q perfor m th e tas k mor e 
accuratel y tha n thos e wit h a  lo w spatia l  IQ ,  an d 
therefor e d o no t  nee d t o und o o r  delet e a s often .  Thos e 
wit h a  hig h spatia l  I Q m a y b e bette r  abl e t o pla n thei r 
actions ,  an d s o mak e fewe r  mistakes . 

Mental Representation of the Device 

The amoun t  o f  experienc e a  participan t  ha d o n othe r 
drawin g package s ha d a  significan t  influenc e o n thei r 
firs t  devic e representatio n questionnair e scor e 
(P=0.554 ,  p<0.01) .  A  regressio n foun d tha t  a 
participant' s scor e o n th e firs t  devic e representatio n 
questionnair e ( D R Q )  ha d a  significan t  influenc e o n th e 
tim e take n t o perfor m th e pre-tes t  (P=-0.484 ,  /K0.05) . 
The scor e tha t  participant s gaine d o n th e first  D R Q als o 
exerte d influenc e o n earl y improvemen t  i n th e numbe r 
of  move s mad e t o mak e eac h ite m i n th e mai n tas k 
(p=0.611,p<0.01) . 

Fro m thes e dat a w e ca n sugges t  tha t  previou s 
experienc e allow s mor e accurat e hypothese s abou t  th e 
operatio n o f  th e devic e t o b e develope d whil e th e 
participan t  answer s th e questionnaire .  Thi s 
representatio n the n support s th e generatio n o f  faste r  an d 
mor e efficien t  methods . 
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C a s e Stud y 

One cas e stud y demonstrate d a  particularl y stron g effec t 
of  havin g a  highe r  goal .  Initiall y  th e participan t  ha d 
lo w devic e knowledge ,  bu t  ha d a n averag e spatia l  I Q 
and previou s experienc e wit h compute r  packages .  Th e 
participan t  completed  th e pre-tcs t  tas k ver y quickl y an d 
use d a  ver y goo d strategy .  Th e strateg y use d i n th e pre -
tes t  involve d th e participan t  fencing ,  copyin g an d 
pastin g fou r  item s a t  once .  Howeve r  durin g th e mai n 
tas k wher e th e participan t  ha d t o desig n th e layou t  o f 
th e compute r  roo m an d stud y areas ,  h e di d no t  us e thi s 
strateg y o r  th e exponentia l  copyin g strategy .  Instea d h e 
fenced ,  copie d an d paste d eac h ite m on e b y one ,  thi s 
takin g hi m 41 7 move s (A/=220 )  an d 146 5 second s 
(A^880) .  I n thi s cas e i t  seem s tha t  th e presenc e o f  a 
highe r  goa l  actuall y inhibite d th e us e o f  a  know n an d 
previousl y use d strategy . 

Discussion 

W h en highe r  goa l  constraint s wer e presen t  participant s 
made mor e move s an d generate d ne w strategie s mor e 
slowly .  Thos e wit h highe r  goa l  constraint s mad e a t 
leas t  fou r  time s a s man y move s befor e generatin g mor e 
efficien t  strategies .  I n addition ,  thos e wit h lo w strategi c 
knowledg e o r  experienc e suffere d diminishe d 
performanc e an d too k nearl y twic e a s lon g t o generat e 
efficien t  strategies . 

Our  analysi s mdicate d tha t  th e effec t  o f  highe r  goa l 
constraint s wa s entirel y du e t o th e wa y i n whic h th e 
desig n tas k reduce d th e opportunit y fo r  th e us e o f  th e 
mor e efficien t  strategies .  Onc e opportunit y wa s 
accounte d for ,  highe r  goa l  constraint s ha d n o significan t 
effec t  o n th e numbe r  o f  move s made .  Thi s suggest s tha t 
highe r  goa l  constraint s migh t  no t  chang e th e abilit y  o f  a 
use r  t o generat e a n efficien t  strategy ,  rathe r  the y ma y 
chang e th e proble m suc h tha t  th e opportunit y t o us e 
efficien t  strategie s i s reduced .  User s wit h a  highe r  goa l 
m ay hav e demonstrate d adaptivit y t o opportunity . 

As opportunit y coul d accoun t  fo r  th e differenc e i n 
performanc e betwee n th e higher-goa l  an d no-higher -
goal  conditions ,  w e foun d n o evidenc e tha t  a  highe r 
wor k goa l  migh t  inhibi t  strateg y generation .  W e foun d 
no suppor t  fo r  th e hypothesi s tha t  user s becom e s o 
focuse d o n meetin g highe r  goa l  constraint s tha t  the y d o 
not  concer n themselve s wit h th e efficienc y o f  th e 
method s b y whic h the y complet e th e task .  However , 
fiirthe r  stud y i s require d t o asses s th e exten t  t o whic h 
strateg y generatio n migh t  b e inhibite d b y focu s o n 
highe r  goa l  constraint s whe n opportunit y i s hel d 
constant . 

We als o foun d n o evidenc e tha t  highe r  goa l 
constraint s inhibite d user s fro m takin g tim e ou t  t o lear n 
abou t  th e devic e (followin g fro m Carrol l  an d Rosson , 
1987) ,  a s participant s ver y rarel y use d th e on-lin e hel p 
and al l  group s concluded  th e experimen t  wit h simila r 

level s o f  devic e knowledge .  Mor e importantly ,  al l  th e 
strategie s wer e compose d o f  th e sam e know n 
componen t  procedures . 

Whil e th e rat e a t  whic h participant s generate d ne w 
strategie s wa s slowe d b y a  reductio n i n opportunit y i n 
th e higher-goa l  condition ,  mos t  participant s showe d a 
marke d improvemen t  i n th e efficienc y o f  th e strategie s 
tha t  the y wer e usin g a s th e experimen t  progressed . 
Further ,  a s participant s mad e littl e us e o f  th e on-lin e 
hel p an d di d no t  sto p performin g th e tas k t o explor e th e 
package ,  th e acquisitio n o f  devic e knowledg e mus t 
hav e occurre d whil e th e tas k wa s bein g completed . 

Together ,  ou r  result s sugges t  tha t  i t  ma y b e necessar y 
t o qualif y th e clai m tha t  peopl e ar e unwillin g t o tak e 
tim e ou t  lear n (Carrol l  an d Rosson ,  1987) .  Ou r 
fmdings ,  whil e laborator y bound ,  indicat e tha t  peopl e 
ar e willin g t o inves t  i n th e generatio n o f  mor e efficien t 
strategie s withi n th e bound s o f  wha t  the y discove r 
whil e usin g th e device .  The y m a y no t  g o t o a  manual , 
but  the y d o thin k abou t  th e wa y tha t  the y achiev e tasks , 
the y d o attemp t  t o explai n wha t  the y observe ,  an d the y 
do adap t  thei r  method s accordingly . 

Finally ,  ou r  finding s sugges t  tha t  Bhavnani ,  Joh n an d 
Flemming' s (1999 )  conclusio n tha t  peopl e d o no t 
generat e efficien t  strategie s withou t  instructio n ma y b e 
premature .  Ou r  participant s generate d efficien t 
strategie s withi n th e bound s o f  wha t  th e highe r  goa l 
constraint s allowed .  Thes e finding s sugges t  tha t  i t  ma y 
be beneficial ,  instea d o f  teachin g strategie s explicitly ,  t o 
encourag e strateg y generatio n durin g tas k performance . 
Whil e Bhavnani ,  Joh n an d Flemmin g (1999 )  argu e tha t 
strategie s nee d t o b e taught ,  i t  ma y b e better ,  i n th e lon g 
term ,  t o ensur e tha t  user s actuall y generat e th e strateg y 
themselves .  Evidenc e i n th e psychologica l  literatur e 
suggest s tha t  ther e ar e substantia l  advantage s t o self -
generatio n an d self-explanatio n (Chi ,  Bassok ,  Lewis , 
Reiman n an d Glaser ,  1989 ;  Bielaczyc ,  Piroll i  an d 
Brown ,  1995) . 
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h iLfc . " ^ 3 D 
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2.  0.25 m betwee n eac h compute r 
3.  O.S m behin d eac h stud y des k 

4.  Stud y desk s sid e b y sid e 
5.  0.5 m fo r  gangway s 
6.  Allo w spac e aroun d door s 

L L a 
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i l A T l A J 

O.Sm 

0.25 m 

148 computer a 
54 desk s 

I 

Compute r  R o o m 

Appendi x I :  Th e highe r  goa l  task .  Participant s wer e require d t o pla n th e layou t  o f  th e compute r  roo m an d stud y are a 
usin g th e item s provide d i n th e key . 
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Abstrac t 

Categories arc learned in many ways, but the focus of much 
categor y learnin g researc h ha s bee n o n classificatio n learning . 
I n classificatio n learning ,  th e diagnosticit y o f  feature s i s a 
primar y influenc e o n learnin g an d th e categor y representation . 
I n thi s paper ,  w e asses s thi s influenc e o f  diagnosticit y o n a 
differen t  mean s o f  categor y learning ,  inferenc e learning .  I n tw o 
expenments ,  eac h wit h a  differen t  dependen t  measure ,  w e foun d 
th e expecte d resul t  tha t  classificatio n learnin g le d t o stron g 
sensitivit y t o th e diagnosticit y o f  th e features ,  eve n t o th e 
exclusio n o f  prototypicalit y (^e n controlle d fo r 
diagnosticity) .  However ,  inferenc e learner s wer e significantl y 
les s sensitiv e t o th e diagnosti c valu e o f  th e features ,  an d wer e 
sensitiv e t o th e prototypicality .  Thi s resul t  provide s fiirthe r 
evidenc e fo r  th e ide a tha t  differen t  type s o f  categor y learnin g 
differentiall y  influenc e th e categor y representatio n an d 
provide s a  bette r  understandin g o f  inferenc e learning . 

Introduction 

Categorie s ar e critica l  fo r  a  wid e variet y o f  cognitiv e 
tasks ,  suc h a s classification ,  inference ,  explanation , 
communication ,  an d proble m solving .  Categor y learnin g 
reflect s ho w i t  i s  tha t  peopl e acquir e knowledg e o f  th e 
categorie s tha t  wil l  successfull y suppor t  thes e uses .  An y 
intelligen t  syste m tha t  extend s informatio n firo m specifi c 
example s t o othe r  relate d occurrence s need s t o accoun t  fo r 
th e processe s relate d t o categor y learning .  Thus ,  developin g 
an understandin g o f  categor y learnin g i s a n importan t 
researc h endeavo r  i n cognitiv e science . 

Althoug h categorie s ma y b e learne d i n a  numbe r  o f  ways , 
th e focu s o f  categor y learnin g researc h ha s bee n o n 
classification ,  ho w item s ar e assigne d t o categorie s (e.g. , 
Kruschke ,  1992 ;  Medi n &  Schaffer ,  1978 ;  Nosofsky ,  1986) . 
I n classificatio n learning ,  a  subjec t  i s show n a n item ,  aske d 
t o indicat e it s categor y membershi p (usuall y fro m a  se t  o f 
tw o possibl e categories) ,  give n feedbac k o n thei r  choice ,  an d 
the n allowe d t o stud y th e ite m befor e th e nex t  ite m i s 
presented .  Throug h th e learnin g trial s o f  thi s classificatio n 
task ,  th e subjec t  learn s wha t  item s g o int o wha t  category , 
thu s developin g a  categor y representatio n tha t  ca n b e use d 
late r  t o answe r  question s abou t  th e categor y member s o r  t o 
classif y nove l  items . 

Categor y learning ,  however ,  doe s no t  jus t  consis t  o f 
classificatio n learning .  W e lear n categorie s fo r  a  variet y o f 
purposes ,  an d ho w w e lear n categorie s i s ofte n tie d t o thes e 
uses .  Categor y learnin g i s base d o n no t  jus t  classification , 
but  o n inferenc e o r  explanatio n o r  proble m solvin g (amon g 
othe r  possibilities) .  A  complet e understandin g o f  categor y 
learnin g require s considerin g additiona l  categor y learnin g 
task s an d ho w the y influenc e th e categor y representation . 

The ide a underlyin g thi s researc h i s tha t  differen t  way s o f 
learnin g abou t  categorie s lea d t o differen t  categor y 
representations ,  an d tha t  ou r  real-worl d representation s ofte n 
deriv e fro m a  variet y o f  way s i n whic h categorie s ar e learne d 
and used .  Althoug h thi s notio n ha s a  certai n intuitiv e 
appeal ,  onl y a  smal l  numbe r  o f  categor y learnin g studie s 
hav e examine d it . 

One categor y learnin g tas k tha t  ha s receive d attentio n ove r 
th e las t  fe w year s i s inferenc e learnin g (Anderson ,  Ros s & 
Chin-Parker ,  2002 ;  Yamauchi ,  Lov e &  Markman ,  2002 ; 
Yamauchi  &  Markman ,  1998 ,  2000) .  I n thi s task ,  a 
classifie d ite m i s presente d wit h a  categor y featur e missin g 
and th e tas k o f  th e learne r  i s t o choos e th e appropriat e 
featur e fo r  tha t  item .  Fo r  example ,  i f  on e wer e makin g 
inference s abou t  differen t  type s o f  birds ,  on e migh t  b e give n 
a classifie d bir d (e.g. ,  yellow-nimpe d warbler )  wit h a 
number  o f  it s  feature s an d aske d t o choos e it s foo d 
preference .  Inferenc e i s a  critica l  componen t  o f  categor y use . 
Sinc e peopl e lea m abou t  categorie s a s the y mak e inference s 
and receiv e feedbac k o n thei r  predictions ,  inferenc e learnin g 
i s a  natura l  directio n t o follo w i n categor y learnin g research . 
Thi s tas k ha s als o bee n th e focu s o f  recen t  researc h becaus e 
i t  ha s man y similaritie s t o classificatio n learnin g an d i s 
formall y equivalen t  t o classificatio n i f  th e categor y labe l  i s 
treate d simpl y a s anothe r  featur e (Yamauch i  &  Markman , 
1998) . 

Diagnosticity 

A critica l  aspec t  o f  curren t  theorie s o f  classificatio n learnin g 
i s th e focu s o n th e diagnosticit y o f  th e features ,  ho w 
predictiv e the y ar e o f  categor y membershi p (Tversky ,  1977) . 
As peopl e lea m t o classif y categor y members ,  the y lea m t o 
atten d mor e t o thos e feature s tha t  hel p t o distinguis h th e 
categorie s (e.g. ,  Kruschke ,  1992) .  I n th e simpl e cas e i n 
whic h th e categorie s ma y b e distinguishe d o n th e basi s o f  a 
singl e feature ,  al l  th e attentio n ma y b e focuse d o n tha t 
feature .  Fo r  mor e comple x cases ,  th e attentio n i s distribute d 
acros s th e diagnosti c feature s t o maximiz e classificatio n 
performance . 

Inferenc e learning ,  however ,  ma y no t  lea d t o suc h a n 
exclusiv e attentio n t o diagnosti c features .  I n inferenc e 
learning ,  th e ite m i s alread y classified ,  s o th e learne r  ca n 
focu s o n tha t  categor y an d wha t  feahire s occu r  wit h 
members o f  tha t  category .  Thi s focu s o n a  singl e categor y a t 
a tim e make s informatio n abou t  th e prototypica l  featur e 
value s mor e availabl e (Anderso n e t  al. ,  2002 ;  Yamauch i  & 
Markman,  1998 ,  2000) .  Thi s informatio n abou t  th e 
prototypica l  featur e value s fo r  eac h categor y mean s tha t  th e 
categor y representatio n emphasize s th e interna l  stmctur e o f 
th e category ,  wha t  i t  i s  tha t  cohere s th e member s o f  th e 
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category .  Thi s focu s durin g inferenc e learnin g suggest s tha t 
differen t  informatio n abou t  th e categor y woul d b e acquire d 
durin g learnin g whe n compare d t o classificatio n learning . 

Current Experiments 

The goa l  o f  th e curren t  experiment s i s t o investigat e th e rol e 
of  diagnosticit y i n categor y learnin g wit h tw o differen t 
categor y learnin g tasks ,  classificatio n an d inference .  Base d 
on a  larg e bod y o f  previou s research ,  w e expec t  tha t 
diagnosticit y wil l  b e th e primar y influenc e i n classificatio n 
learning .  Thus ,  th e questio n o f  mos t  interes t  i s  h o w 
inferenc e learnin g i s affecte d b y featur e diagnosticit y (versu s 
th e interna l  structur e o f  th e category) .  Th e hypothesi s i s tha t 
inferenc e learnin g wil l  no t  lea d t o a s stron g a n influenc e o f 
diagnosticit y a s doe s classificatio n learning .  Thi s 
hypothesi s i s o f  importanc e fo r  tw o reasons .  First ,  i t 
question s a  majo r  assumptio n o f  curren t  model s o f  categor y 
learning ,  tha t  th e diagnosticit y o f  feature s i s th e mos t 
importan t  determinan t  o f  categor y learning .  Second ,  i t  help s 
t o provid e a  furthe r  understandin g o f  anothe r  typ e o f 
categor y learning ,  inferenc e learning . 

We use d a  c o m m o n categor y structure ,  famil y 
resemblance ,  a s show n i n Tabl e 1 .  I n thi s structure ,  th e 
prototyp e i s chose n an d th e learnin g item s fro m tha t 
categor y consis t  o f  item s tha t  ar e simila r  t o th e prototype , 
thoug h the y ma y b e differen t  fro m on e another .  I n th e 
experiment s reporte d here ,  al l  th e learnin g exemplar s matc h 
th e prototyp e o n al l  bu t  on e o f  th e features . 

The diagnosticit y o f  th e feature s i s manipulate d b y 
varyin g th e overla p o f  th e prototypes .  Wit h thi s 
manipulation ,  t o b e describe d i n detai l  fo r  eac h experiment , 
we coul d separatel y var y th e prototypicalit y o f  th e ite m 
(i.e. ,  h o w simila r  i t  wa s t o th e prototype ,  reflectin g th e 
interna l  structure )  an d th e diagnosticit y o f  th e feature s (i n 
term s o f  h o w predictiv e the y wer e o f  categor y membership , 
reflectin g th e relatio n o f  th e tw o categories) . 

Base d o n result s fro m previou s studies ,  w e ca n anticipat e 
some o f  th e result s o f  thes e experiments .  Classificatio n 
learner s shoul d sho w a  stron g effec t  o f  diagnosticity ,  bu t 
not  prototypicality .  W e als o kno w th e inferenc e learner s 
shoul d sho w a  sensitivit y t o prototypicality .  Th e questio n 
remain s t o b e answere d a s t o whethe r  th e inferenc e learner s 
wil l  sho w an y effec t  o f  diagnosticity .  I f  the y d o sho w a 
sensitivit y t o diagnosticity ,  i t  shoul d b e significantl y les s 
tha n tha t  o f  th e classificatio n learners . 

Experiment 1 

Experimen t  1  investigate d th e influenc e o f  diagnosticit y o n 
classificatio n an d inferenc e learnin g wit h a  forced-choic e tes t 
at  transfer .  Th e critica l  tes t  trial s varie d th e diagnosticit y 
and typicalit y t o examin e th e influenc e o f  th e learnin g 
conditions .  Th e categorie s learne d wer e fictiona l  "bugs" . 

The manipulatio n o f  diagnosticit y a s a  functio n o f 
prototyp e overla p ca n b e see n i n Tabl e 1 .  Th e targe t 
categor y i s th e on e o n th e left ,  th e Deeger s (prototyp e 
11111 ,  indicatin g a  particula r  se t  o f  value s fo r  eac h o f  th e 
fiv e binar y dimensions) .  Alon g wit h thi s category ,  subject s 
eithe r  learne d th e Lokad s (prototyp e 00011 )  o r  th e Koozle s 
(prototyp e 11000) .  Thos e feature s c o m m o n t o bot h 
prototype s ar e no t  diagnosti c becaus e the y d o no t  hel p on e 

Tabl e 1 :  Categor y Structur e fo r  Experimen t  1 . 

Loka d Koozl e 

Learnin g 
Exemplar s 

1111 0 
1110 1 
1101 1 
1011 1 
0111 1 

0001 0 
0000 1 
0011 1 
0101 1 
1001 1 

1100 1 
1101 0 
1110 0 
1000 0 
0100 0 

Prototyp e 1111 1 000I I 1100 0 

t o determin e categor y membership .  A s ca n b e seen ,  bot h 
contras t  categorie s overlappe d Deeger s o n tw o features ,  bu t 
tw o differen t  features .  Thus ,  fo r  subject s learnin g Deeger s 
and Lokads ,  th e las t  tw o feature s wer e no t  diagnostic , 
wherea s th e first  tw o wer e no t  diagnosti c fo r  th e subject s 
learnin g Deeger s an d Koozles .  B y varyin g th e tes t  feature s 
fo r  Deegers ,  w e ca n determin e th e exten t  t o whic h 
diagnosticit y i s  bein g used ,  a s describe d shortly . 

Method 

Desig n Ther e wer e tw o learnin g conditions ,  classificatio n 
learnin g an d inferenc e learning .  Withi n eac h learnin g 
conditio n hal f  o f  th e subject s learne d abou t  Deeger s an d 
Lokads ,  an d th e othe r  hal f  learne d abou t  Deeger s an d 
Koozles .  Th e positio n o f  th e bu g attribute s withi n th e 
categor y structur e wa s balance d acros s subjects .  Thi s 
resulte d i n a  tota l  o f  te n experimenta l  groups .  Withi n th e 
stud y an d transfe r  blocks ,  item s wer e randoml y presented . 

Subjects Fifty undergraduates fi-om the University of 
Illinoi s participate d fo r  eithe r  cours e credi t  o r  pay .  Te n 
subject s w h o di d no t  mee t  th e learnin g criterio n (tw o 
classification ,  eigh t  inference )  wer e replaced . 

Materials The materials were drawings of "bugs" labeled 
Deegers ,  Lokad s o r  Koozle s (se e Figur e 1) .  Thes e bug s 
varie d alon g th e binar y attribute s o f  thei r  antenna ,  legs ,  tail , 
bod y colorin g an d eyes . 

Eac h subjec t  learne d tw o categories ,  th e targe t  categor y 
(Deegers )  an d on e o f  th e tw o non-targe t  categorie s (eithe r 
Koozle s o r  Lokads) .  Th e abstrac t  structure s fo r  th e thre e 
categorie s ca n b e foun d i n Tabl e 1 .  Eac h o f  th e non-targe t 
categor y prototype s overlappe d wit h th e targe t  categor y 
prototyp e o n tw o features .  Th e feature s tha t  overlappe d wer e 

Figure 1: Example Prototypes for Bug Categories in 
Experimen t  O n e 

n 

Deeger Loka d Koozl e 
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not  predictiv e o f  categor y membershi p a s the y occurre d 
equall y ofte n i n eac h category .  Th e remainin g thre e feature s 
wer e diagnosti c i n tha t  the y occurre d 8 0 % o f  th e tim e wit h 
on e o f  th e categories .  Whethe r  a  particula r  featur e wa s a n 
overla p o r  diagnosti c featur e depende d o n whic h o f  th e tw o 
non-targe t  categorie s wa s learne d wit h th e Deege r  category . 
For  example ,  th e Deege r  specifie d b y 1111 0 wa s see n b y al l 
subject s durin g learning .  Fo r  a  subjec t  tha t  learne d th e 
Loka d categor y alon g wit h th e Deege r  category ,  th e firs t 
featur e wa s a  diagnosti c feature ,  i n tha t  i t  wa s consisten t 
wit h th e Deege r  prototyp e bu t  no t  th e Loka d prototype .  Fo r 
a subjec t  tha t  learne d th e Koozl e categor y alon g wit h th e 
Deeger  category ,  th e firs t  featur e wa s a n overla p featur e 
becaus e i t  occurre d i n bot h th e Koozl e an d Deege r 
prototypes .  Thi s desig n o f  th e categor y structure s allowe d 
th e sam e ite m t o var y i n term s o f  it s  diagnosticit y betwee n 
subjects ,  dependin g onl y o n th e categor y se t  learned ,  whil e 
th e ite m prototypicalit y remaine d constant . 

Tabl e 2  specifie s th e terminolog y use d t o describ e th e 
bugs .  Th e bug s varie d o n tw o dimensions ,  thei r  relatio n t o 
th e categor y prototyp e (prototypicality )  an d th e numbe r  o f 
diagnosti c feature s maintained .  Alon g th e firs t  dimension , 
ther e wer e thre e possibl e levels :  prototype ,  typica l  an d 
atypical ,  whic h indicate d whethe r  ther e wer e 5 ,  4 ,  o r  3 
feature s consisten t  wit h th e prototype .  Fo r  th e secon d 
dimension ,  th e ite m coul d maintai n 1 ,  2 ,  o r  3  o f  th e 
diagnosti c features .  Fo r  a  subjec t  tha t  learne d th e Deeger -
Loka d combination ,  1111 0 woul d b e a  typ 3 Deeger :  i t  i s 
typica l  becaus e i t  ha s fou r  feature s consisten t  wit h th e 
prototyp e 11111 ,  an d i t  ha s a  diagnosticit y o f  3  becaus e i t 
has al l  thre e o f  th e diagnosti c feature s fo r  Deege r  (111~) . 
However ,  fo r  a  subjec t  tha t  learne d th e Deeger-Koozl e 
combination ,  1111 0 woul d b e a  typ 2 Deeger :  agai n i t  i s 
typica l  becaus e i t  ha s fou r  o f  th e prototyp e features ,  bu t  n o w 
i t  onl y ha s 2  o f  th e diagnosti c feature s (—111) . 

Th e stud y item s wer e th e fiv e typica l  bug s fo r  eac h 
categor y bein g learned .  Fo r  th e classificatio n subjects ,  thes e 
bug s wer e alway s see n complete .  I n th e inferenc e condition , 
th e bug s wer e missin g on e featur e tha t  wa s consisten t  wit h 
th e prototype .  Th e inferenc e subject s als o sa w th e tw o 
possibl e feature s tha t  wer e choice s fo r  th e missin g feature . 

The transfe r  item s wer e pair s o f  bug s from a  give n 
category .  Ther e wer e tw o critica l  type s tha t  allowe d a n 
examinatio n o f  th e influenc e o f  diagnosticity :  typ/ty p an d 
typ/aty p items .  Th e si x typ/ty p transfe r  item s wer e pair s o f 
bug s tha t  wer e matche d i n prototypicalit y (bo A wer e 
typical )  bu t  varie d i n th e numbe r  o f  diagnosti c features .  O n e 
of  th e bug s i n th e pai r  woul d b e a  typ2 ,  whil e th e othe r  wa s 
a typ3 ,  th e specificatio n bein g dependen t  o n whic h categor y 

Table 2: Abbreviations for Items 

Prot o 
Typ 3 
Typ 2 
Atyp 3 
Atyp 2 
Atyp l 

# o f  Prototyp e 
Consisten t  Feature s 

5 
4 
4 
3 
3 
3 

# o f  Diagnosti c 
Feature s Maintaine d 

3 
3 
2 
3 
2 
1 

set  ha d bee n learned .  Th e typ/aty p pairing s varie d bot h i n 
term s o f  ho w man y feature s wer e consisten t  wit h th e 
categor y prototyp e an d th e numbe r  o f  diagnosti c features .  O f 
th e si x typ/aty p transfe r  items ,  thre e o f  th e pair s consiste d 
of  a  typ 2 an d a n atyp3 .  Thes e transfe r  item s pitte d typicalit y 
t o th e categor y prototyp e agains t  th e diagnosticit y o f  th e 
features .  Th e othe r  thre e pair s consiste d o f  a  typ 3 an d a n 
atypl .  Fo r  thes e pairs ,  bot h typicalit y an d diagnosticit y 
wer e i n agreemen t  a s t o whic h bu g wa s th e bette r  categor y 
member.  Th e conten t  o f  th e typ/aty p pair s wa s als o 
dependen t  o n th e categor y se t  learned ;  th e typ2/atyp 3 pai r 
fo r  someon e w h o learne d Deeger-Koozl e wa s th e typ3/atyp l 
pai r  fo r  someon e w h o learne d th e Deeger-Loka d set ,  an d 
vice-versa .  Th e critica l  typ/aty p pair s ar e th e typ2/atyp3 ,  bu t 
th e typ3/atyp l  pair s allo w ful l  counterbalancin g o f  items . 

Ther e wer e nin e additiona l  fille r  transfe r  pair s i n th e 
Deeger  task ,  a s wel l  a s 1 2 pair s fo r  th e othe r  categor y tha t 
di d no t  addres s th e issue s o f  interest . 

Procedure Subjects were given verbal instructions prior to 
th e stud y phase .  Al l  subsequen t  instruction s an d reminder s 
appeare d o n th e compute r  screen .  Learnin g an d testin g wer e 
don e o n Macintos h computer s usin g Psyscop e (Cohen , 
M a c W h i n n e y ,  Flatt ,  &  Provost ,  1993) .  Al l  subject s wer e 
debriefe d bot h verball y an d wit h a  writte n statemen t  a s t o 
th e genera l  inten t  o f  th e experiment . 

I n th e classificatio n condition ,  subject s sa w a  bu g 
presente d i n th e cente r  o f  th e screen .  Subject s indicate d 
whic h categor y the y though t  th e bu g belonge d t o b y 
pressin g th e " D "  ke y fo r  Deeger ,  th e " K "  ke y fo r  Koozl e o r 
th e " L "  ke y fo r  Lokad .  Feedbac k wa s give n a s t o whethe r 
th e choic e wa s correc t  o r  incorrect ,  an d th e subjec t  wa s 
show n th e bu g agai n alon g wit h th e correc t  nam e t o study . 
Thi s stud y tim e wa s self-paced .  Th e learnin g phas e 
continue d fo r  a  m in imu m o f  fou r  blocks ,  te n exemplar s pe r 
block ,  unti l  th e subjec t  wa s abl e t o correctl y identif y nin e o f 
th e te n bug s withi n a  block . 

I n th e inferenc e condition ,  th e subject s wer e presente d 
wit h a n incomplet e bu g (on e o f  th e fiv e attribute s wa s 
absen t  fro m th e bu g picture )  centere d o n th e screen .  Th e 
categor y labe l  wa s presente d t o th e lef t  o f  th e bug ,  an d th e 
tw o possibl e feature s fo r  th e missin g attribut e wer e 
presente d o n th e righ t  sid e o f  th e screen ,  on e abov e th e 
other .  Th e subjec t  indicate d a  choic e b y clickin g th e mous e 
on on e o f  th e tw o features .  Th e positio n o f  th e correc t 
featur e wa s randomize d acros s learnin g trials .  Feedbac k wa s 
given ,  an d self-pace d stud y tim e wa s allowed .  Th e learnin g 
criteri a wer e th e sam e a s i n th e classificatio n condition . 

Followin g learning ,  al l  subject s complete d th e sam e 
force d choic e test .  N o feedbac k wa s give n t o th e subject s 
durin g th e transfe r  phase .  Eac h subjec t  complete d th e targe t 
(Deeger )  tes t  first.  Subject s sa w tw o possibl e Deeger s o n th e 
screen ,  on e centere d o n th e right-hand  sid e o f  th e scree n an d 
th e othe r  centere d o n th e left-han d sid e o f  th e screen .  Belo w 
th e picture s appeare d th e question ,  "Whic h o f  thes e bug s i s 
most  fypical  o f  a  Deeger? "  Onc e th e subjec t  clicke d o n on e 
of  th e pictures ,  a  bo x appeare d aroun d th e choic e an d th e 
prio r  questio n wa s replace d b y " H o w confiden t  ar e yo u o f 
you r  choice? "  alon g wit h a  numbe r  scal e goin g fro m on e 
(guessing )  t o seve n (ver y sure) .  Th e subjec t  clicke d o n a 
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number  t o indicat e hi s o r  he r  confidence .  Onc e th e targe t 
categor y transfe r  wa s completed ,  th e subjec t  wa s informe d 
tha t  th e sam e typ e o f  question s woul d b e aske d abou t  th e 
othe r  bu g category .  Th e procedur e fo r  th e non-targe t 
categor y tnuufe r  wa s identical . 

Results and Discussion 

For  th e typ/ty p transfe r  items ,  th e mea n proportio n o f 
choic e fo r  th e typ 3 Deege r  wa s calculated .  Also ,  th e mea n 
confidenc e score s wer e determined ;  confidenc e score s whe n 
selectin g th e typ 2 wer e multiplie d b y - 1 (n o preferenc e 
betwee n th e bug s woul d resul t  i n a  mea n confidenc e o f 
zero) .  Thes e result s examin e h o w importan t  th e 
diagnosticit y wa s t o eac h conditio n whe n th e prototypicalit y 
i s  hel d constant .  Th e classificatio n learner s chos e th e bu g 
wit h mor e diagnosti c feature s wel l  abov e chanc e ( m =  .79) , 
t(\9 )  =  4.74 ,  p  <  .01 ,  whil e th e inferenc e learner s di d no t 
( m =  .56) ,  r(19 )  <  1 .  Thes e result s ar e als o reflecte d i n th e 
grou p confidenc e ratings .  Th e classificatio n learners ' 
confidenc e ratin g ( m =  3.44 )  wa s significantl y greate r  tha n 
0,  r(I9 )  =  5.38 ,  p  <  .01 ,  whil e th e inferenc e mea n 
confidenc e ratin g ( m =  0.70) ,  wa s not ,  ̂ (19 )  =  1.22 ,  p  > 
.10 .  Th e proportio n o f  th e classificatio n learner s w h o chos e 
th e typ 3 bu g ove r  th e typ 2 bu g wa s significantl y greate r 
tha n th e proportio n o f  inferenc e learners ,  f(38 )  =  2.70 ,  p  < 
.01 .  Th e mea n confidenc e scor e o f  th e classificatio n learner s 
was als o significantl y differen t  fro m th e scor e o f  th e 
inferenc e learners ,  f(38 )  =  3.19,p < .01 . 

For  th e typ/aty p items ,  th e mea n proportio n o f  time s th e 
typica l  Deege r  wa s chose n ove r  th e atypica l  Deege r  wa s 
determined .  Th e mea n confidenc e ratin g wa s calculate d b y 
multiplyin g th e confidenc e score s whe n choosin g th e 
atypica l  bu g b y -1 .  O f  interes t  ar e th e bu g pair s tha t  pitte d 
typicalit y agains t  diagnosticity ,  th e typ2/atyp 3 pairs ; 
choosin g th e typ 2 bu g mean t  tha t  overal l  typicalit y t o th e 
prototyp e wa s o f  primar y importanc e whil e choosin g th e 
atyp 3 bu g indicate d tha t  diagnosticit y wa s drivin g th e 
decision .  Th e classificatio n learner s chos e th e typ 2 bu g ( m 
= .35 )  marginall y les s tha n th e inferenc e learner s ( m =  .57) , 
f(38 )  =  1.81 ,  / > <  .10 .  However ,  th e mea n confidenc e scor e 
fo r  th e classificatio n learner s (-2.22 )  wa s significantl y lowe r 
tha n tha t  o f  th e inferenc e learner s (0.76) ,  r(38 )  =  2.49 ,  p  < 
.05 . 

For  bot h transfe r  measures ,  th e typ/ty p an d typ/aty p 
items ,  th e classificatio n learner s showe d significantl y mor e 
dependenc e o n diagnosti c informatio n tha n th e inferenc e 
learner s whe n makin g decision s abou t  th e categor y 
members.  I n th e typ/ty p measure ,  th e inferenc e learner s di d 
not  sho w a n influenc e o f  diagnosticity .  Th e typ/aty p result s 
ar e mor e difficul t  t o asses s i n thi s regar d sinc e ther e i s n o 
clea r  baselin e t o compar e performanc e to .  Thes e result s 
sho w a  clea r  differenc e i n th e rol e o f  diagnosticit y fo r  th e 
tw o differen t  type s o f  categor y learning . 

Experiment 2 

Experimen t  2  examine d th e sam e issues ,  bu t  ha d thre e 
difference s from  Experimen t  1  t o increas e generalit y an d th e 
number  o f  critica l  observations .  First ,  durin g transfer ,  a 
typicalit y ratin g tas k wa s use d rathe r  tha n a  forced-choic e 
task .  Second ,  t o allo w u s t o us e al l  th e transfe r  dat a t o tes t 

Tabl e 3 :  Categor y Structur e fo r  Experimen t  2 

Learnin g 
Exemplar s 

Deeger 

1111 0 
1110 1 
1101 1 
1011 1 
0111 1 

Loka d 

0001 0 
0000 1 
0011 1 
0101 1 
1001 1 

Koozl e 

1100 1 
1101 0 
1110 0 
1000 0 
0100 0 

Himli t 

1010 0 
1011 1 
1000 1 
1110 1 
0010 1 

Prototyp e 1111 1 0001 1 1100 0 1010 1 

th e hypothesis ,  w e change d th e desig n s o tha t  eac h categor y 
had a  critica l  contras t  (se e Tabl e 3) .  A s before ,  on e subjec t 
migh t  lear n Deeger s an d Lokads ,  wherea s anothe r  learne d 
Deeger s an d Koozles .  However ,  b y addin g tw o mor e 
counterbalancin g group s (Himli t  an d Lokads ,  Himli t  an d 
Koozles) ,  al l  th e categorie s ha d critica l  tes t  items .  Third , 
althoug h th e item s wer e agai n fictitious  bugs ,  n e w feature s 
wer e constructed . 

Method 

Desig n A s i n Experimen t  1 ,  ther e wer e a  classificatio n an d 
an inferenc e condition .  Ther e wer e fou r  possibl e categor y 
combination s a  subjec t  coul d lear n [Deeger-Koozle ,  Deeger -
Lokad ,  Himlit-Koozle ,  Himlit-Lokad] .  Withi n eac h possibl e 
combination ,  ther e wa s a  balancin g a s t o th e orde r  o f  th e 
categorie s presente d durin g th e typicalit y ratin g task .  Th e 
presentatio n o f  item s withi n bot h stud y an d transfe r  block s 
was random . 

Subjects Sixty-one undergraduates from the University of 
Illinoi s participate d fo r  eithe r  cours e credi t  o r  pay .  O n e 
subject' s dat a wer e los t  du e t o a  compute r  erro r  an d 1 2 
subject s (fiv e inference ,  seve n classification )  wer e replace d 
w ho di d no t  mee t  th e learnin g criterion . 

Materials The materials for this experiment were again 
drawing s o f  "bugs "  (Deegers ,  Himlits ,  Koozle s an d Lokads ) 
tha t  consiste d o f  five  binar y attributes :  legs ,  wing ,  eyes , 
antenna ,  an d tail .  Acros s subjects ,  eac h attribut e wa s 
balance d a s t o whethe r  i t  serve d a s a n overla p o r  diagnosti c 
attribute .  Th e bug s see n durin g learnin g wer e th e five 
typica l  bug s (on e featur e o f  eac h wa s no t  consisten t  wit h th e 
prototype )  fro m eac h o f  th e tw o categorie s bein g learned , 
and the y wer e presente d a s i n Experimen t  1 . 

Th e typicalit y ratin g tas k consiste d o f  1 6 bug s fo r  eac h 
categor y learned .  Fiv e o f  th e bug s wer e th e typica l  bug s 
(on e inconsisten t  featur e each )  whic h ha d bee n see n durin g 
learning .  Th e othe r  1 1 bug s wer e nove l  t o th e subjec t  a t  th e 
tim e o f  th e typicalit y ratin g task .  Thes e bug s consiste d o f 
th e categor y prototyp e alon g wit h 1 0 atypica l  bugs ,  eac h o f 
whic h ha d tw o feature s tha t  wer e inconsisten t  wit h th e 
prototype .  Th e level s o f  prototypicalit y an d diagnosticit y 
wer e specifie d a s i n Experimen t  1  (refe r  t o Tabl e 2) . 

Procedure The procedures during the learning phase for this 
experimen t  wer e ver y simila r  t o thos e i n Experimen t  1 .  Th e 
primar y difference s wer e tha t  th e classificatio n subject s use d 
th e mous e t o clic k o n th e categor y labe l  an d th e stud y tim e 
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was restricte d t o tw o second s pe r  bug .  Th e learnin g criteri a 
wer e th e sam e a s Experimen t  1 . 

Followin g th e learnin g phase ,  th e subject s wer e give n 
instruction s o n th e compute r  scree n explainin g th e typicalit y 
ratin g task .  Durin g thi s task ,  a  singl e bu g appeare d centere d 
on th e scree n alon g wit h th e question ,  " H o w typica l  i s  thi s 
bu g o f  a  [Deeger ,  Himlit ,  Koozic ,  Lokad]? "  Underneat h th e 
pictur e wer e th e number s from  on e ("No t  a t  al l  typical" )  t o 
seve n ("Ver y typical") .  Th e subjec t  indicate d thei r  ratin g o f 
eac h bu g b y clickin g th e mous e o n on e o f  th e numbers . 

Results and Discussion 

W h at  influence s th e typicalit y rating s fo r  th e tw o learnin g 
groups :  diagnosticity ,  prototypicalit y o r  both ? Th e shor t 
answe r  i s tha t  th e rating s o f  classificatio n learner s wer e 
influence d onl y b y diagnosticity ,  wherea s bot h diagnosticit y 
and prototypicalit y affecte d th e rating s o f  th e inferenc e 
learners . 

The grou p mean s fo r  eac h o f  th e bu g type s ar e provide d i n 
Tabl e 4 .  Th e effec t  o f  diagnosticit y become s clea r  whe n th e 
colum n mean s ar e examined .  Collapsin g acros s th e level s o f 
prototypicality ,  i t  i s  eviden t  tha t  classificatio n learner s 
showe d a  larg e effec t  o f  diagnosticity ,  wherea s inferenc e 
learner s showe d som e effect ,  bu t  a  smalle r  one .  Th e 
A N O VA support s thi s interpretatio n wit h n o mai n effec t  o f 
learning ,  F(l ,  46 )  <  1 ,  a  significan t  mai n effec t  o f 
diagnosticity ,  F{2 ,  92 )  =  147.87 ,  p  <  .001 ,  an d a n 
interactio n betwee n th e factors,F(2 ,  92 )  =  13.17 ,  p  <  .001 . 
As ca n b e see n a t  th e colum n m e a n leve l  (an d als o withi n 
eac h row) ,  th e los s o f  a  diagnosti c featur e reduce d typicalit y 
rating s almos t  l .S(on a 1- 7 scale )  fo r  th e classificatio n 
learners ,  wherea s i t  ha d m u c h les s o f  a n effec t  o n inferenc e 
learner s . 

Th e effec t  o f  prototypicalit y require s a  mor e carefu l 
examination .  Collapsin g ove r  th e diagnosticit y levels ,  th e 
tw o learnin g condition s sho w ver y simila r  ro w means , 
supporte d b y th e A N O V A indicatin g tha t  ther e i s n o mai n 
effec t  o f  learnin g condition ,  F\l ,  46 )  <  1 ,  a  significan t  effec t 

Table 4: Mean Typicality Ratings from Experiment 2 

Classificatio n Learner s 

N u m b er  o f  Diagnosti c Feature s 

3 2  1  mea n 

Prototyp e 5.9 2 5.9 2 

Typica l  5.9 8 4.3 9 5.0 2 

Atypica l  5.8 8 4.5 1 2.9 3 4.1 8 

5.9 4 4.4 7 2.9 3 

Inference Learners 

N u m b er  o f  Diagnosti c Feature s 

3 2  1  mea n 

Prototyp e 6.0 6 6.0 6 

Typica l  5.2 4 4.9 8 5.0 8 

Atypica l  4.6 3 4.0 7 3.6 6 4.0 0 

5.2 9 4.3 7 3.6 6 

of  prototypicality ,  f (2 ,  92 )  =  102.96 ,  p  <  .001 ,  an d n o 
interactio n betwee n th e two ,  F{2 ,  92 )  <  1 .  Howeve r ,  th e 
differenc e betwee n condition s i s hidde n b y th e fac t  tha t 
prototypicalit y i n thi s analysi s i s confounde d wit h 
diagnosticit y a s ca n b e see n i n Tabl e 4 .  Fo r  classificatio n 
learners ,  withi n eac h colum n ther e i s n o effec t  o f 
prototypicality .  Fo r  example ,  a s lon g a s th e ite m ha s al l 
thre e diagnosti c features ,  th e ratin g give n b y th e 
classificatio n learner s doe s no t  depen d a t  al l  o n whethe r  i t 
has th e tw o non-diagnosti c feature s consisten t  wit h th e 
prototyp e (prototype ,  5.92) ,  jus t  on e o f  the m (typical , 
5.98) ,  o r  neithe r  o f  the m (atypical ,  5.88) .  A  simila r  resul t  i s 
see n wit h th e item s tha t  maintaine d tw o diagnosti c features ; 
on average ,  th e classificatio n learner s actuall y rate d th e 
atypica l  item s 0.1 2 highe r  tha n th e typica l  items .  However , 
inferenc e learner s sho w larg e effect s o f  prototypicalit y a t 
eac h leve l  o f  diagnosticity .  Fo r  th e tes t  item s wit h al l  thre e 
diagnosti c features ,  eac h non-diagnosti c featur e make s a 
differenc e o f  abou t  0.7 .  Th e inferenc e learner s droppe d thei r 
typicalit y ratin g abou t  0. 9 w h e n a  non-diagnosti c featur e 
was remove d from  th e item s tha t  maintaine d tw o diagnosti c 
features . 

Thus ,  i n Experimen t  2 ,  th e typicalit y rating s o f 
classificatio n learner s wer e influence d onl y b y diagnosticity , 
wherea s bot h diagnosticit y an d prototypicalit y affecte d th e 
rating s o f  inferenc e learners . 

General Discussion 

Th e diagnosticit y o f  feature s play s a  critica l  rol e i n curren t 
theorie s o f  categor y learning .  Thes e experiment s 
investigate d th e rol e o f  diagnosticit y fo r  tw o differen t  mean s 
of  categor y learning ,  classificatio n an d inference ,  an d foun d 
an importan t  difference .  Fo r  bot h experiments ,  classificatio n 
learner s relie d o n th e diagnosti c feature s whe n makin g 
decision s abou t  categor y members .  Inferenc e learner s wer e 
sensitiv e t o bot h th e diagnosticit y o f  th e feature s (althoug h 
much les s s o tha n th e classificatio n learners )  an d th e 
relationshi p o f  th e ite m t o th e categor y prototype .  Thes e 
result s indicat e tha t  thes e tw o differen t  way s o f  categor y 
learnin g lea d t o differen t  emphase s i n th e categor y 
representation .  Yamauchi ,  Love ,  an d Markma n (2002) , 
usin g a  non-linearl y separabl e categor y structure ,  als o foun d 
tha t  inferenc e learner s di d no t  sho w a n effec t  o f  featur e 
diagnosticity ,  whil e th e classificatio n learner s did ,  whe n 
predictin g missin g feature s o f  item s followin g learning . 

Th e result s o f  thi s stud y rul e ou t  th e stron g hypothesi s 
tha t  th e inferenc e learner s woul d no t  b e a t  al l  sensitiv e t o 
th e diagnosti c valu e o f  th e features .  However ,  thi s 
conclusio n need s t o awai t  furthe r  researc h fo r  tw o reasons . 
First ,  ther e wer e onl y tw o categories ,  s o th e probabilit y  tha t 
cross-categor y comparison s migh t  b e m a d e (e.g. ,  abou t  th e 
interna l  structur e learne d b y inference )  wa s probabl y m u c h 
greate r  tha n i n m a n y m o r e realisti c situations .  W h e n w e 
lear n abou t  item s ther e i s normall y no t  suc h a n obviou s an d 
closel y relate d contrastin g categor y bein g learned .  Second ,  i t 
i s  possibl e tha t  som e o r  al l  o f  thi s influenc e occurre d a t  test . 
For  example ,  th e effec t  o f  diagnosticit y i n inferenc e learnin g 
was mos t  eviden t  whe n th e item s wer e les s typica l  categor y 
members .  Sinc e thes e item s woul d hav e ha d mor e feature s 
i n c o m m o n wit h th e non-targe t  category ,  thei r  presenc e m a y 
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hav e prompte d th e inferenc e learner s t o conside r  tha t  othe r 
categor y (althoug h i t  wa s no t  necessar y t o d o give n th e 
desig n o f  th e transfe r  tasks) .  Again ,  thi s seem s t o b e muc h 
les s likel y i n mor e realisti c categor y situations .  I t  i s 
importan t  t o kee p i n min d tha t  althoug h th e inferenc e 
learner s di d sho w som e sensitivit y t o th e diagnosticit y o f 
th e features ,  i t  wa s sometime s tin y an d alway s significantl y 
les s tha n th e classificatio n learners .  Despit e thes e 
possibilities ,  i t  i s importan t  tha t  futur e researc h mor e full y 
examin e ho w th e categor y representatio n i s influence d b y 
inferenc e learning . 

I t  i s  als o interestin g t o conside r  th e classificatio n learners . 
Thei r  lac k o f  sensitivit y t o th e non-diagnosti c feature s tha t 
wer e par t  o f  th e prototyp e suggest s a n extrem e focu s i n th e 
representatio n the y develop .  Othe r  result s als o poin t  ou t 
some difficultie s tha t  aris e from  categor y learnin g base d 
solel y o n classification .  Yamauch i  an d Markma n (1998 , 
Exp.  2 )  foun d tha t  varyin g th e orde r  o f  classificatio n an d 
inferenc e learnin g resulte d i n a  situatio n wher e a  bloc k o f 
classificatio n learnin g prio r  t o inferenc e learnin g wa s no t 
beneficia l  (althoug h inferenc e learnin g prio r  t o classificatio n 
learnin g was) .  Chin-Parke r  an d Ros s (i n press )  showe d tha t 
classificatio n learner s wer e no t  sensitiv e t o within-categor y 
correlation s wherea s inferenc e learner s wer e sensitiv e t o thi s 
relationa l  structure .  Anderso n e t  al .  (2002 )  als o foun d tha t 
classificatio n learner s wer e les s accurat e tha n inferenc e 
learner s whe n classifyin g individua l  feature s o f  categor y 
members.  Thes e line s o f  researc h sugges t  tha t  classificatio n 
learnin g ma y lea d t o a  categor y representatio n tha t  i s goo d 
at  determinin g categor y membershi p o f  item s bu t  i s 
impoverishe d wit h regard s t o othe r  categor y information . 

The questio n remain s a s t o wh y classificatio n an d 
inferenc e learnin g lea d t o suc h differen t  categor y 
representations .  Eve n thoug h th e tw o learnin g task s ca n b e 
considere d formall y equivalent ,  the y impos e ver y differen t 
demands o n th e learner .  I n th e classificatio n learnin g task ,  a 
subjec t  i s show n a n ite m an d predict s th e categor y labe l 
usin g th e availabl e information .  I f  a  piec e o f  informatio n i s 
not  diagnostic ,  suc h a s "flying "  whe n learnin g t o 
distinguis h bird s an d bats ,  i t  i s  no t  importan t  an d no t 
incorporate d int o th e categor y representation .  Th e curren t 
experiment s an d forma l  modelin g (Krushke ,  1992 )  hav e 
shown tha t  diagnosticit y i s th e primar y concer n durin g 
classificatio n learning .  A s note d earlier ,  th e inferenc e 
learnin g tas k focuse s th e learne r  o n a  singl e category , 
promotin g th e acquisitio n o f  informatio n abou t  th e interna l 
structur e o f  tha t  category .  Thi s woul d mak e th e inferenc e 
subject s sensitiv e t o wha t  ar e th e mos t  likel y feature s give n 
th e categor y membership .  I f  a n ite m i s labele d a s a  "bird " 
and the n a  predictio n i s mad e abou t  ho w i t  wil l  ge t  fro m 
one tre e t o another ,  th e correc t  predictio n woul d mos t 
likel y b e "flying" ,  an d tha t  piec e o f  informatio n i s 
incorporate d int o th e categor y representation .  Recognitio n o f 
th e feature s tha t  distinguis h bird s fro m bat s i s no t  importan t 
i n thi s situation ,  s o thos e diagnosti c feature s woul d no t  b e 
made salient . 

A majo r  challeng e no w wil l  b e t o formaliz e th e 
difference s tha t  exis t  betwee n th e variou s mean s o f  categor y 
learnin g an d t o incorporat e tha t  informatio n int o a  categor y 
learnin g model .  Suc h a  mode l  woul d b e usefu l  fo r  an y 

endeavo r  withi n th e cognitiv e science s concerne d wit h 
learnin g from  pas t  experience . 

I n closing ,  i t  i s  importan t  t o remembe r  tha t  whe n w e 
lear n abou t  categorie s i n mor e realisti c  situations ,  i t  i s b y a 
combinatio n o f  differen t  tasks ,  suc h a s classification , 
inference ,  an d explanation .  Th e limite d representatio n tha t  i s 
develope d a s a  resul t  o f  classificatio n learnin g doe s no t 
appea r  t o b e muc h lik e th e flexible,  dynami c representation s 
tha t  underli e ou r  knowledg e o f  rea l  worl d categories . 
However ,  th e sam e ma y b e tru e o f  a  categor y representatio n 
tha t  i s develope d a s a  resul t  o f  an y singl e categor y learnin g 
task .  I t  ma y th e combinatio n o f  variou s learnin g task s tha t 
create s a  flexible  an d dynami c representation .  T o understan d 
categor y learnin g a s i t  exist s outsid e o f  th e laboratory ,  w e 
ar e goin g t o hav e t o develo p a  mor e integrate d approac h t o 
categor y learnin g (e.g. ,  Solomon ,  Medin ,  &  Lynch ,  1999) . 
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Abstrac t 

Comprehension monitoring and regulation in a distance 
learnin g situatio n wer e examine d i n compariso n t o individua l 
learnin g throug h a n error-detectio n paradigm .  Th e 
collaborativ e learnin g conditio n produce d significantl y bette r 
learnin g an d monitoring .  Thes e result s wer e interprete d a s th e 
effec t  o f  regulative  interactio n i n th e collaboration .  Then ,  th e 
^ecifi c  interaction s o f  3  goo d an d 3  poo r  pair s wer e 
contraste d t o examin e thei r  interactio n patter n i n term s o f 
monitorin g an d regulation.  Th e result s showe d tha t  th e goo d 
pair s ha d a  highe r  leve l  o f  monitorin g an d regulative 
interaction .  Als o \^e n th e goo d an d poo r  group s successfull y 
monitore d comprehensio n failure ,  th e poo r  group s 
implemente d les s effectiv e regulation  strategies . 

To understand text, learners need to integrate successively 
encountere d informatio n from  tha t  tex t  int o a  coheren t  an d 
well-integrate d (mental )  representatio n (Kintsch ,  1998) . 
Accordin g t o Kintsc h thi s comprehensio n proces s proceed s 
i n a  piecemea l  way ,  sequentiall y  developin g a  bigge r  an d 
mor e coheren t  repres îtation .  Thi s proces s tend s t o b e pron e 
t o error s suc h a s representatio n o f  incorrec t  informatio n 
and/o r  misrepresentatio n o f  correc t  informatio n du e t o 
omissions ,  inconsistencies ,  and/o r  anomalou s an d unclea r 
text .  W h e n thes e comprehensio n failure s occur ,  learner s 
shoul d b e abl e t o us e metacognitiv e monitorin g t o detec t  th e 
failure s an d regulatio n strategie s t o repai r  the m an d thu s 
construc t  a  mor e coheren t  understandin g o f  th e tex t  i n orde r 
not  t o en d wit h a  lac k o f  understandin g o r  misunderstanding . 

However ,  despit e di e significanc e o f  monitorin g an d 
regulatio n strategie s t o tex t  understanding ,  learner s ten d t o 
fai l  t o detec t  thei r  o w n misunderstanding s (Markman ,  1979) , 
ignor e incorrec t  informatio n (Oter o &  Kintsch ,  1992) ,  an d 
overestimat e thei r  o w n understanding s (Glenberg , 
Wilkinson ,  &  Epstein ,  1982 )  an d capabilitie s (Pressele y & 
Ghatala ,  1990) .  Learner s ar e to o ofte n satisfie d wit h diei r 
fault y understandin g t o challeng e give n task s an d henc e fai l 
t o trigge r  regulatio n processes .  Accordingly ,  variou s effort s 
suc h a s metacognitiv e strateg y training ,  settin g u p explici t 
comprehensio n goals ,  o r  self-generatin g feedbac k hav e bee n 
m a de t o improv e learners '  comprehension . 

Considerin g tha t  effectiv e learnin g ofte n take s plac e i n 
socia l  settings ,  an d tha t  individua l  learners '  comprehensio n 
coul d b e affecte d b y thei r  peers '  comprehension ,  i t  seem s 
worthwhil e t o examin e comprehensio n monitorin g an d 
regulatio n i n collaborativ e learnin g situations .  M o r e 

specifically ,  comprehensio n monitorin g an d regulatio n see m 
especiall y critica l  i n distanc e collaboratio n situation s wher e 
a lo t  o f  learnin g take s plac e from  text .  Therefore ,  th e goal s 
of  thi s researc h ar e t o examin e whethe r  distanc e 
collaboratio n improve s individuals '  con^rehensio n 
monitorin g an d regulatio n abilities ,  a s wel l  a s th e condition s 
tha t  m a k e distanc e collaboratio n produc e effectiv e o r 
ineffectiv e tex t  comprehension . 

Monitoring and Regulation in Collaboration 

Monitorin g an d regulatio n hav e bee n considere d critica l 
i n effectiv e face-to-fac e collaboratio n becaus e the y hel p 
learner s construc t  a  mor e coheren t  understanding .  First , 
externalizin g thinkin g an d understandin g throug h 
communicatio n migh t  hel p collaborator s bette r  monito r  an d 
regulat e thei r  performanc e (Miyake ,  1997 )  becaus e i t  cause s 
thinkin g an d understandin g t o becom e object s tha t  ca n b e 
sharabl e an d manipulabl e betwee n collaborator s (Miyake , 
1986) .  Whil e learner s workin g alon e ar e ofte n subjec t  t o 
self-confirmatio n bias ,  learner s ca n benefi t  from  workin g 
wid i  peer s diank s t o a  'checkin g mechanism '  i n 
collaboratio n (Miyake ,  1986 )  tha t  advance s comprehensio n 
monitorin g an d regulation .  Second ,  th e divisio n o f  cognitiv e 
processe s i n collaboratio n (Dillenbourg ,  Baker ,  Blaye ,  & 
O'Malley ,  1995 )  m a y pla y a  par t  i n improvin g monitorin g 
and regulatio n i n collaboration .  Fo r  exan^le ,  on e pee r 
migh t  tak e th e rol e o f  leader ,  whil e anothe r  pee r  migh t  tak e 
th e rol e o f  monito r  (e.g .  Miyake ,  1986) .  I n th e proces s o f 
collaboration ,  m a n y error s m a d e ar e detecte d an d correcte d 
by partner s (Miyake ,  1986 ;  Resnic k &  Sahnon ,  1993) .  Also , 
Karabenic k (1996 )  recentl y showe d tha t  learner s m a y hav e 
bette r  comprehensio n monitorin g afte r  receivin g question s 
from  coleamers .  Third ,  comprehensio n monitorin g an d 
regulatio n coul d b e easil y implemente d whe n peer s hav e 
conflictin g perspectives .  A s Piaget' s socio-cognitiv e 
conflic t  dieor y suggests ,  collaboratin g individual s wit h 
differen t  understanding s o f  th e sam e tas k m a y advanc e thei r 
understandin g i n th e proces s o f  resolvin g diei r  differences . 
Fourth ,  regulatin g comprehensio n problem s seem s 
fundamenta l  t o collaboratio n processe s becaus e th e 
regulatio n proces s i n collaboratio n m a y b e activate d 
automaticall y (Schegloff ,  1991) ,  an d incorrec t  element s o f 
thei r  representatio n migh t  Uie n b e fixed  throug h 
conununicativ e interaction s suc h a s engage d discussio n 
(Kruger ,  1992) ,  elaboratio n o r  argiunent s (va n Boxtel ,  va n 
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der  Linden ,  &  Kanselaar ,  2000) ,  o r  othe r  repair s (Lump e & 
Staver ,  1995) . 

Becaus e collaboratin g learner s m a y hav e highe r  chance s 
of  monitorin g (detectin g tha t  ther e migh t  b e somethin g 
wrong )  an d o f  regulatio n (knowin g wha t  coul d b e correc t 
knowledge) ,  i t  migh t  b e straightforwardl y expecte d tha t 
collaboratin g learner s wil l  hav e bette r  comprehensio n tha n 
isolate d learners .  However ,  whe n distanc e betwee n learner s 
i s involve d i n learning ,  th e abov e inferenc e seem s 
complicate d becaus e peopl e workin g togethe r  a t  a  distanc e 
repor t  variou s kind s o f  difficultie s tha t  see m t o deteriorat e 
collaboration .  First ,  th e lac k o f  nonverba l  communicatio n 
cue s i n distanc e communication s m a y tortur e clea r 
communication s (Armstron g &  Cole ,  i n press )  tha t  hel p t o 
manipulat e thinking .  Second ,  distanc e learner s hav e 
difficult y i n groundin g communication s an d spen d a  lon g 
tim e doin g s o (Kiesler ,  Siegel ,  McGuire ,  1984) .  Third ,  som e 
studie s repor t  tha t  cognitiv e conflict s ar e no t  onl y wel l 
detecte d (Armstron g &  Cole ,  i n press) ,  bu t  als o rathe r 
emotionall y charge d wit h n o eas y metho d o f  cognitiv e 
resolution .  Finally ,  anonymou s individual s w h o ar e place d 
i n grou p distanc e learnin g situation s ten d t o b e les s 
supportiv e o f  eac h othe r  becaus e o f  lo w perception s o f 
grou p cohesio n an d conformity . 

Therefore ,  on e coul d propos e th e followin g mode l  o f 
effectiv e distanc e collaboration .  W h e n comprehensio n 
failure s occur ,  the y shoul d b e detected .  I f  not ,  th e failure s 
migh t  en d u p wit h non -  o r  mis-comprehension .  Onc e th e 
failure s ar e detected ,  the y shoul d b e repaired .  I f  not ,  th e 
failure s als o migh t  lea d t o non -  o r  mis-comprehension .  T o 
tes t  th e model ,  w e hypothesize d tha t  i f  interaction s betwee n 
individual s workin g a t  a  distanc e (e-Pairs )  ar e sufficientl y 
effective ,  the y wil l  b e bette r  tha n th e individual s workin g 
alon e (Singles )  i n learnin g score s becaus e o f  bette r 
comprehensio n monitorin g an d regulatio n an d tha t  goo d e -
Pair s wil l  b e bette r  tha n poo r  e-Pair s i n comprehensio n 
monitorin g an d regulation . 

Method 

Comprehensio n monitorin g an d repairin g durin g distanc e 
collaboratio n wa s compare d t o monitorin g an d repairin g 
durin g individua l  learning .  Unlik e typica l  face-to-fac e 
collaboratio n studie s tha t  emphasiz e ecologica l  validity ,  w e 
wante d bette r  experimenta l  contro l  an d a  wide r  rang e o f 
data . 
Participants .  Sixty-nin e undergraduate s (Mal e =  27 , 
Femal e =  42 )  takin g introductor y psycholog y course s 
volunteere d i n thi s study .  Al l  th e participant s receive d 
cours e credit s fo r  participation .  Th e first  languag e o f  al l  th e 
subject s wa s English .  The y al l  reporte d tha t  the y ha d 
experienc e usin g chattin g interface s o n th e interne t  an d wer e 
familia r  wit h thes e interfaces .  Randomly ,  thirty-seve n o f 
the m wer e assigne d t o a n individua l  learnin g conditio n 
(Singles :  male=15 ,  female=22 )  an d th e othe r  3 2 t o th e 
collaborativ e learnin g conditio n (e-Pairs :  male=12 . 

femaie='20) .  Al l  e-Pair s participant s wer e randoml y paire d 
wit h a  sam e se x partner .  O n e pai r  wa s remove d fro m th e 
dat a analysi s becaus e o f  a  proble m wit h th e interface . 

Materials. Two expository texts about theories of 
knowledg e representatio n wer e used .  O n e tex t  concerne d 
symbolis m an d th e othe r  connectionism .  Th e tex t  conten t 
was selecte d becaus e undergraduat e student s wer e no t 
familia r  wit h thes e theorie s o f  representation ,  an d thi s 
allowe d u s t o minimiz e th e pre-knowledg e effec t  an d 
maximiz e th e purit y o f  comprehensio n monitorin g an d 
regulatio n strategies .  Eac h tex t  consiste d o f  1 5 sentence s 
and ha d tw o versions :  Consisten t  an d inconsisten t 
Followin g M a r k m a n (1979)' s error-detectio n paradigm , 
inconsisten t  version s ha d contradictor y o r  inconsisten t 
informatio n a t  th e 5* ,  lO" "  an d 15 *  sentences .  Fo r  example , 
th e firs t  five  sentence s use d i n th e symbolis m tex t  wer e (1 ) 
O ne o f  th e majo r  theorie s abou t  representatio n i s calle d 
symboli c representation .  (2 )  Th e symboli c representatio n 
vie w i s tha t  th e h u m a n min d represent s informatio n a s a 
language-lik e o r  symboli c form .  (3 )  Becaus e mos t  o f  u s 
thin k an d al l  o f  u s writ e linguistically ,  w e ten d t o couc h ou r 
idea s i n symbol s lik e a  natura l  languag e form .  (4 )  W e ca n 
understan d thought ,  belief ,  proble m solvin g i n a  language -
lik e symboli c form .  (5c )  Thus ,  i n thi s view ,  symbol s 
(roughly ,  words )  ar e use d t o represen t  informatio n i n th e 
human mind .  (5i )  Thus ,  i n thi s view ,  symbol s (roughly , 
words )  ar e no t  use d t o represen t  informatio n i n th e h u m a n 
mind .  Her e th e 5 c wa s a  consisten t  sentence ,  whil e 5 i  w a s a n 
inconsisten t  sentence .  Thus ,  whe n subject s cam e t o rea d th e 
fifth  sentence ,  eithe r  (5c )  o r  (5i )  wa s displaye d t o them . 
Detectin g th e first  inconsisten t  sentenc e locate d a t  th e 5" " 
positio n wa s manipulate d t o b e th e easiest ,  tha t  o f  th e 
secon d a t  lO" *  positio n th e middle ,  an d tha t  o f  th e las t  a t  th e 
\ 5 ^  positio n th e mos t  difficul t  i n term s o f  th e amoun t  o f 
correc t  representatio n neede d t o detec t  th e inconsistency . 

Interface. A computer interface (see Figure 1) was used to 
manage th e experimen t  automatically ,  t o collec t  data ,  an d t o 
provid e a n environmen t  i n whic h th e participant s coul d 
work .  Th e interfac e fo r  th e mai n experimen t  sessio n 
consiste d o f  five  units :  (1 )  a  n e w sentenc e displa y unit ,  (2 )  a 
histor y window ,  (3 )  a  monitorin g detectio n tas k unit ,  (4 )  a 
comprehensio n self-ratin g slider ,  an d (5 )  a n I R C (interne t 
rela y chatting )  a s a  distanc e communicatio n channel .  Th e 
n e w sentenc e displa y uni t  wa s use d fo r  displayin g eac h n e w 
sentence .  W h e n eac h n e w sentenc e appeared ,  th e previou s 
sentenc e move d u p t o b e locate d a t  th e botto m i n th e histor y 
w indo w whic h accumulate d al l  th e previou s sentences .  Thus , 
th e participant s coul d focu s o n comprehensio n instea d o f 
memorizin g sentences .  Th e distanc e communicatio n 
chaime l  wa s a n interne t  rela y chattin g interfac e wher e eac h 
pai r  communicate d withou t  an y verba l  an d nonverba l 
interaction .  Th e individua l  learnin g conditio n wa s identica l 
excep t  fo r  no t  havin g th e distanc e communicatio n channel . 
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Figur e 1 :  Compute r  interfac e 

Comprehensio n monitorin g task .  Ther e wer e tw o 
monitorin g tasks :  Detectio n an d comprehensio n self-rating . 
The detectio n tas k wa s t o decid e whethe r  o r  no t  eac h 
sentenc e wa s consisten t  wit h previou s sentences .  Th e self -
ratin g o f  comprehensio n wa s measure d wit h a  ratin g scal e 
labele d wit h 0 % ,  2 5 % ,  5 0 % ,  7 5 % ,  an d 1 0 0 % ,  indicatin g th e 
approximat e percentag e o f  th e meanin g tha t  th e subjec t 
believe d he/sh e understood .  However ,  self-ratin g measure s 
appeare d unreliabl e an d wer e thu s remove d from  th e results . 

Comprehension regulation interaction coding scheme. 
Eac h episod e (th e perio d betwee n th e en d o f  on e sentenc e 
an d th e star t  o f  th e nex t  n e w sentence) ,  wa s evaluate d i n 
term s o f  th e leve l  o f  monitorin g an d regulatio n qualit y 
exhibited .  Th e conversatio n level s wer e code d usin g th e 
followin g hierarchica l  scheme :  0 :  off-tas k -  code d whe n a n 
episod e consiste d o f  task-unrelate d things ;  1 :  Checkin g 
answer s -  code d whe n a n episod e consiste d onl y o f  askin g 
fo r  an d providin g eac h other' s answers ;  2 :  Rephrasin g -
code d whe n a n episod e consiste d o f  providin g answer s an d 
rephrasin g th e give n sentenc e a s thei r  rationale ;  3 : 
Explanatio n -  code d whe n a n episod e include d integrating , 
relating ,  o r  generatin g informatio n t o explai n answers ,  4 : 
Elaboratio n -  code d whe n subject s proceede d t o elaborat e 
or  clarif y eac h othe r  explanation ,  an d 5 :  Negotiatio n -
code d w h e n a n episod e wa s resolve d wit h a n agree d 
cognitiv e solution .  Thi s schem e wa s hierarchica l  i n tha t  th e 
higher ,  th e bette r  i n comprehensio n a s a  continuu m from 
lo w leve l  monitorin g (Checkin g answers )  t o hig h leve l 
regulativ e behavio r  (Negotiation) .  W h e n multipl e level s i n 
an episod e appeare d together ,  th e highes t  on e wa s selecte d 
t o represen t  th e qualit y o f  interactio n o f  th e episode .  T w o 
coder s independentl y code d tw o randoml y selecte d group s 
fo r  th e analysi s an d achieve d a  0.8 4 inter-code r  reliability . 

Procedure. Each participant was randomly assigned to 
eithe r  th e Single s conditio n o r  th e e-Pair s condition .  Th e 
participant s wen t  throug h a n instructio n session ,  a  pretes t 
sessio n wher e the y answere d 2 0 multipl e choic e question s 
abou t  th e mai n texts ,  a  warm-u p sessio n tha t  ha d tw o shor t 
text s t o familiariz e the m wit h th e interface ,  a  2" ^  instructio n 
sessio n tha t  wa s exactl y sam e a s th e 1 "  instruction ,  a  mai n 
tas k session ,  an d a  posttes t  session .  I n th e instructiona l 

sessions ,  the y rea d tha t  the y woul d study ,  wit h o r  withou t  a 
partner ,  tw o draf t  text s tha t  migh t  o r  migh t  no t  hav e 
inconsisten t  information .  The y wer e als o instructe d tha t  the y 
shoul d explai n th e meanin g o f  eac h sentenc e -  t o 
themselve s i n th e Single s o r  wit h thei r  pee r  i n th e e-Pair s -
and tha t  the y woul d ge t  bonu s credit s base d o n thei r 
performance .  Bot h th e pre -  an d post-tes t  comprehensio n 
questions ,  an d thei r  alternative s abou t  th e mai n tasks ,  wer e 
completel y randomized .  I n th e mai n tas k session ,  al l  th e 
participant s i n th e e-Pair s wer e randoml y paire d wit h a 
same-se x partne r  wit h w h o m the y ha d n o interactio n befor e 
th e mai n tas k session .  Th e orde r  o f  presentatio n o f  th e tw o 
text s wa s randomize d an d th e selectio n o f  eithe r  versio n wa s 
counterbalanced .  Thus ,  th e participant s studie d tw o text s bu t 
onl y on e o f  the m wa s a n inconsisten t  version .  I n eac h 
episod e identifie d a s eac h sentenc e leve l  interaction , 
wheneve r  a  ne w sentenc e appeared ,  th e participant s 
individuall y rea d th e sentence ,  performe d th e 
comprehensio n monitorin g task s (th e detectio n an d self -
ratin g task )  wit h n o mean s o f  communication .  The n the y 
studie d th e sentenc e b y explainin g th e meanin g o f  th e 
sentenc e eithe r  alon e i n th e Single s o r  togethe r  wit h a  pee r 
throug h th e distanc e interactio n channe l  i n th e Pairs .  W h e n 
the y decide d t o finis h studying ,  the y hi t  a  butto n t o reques t 
anothe r  sentence ,  a t  whic h poin t  th e communicatio n channe l 
was automaticall y disabled .  Thes e sentenc e leve l  activitie s 
repeate d unti l  th e en d o f  th e tw o tasks .  Not e tha t  th e e-Pair s 
wer e no t  aske d t o reac h a n agreement ,  di d no t  hav e a n 
interactio n befor e th e mai n tas k session ,  an d onl y thei r  first 
names wer e show n o n th e communicatio n channe l  interface . 

Results 

1-1 .  e-Pair s wil l  b e bette r  tha n Single s i n learnin g 
A one-wa y A N O V A showe d n o significan t  differenc e i n th e 
pretes t  score s betwee n th e Single s an d e-Pairs .  Anothe r  one -
w ay A N O V A wa s don e wit h th e learnin g defme d a s th e 
differenc e betwee n th e post -  an d pre-tes t  scores .  Th e e-Pair s 
{ M =  A A l ,  S D =  1.73 )  wer e significantl y bette r  tha n th e 
Single s ( M =  2.62 ,  S D = 1.88 )  (F(1.65 )  =  5.13 ,  p  =  .03) . 
Finally ,  th e effec t  siz e a s Cohen' s d  wa s 1.02 .  Thes e result s 
provide d a  rational e t o conduc t  furthe r  analyses . 

1-2. e-Pairs will be better than Singles in monitoring 
The detectio n tas k performanc e a s comprehensio n 
monitorin g wa s examine d (se e Figur e 2) .  I n th e consisten t 
versions ,  th e e-Pair s ( M =  .92 ,  S D =  .06 )  an d Single s ( M = 
.88 ,  S D =  .04 )  wer e no t  significantl y differen t  o n an y 
sentence .  However ,  i n th e inconsisten t  versions ,  th e e-Pair s 
wer e significantl y bette r  fo r  th e first  inconsisten t  sentences , 
th e easies t  on e (5 *  sentence :  fo r  e-Pair s M =  .75 ,  S D =  .18 ; 
fo r  Single s M =  .18 ,  SD=.01 )  a t  tex t  1 :  F(1.32 )  =  18.03 ,  p  = 
.0 0 an d a t  tex t  2 :  F(1.33 )  =  5.05 ,  p  =  .02) ,  no t  fo r  th e secon d 
(lO"" )  an d th e thir d (15"' )  inconsisten t  sentence . 
2-1 .  G o o d e-Pair s wil l  b e bette r  i n monitorin g 
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To examin e wha t  mechanism s driv e effectiv e distanc e 
collaboration ,  thre e goo d (A /  =  13.3 ,  S D =2.1 )  an d thre e 
poor  e-Pair s (A/ = 4.0 ,  S D =  7.0 )  wer e selected ,  I  (4 )  -  5.74 , 
p =.00) .  Thi s selectio n wa s niad e afte r  removin g e-pair s 
wher e peer s ha d larg e knowledg e differences ,  t o avoi d 
lookin g a t  extrem e cases .  N o significan t  difference s 
betwee n th e goo d an d poo r  Pair s wer e foun d i n th e pretes t 
score s (Good :  M=11.0 ,  SD=2.0 ;  Poor :  M=13.0 ,  SEN5.6) , 
th e pretes t  differenc e betwee n member s i n eac h pai r  (Good : 
M=1.0 ,  SD=.0 ;  Poor :  M=1.0 ,  SD=1.0) ,  di e mea n numbe r  o f 
tum s pe r  episod e (Good :  M=6.7 ,  SD=.3.3 ;  Poor :  M=6.4 , 
SD=5.0) ,  th e tota l  tim e spen t  pe r  grou p (Good :  M =  52. 7 
min ,  SD=15.0 ;  Poor :  M=47.2 ,  SD=14.3) ,  an d tim e pe r 
episod e (Good :  M-1.7 6 min ,  SD=.5 ;  Poor :  M=1.6 ,  SD=.5) . 
Thes e non-significan t  indice s forme d th e baselin e agains t 
whic h t o examin e difference s i n th e leve l  o f  monitorin g an d 
regulatio n qualit y  i n collaboration . 

"ZBW -
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Figur e 2 .  C o m p r e h e n s i o n monitorin g tas k per formanc e 

Then, the hypothesis that high e-Pairs will be better in 
comprehensio n monitorin g w a s tested .  The r e w e r e n o 
significan t  difference s a t  al l  thre e inconsisten t  sentences , 
althoug h th e patter n look s simila r  t o tha t  o f  th e compar iso n 
betwee n th e e-Pair s an d Singles . 

•  -P»lr i 

Figur e 3 .  Qualit y o f  regulativ e interactio n i n genera l 

2-2. Good e-Pairs will have higher quality of monitoring 
a n d regulativ e interactio n tha n p o o r  e-Pair s 

Anothe r  differenc e w a s foun d i n th e leve l  o f  monitorin g 
an d regulatio n qualit y i n thei r  interaction .  T h e g o o d e-Pair s 
( M =  2.77 ,  S D =  .97 )  ha d a  significantl y highe r  leve l  o f 
regulativ e interaction s tha n th e poo r  e-Pair s ( M =  1.64 ,  S E N 

1.0) ,  F(1.178 )  - = 58.40 ,  p  =  .0 0 {se e Figur e 3 ) .  I n general ,  th e 
g o o d e-Pair s interactio n qualit y w a s aroun d explanatio n 
level ,  wherea s th e poo r  e-Pair s interactio n qualit y w a s 
be twee n jus t  checkin g a n s w e r  a n d rephrasin g (refe r  t o 
codin g s c h e m e i n th e m e t h o d section) . 

2-3. Given successful monitoring, good e-Pairs will be 
bette r  tha n p o o r  e-Pair s i n regulativ e interaction . 

Befor e answerin g th e question ,  w e examine d whe n e -
Pair s ha d longe r  conversations ,  whic h mean s the y trie d t o 
do somethin g mor e lik e repairing.  Base d o n eac h individua l 
decisio n o n th e detectio n tas k befor e startin g eac h 
interactio n period ,  eac h episod e wa s categorize d int o on e o f 
thre e categories :  bot h members '  answer s o r  perspective s 
wer e 'sam e an d correct' ,  'sam e an d incorrect' ,  o r  different . 
The n comparison s wer e mad e betwee n goo d e-Pair s an d 
poo r  e-Pairs .  Accordin g t o a  two-wa y A N O V A (/"(2,174 )  = 
8.2 ,  p  =  .00 )  an d it s Scheffe ,  th e onl y significan t  differenc e 
was o n th e categor y dimension ,  especiall y betwee n th e leve l 
differen t  an d th e other s {se e Tabl e 1) . 

Table 1: The mean number (SD) of tums in episode 

Categorie s Goo d Poo r  M e a n 

Same &  Correc t 

Same &  Incorrec t 

Differen t 

Mean 

6.3(3.1 ) 

5. 0 (2.5 ) 

9. 8 (3.0 ) 

6.7(3.3 ) 

5.7(4.8 ) 

6. 8 (4.2 ) 

8. 8 (4.9 ) 

6. 4 (5.0 ) 

6. 0 (4.0 ) 

6. 0 (3.3 ) 

9. 2 (4.3 ) 

6.5(4.1 ) 

1 

r 
1 2 

i ; 

0 

36 

1 

22 

m 

m 

Figur e 4 :  Qualit y o f  interactio n give n successfu l  monitor in g 

T h e n w e e x a m i n e d th e hypothesi s tha t  g o o d e-Pair s wil l 
h a v e highe r  qualit y o f  interactio n {se e Figur e 4 ) .  Regulativ e 
interactio n qualitie s b e t w e e n th e g o o d an d th e poo r  e-Pair s 
w e r e c o m p a r e d w h e n the y al l  h a d successfu l  monitoring . 
G i v e n th e tota l  2 4 episode s (good :  n  =  10 ;  poor :  n  =  14 ) 
w h e r e peer s i n a n e-Pai r  h a d differen t  perspective s tha t 
signale d ther e m igh t  b e someth in g w r o n g ,  thei r  interactio n 
qualitie s w e r e examined .  Interestingly ,  th e poo r  e-Pair s (A / 
= 2.21 ,  S D =1 .31 )  s h o w e d a  significantl y lowe r  leve l  o f 
regulativ e behavio r  tha n th e g o o d e-Pair s { M = 3.60 ,  S D = 
.52) ,  F( l ,23 )  =  9.95 ,  p  =  .00 .  T h e interactio n qualit y o f  th e 
g o o d e-Pair s w a s b e t w e e n th e explanatio n a n d elaboratio n 
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level ,  whil e tha t  o f  th e poo r  e-Pair s wa s aroun d rephrasing . 
For  example ,  th e followin g episod e from a  goo d e-pai r 
show s tha t  w h e n peer s ha d differen t  opinion s the y trie d t o 
resolv e th e difference . 

l:La o 

2:U o 
3:  Ca t 
4:  Ca t 
5:U o 

6:  Ca t 

7:  Ca t 
8:  La o 
9:U o 

i  pu t  incorrec t  b/ c i  ha d n o clu e wha t  tha t  wa s 
abou t 
sorry: ( 
hah a 
that' s alrigh t 
i  jus t  though t  tha t  th e inf o sounde d lik e 

conflictin g symbol s 
it' s  jus t  sayin g tha t  b y addin g anothe r  symbo l  t o a 
sentenc e yo u ca n mak e i t  a  fac t 
th e sentenc e i s kind a weir d 
oh o k 
yea h i t  i s 

10:  Ca t  mayb e th e nex t  sentenc e wil l  b e abou t 
displacemen t 

11:  La o o k 

However ,  anothe r  episod e fix) m a  poo r  e-pai r  show s tha t 
afte r  the y checke d thei r  answer s the y di d no t  tr y t o resolv e 
thei r  conq)rehensio n failure . 

1:  C u hm m 
2:  J a i  wasn' t  sur e abou t  thi s on e 
3:  C u m e eithe r 
4:  C u I  chos e incorrec t 
S:  J a oh ,  i  chos e correct ,  i  don' t  k n o w w h y though.. . 
6:  C u m e eithe r 
7:  J a o h wel l 

D iscuss io n 

Comprehensio n processe s ar e error-pron e becaus e the y ar e 
constructiv e an d approximate .  Learner s nee d t o b e erro r 
sensitiv e t o attai n error-proo f  comprehension .  I n thi s study , 
we examine d th e rol e o f  collaboratio n i n improvin g 
comprehensio n monitorin g an d regulatio n i n a  distanc e 
communicatio n situation ,  a  matte r  tha t  ha d no t  bee n 
investigate d before .  Wid i  a  relativel y well-controlle d 
collaboratio n experiment ,  w e firs t  showe d tha t  distanc e 
collaboratio n i s mor e beneficia l  t o learnin g tha n workin g 
alone .  I n addition ,  performanc e i n detectin g contradictor y 
informatio n i s als o somewha t  bette r  i n collaboration . 
Therefore ,  th e bette r  learnin g tha t  occurre d i n th e e-Pair s 
m ay b e attribute d t o th e proces s o f  collaboration . 

Furthermore ,  t o examin e th e rol e o f  collaboratio n i n 
comprehensio n monitorin g an d regulatio n i n detail ,  3  goo d 
e-Pair s an d 3  poo r  e-Pair s wer e examined .  Th e goo d e-Pair s 
wer e no t  significantl y bette r  tha n th e poo r  e-Pair s i n 
comprehensio n monitorin g (erro r  detection) .  However ,  th e 
regulativ e interactio n qualit y o f  goo d e-Pairs '  interaction s 
was generall y highe r  tha n tha t  o f  poo r  e-Pairs .  I n general , 

th e goo d e-Pair s interactio n qualit y wa s aroun d th e 
explanatio n level ,  wherea s th e poo r  e-Pair s interactio n 
qualit y wa s betwee n jus t  checkin g answe r  an d rephrasing . 

Anothe r  interestin g findin g wa s from  th e compariso n 
when bot h th e goo d e-Pair s an d th e poo r  e-Pair s ha d 
successfu l  monitoring .  Th e poo r  pairs '  regulativ e 
interaction s wer e no t  highl y activate d eve n thoug h thei r 
comprehensio n problem s wer e monitore d explicitly ,  whil e 
th e goo d group s tende d t o indulg e i n highe r  leve l  o f 
regulativ e interaction . 

Therefore ,  th e result s ca n b e interprete d a s supportin g th e 
clai m tha t  participant s i n distanc e collaboratio n benefi t  from 
collaborativ e interactio n b y improvin g thei r  detectio n o f 
comprehensio n failures ,  an d implementin g repai r  processe s 
throug h regulativ e interaction .  Also ,  th e result s suppor t  th e 
researc h mode l  tha t  state s tha t  whe n comprehensio n failure s 
or  cognitiv e conflict s happe n the y shoul d b e detecte d an d 
repaire d t o achiev e correc t  comprehensio n o r  learning . 

Thus ,  th e mode l  explain s w h y som e researc h o n cognitiv e 
conflic t  find s increase d learnin g whil e othe r  researc h doe s 
not .  A s th e mode l  states ,  cognitiv e conflict s d o no t 
necessaril y  resul t  i n learnin g unles s th e conflict s ar e 
detecte d an d resolved .  I n thi s experiment ,  n o cas e wa s foun d 
t o reac h a  cognitiv e resolutio n code d a s negotiation .  Instead , 
a lo t  o f  case s ende d u p wit h socia l  negotiation .  Her e socia l 
negotiatio n mean s tha t  conversant s agre e t o blu r  thei r 
conflict s withou t  reachin g a  clea r  resolution ,  a s see n i n th e 
exampl e conversatio n from  th e goo d e-Pair .  Interestingly , 
ther e wa s als o n o instanc e o f  flaming ,  whic h i s frequently 
reporte d i n distanc e collaboratio n studies . 

Th e so-calle d 'checkin g mechanism '  (Miyake ,  1986 )  ma y 
be a  ke y fo r  suppressin g self-confirmatio n bia s tha t  m a y b e 
dominan t  i n sol o learning .  Self-confirmatio n bia s i s a 
tendenc y t o stic k t o a n ah^ad y hel d explanatio n rathe r  tha n 
developin g alternativ e explanations .  Thi s tendency ,  whe n 
learnin g alone ,  tend s t o bloc k learner s fix)m  changin g thei r 
representatio n b y suppressin g (Oter o &  Kintsch ,  1992 ) 
and/o r  ignorin g (Chin n &  Brewer ,  1993 )  inconsisten t 
informatio n tha t  doe s no t  matc h wit h thei r  representations . 
However ,  th e confirmatio n bia s i n a  grou p m a y b e smaller , 
becaus e group s ar e bette r  tha n individual s a t  rejectin g 
presupposition s (Gorman ,  Gorman ,  Latt a &  Cunningham , 
1984) ,  s o lon g a s the y entertai n hypothese s an d alternativ e 
ideas ,  an d conside r  justification s (Okad a &  Simon ,  1997) . 

Th e result s o f  Uii s researc h ar e consisten t  wit h oAe r 
researc h i n th e collaboratio n community .  Fo r  example . 
B row n an d Campion e (1986 )  argue d tha t  "understandin g i s 
mor e likel y t o occu r  whe n a  studen t  i s require d t o explain , 
elaborate ,  o r  defen d hi s o r  he r  positio n t o others ;  th e burde n 
of  explanatio n i s ofte n th e pus h neede d t o mak e hi m o r  he r 
evaluate ,  integrate ,  an d elaborat e knowledg e i n n e w ways " 
{p .  1060) .  Also ,  Forma n an d Cazde n (1994 )  identifie d 
parallel ,  associative ,  an d cooperativ e interactio n patterns , 
of  whic h cooperativ e i s th e highes t  leve l  -  characterize d a s 
constantl y monitoring ,  guidin g an d correctin g eac h other' s 
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work .  Additionally ,  Barro n (2000 )  argue d thu i  afte r 
contrastin g a  high-achievemen t  grou p wit h u  low -
achievemen t  group ,  greate r  monitorin g fo r  coordinatio n 
betwee n member s woul d resul t  i n highe r  results .  Therefore , 
collaboratio n migh t  b e a n idea l  wa y t o improv e individuals ' 
monitorin g an d regulatio n abilities . 

Finally ,  som e aspect s o f  thi s stud y shoul d b e note d tha t 
may limi t  generalization s o f  th e results .  On e i s tha t  thi s 
experimen t  wa s highl y controlle d compare d t o othe r  face-to -
fac e collaboratio n research .  W e trie d t o separat e th e 
collaboratio n perio d from  individuals '  comprehensio n 
monitorin g decisio n periods ,  t o examin e th e effec t  o f 
collaboratio n o n individua l  learners '  comprehension .  Also , 
we trie d t o remov e sociall y confoundin g variables .  Fo r 
example ,  th e participant s i n eac h pai r  di d no t  interac t  befor e 
th e mai n tasks .  Althoug h thi s ma y appea r  t o limi t  th e 
ecologica l  validit y o f  thi s stud y i n term s o f  face-to-fac e 
collaboration ,  i t  seem s acceptabl e i n term s o f  e-cologica l 
validit y sinc e distanc e collaboratio n i s ofte n betwee n 
anonymou s individuals .  Als o i t  ma y provid e a  cleane r 
demonstratio n o f  th e cognitiv e effect s o f  collaboratio n o n 
learning . 
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Abstrac t 

Shepard and Chipman's second order isomorphism de-
scribe s ho w th e brai n ma y represen t  th e relation s i n th e 
world .  However ,  a  commo n interpretatio n o f  th e theor y 
can caus e difficulties .  Th e proble m originate s from  th e 
stati c nanir e o f  representations .  I n a n alternativ e interpre -
tation ,  I  propos e tha t  w e assig n a n activ e rol e t o th e inter -
nal  representations  an d relations.  I t  turn s ou t  tha t  a  col -
lectio n o f  suc h activ e unit s ca n perfor m analogica l  tasks . 
The ne w interpretatio n i s supporte d b y th e existenc e o f 
neura l  circuit s tha t  ma y b e implementin g suc h a  function . 
Withi n thi s framework,  perception ,  cognition ,  an d moto r 
functio n ca n b e understoo d unde r  a  unifyin g principl e o f 
analogy . 

Introduction 
O ne o f  th e centra l  tenet s i n neuroscienc e i s tha t  neu -
ron s receiv e incomin g spikes ,  proces s tha t  spatia l  o r 
tempora l  information ,  an d the n pas s o n th e transforme d 
informatio n fo r  furthe r  analysis .  Also ,  neuron s tha t 
fire  togethe r  develo p stron g connection s (Blis s an d 
CoUingridg e 1993) .  Thus ,  th e neuron s represen t  feature s 
i n th e input ,  an d connection s encod e relationa l  contex t 
among features .  Thi s viewpoin t  i s analogou s t o th e sec -
on d orde r  isomorphis m b y Shepar d an d Chipma n (1970 ; 
below ,  jus t  S & C ) .  However ,  a  proble m ca n aris e depend -
in g o n h o w w e interpre t  S&C' s theory . 

The difficult y come s fro m th e stati c rol e assigne d t o 
representations .  I n thi s paper ,  th e representation s an d 
th e relation s ar e give n a n activ e role .  W h e n workin g 
as a  collection ,  thes e activ e unit s ca n perfor m a n ana -
logica l  functio a I n fact ,  a  simila r  activ e approac h ha s 
bee n employe d i n previou s work ,  resultin g i n th e emer -
genc e o f  analogica l  (Hofstadte r  1985 ;  Mitchel l  2001 )  o r 
metaphorica l  (Narayana n 1999 )  functionality. '  A n im -
portan t  observatio n advance d i n thi s pape r  i s tha t  th e 
fimctio n o f  activ e representation s an d relation s ar e ver y 
simila r  t o tha t  o f  neurons ,  an d specifi c  circuit s i n th e 
corte x an d th e thalamu s ca n actuall y implemen t  analogi -
cal  functions .  Analog y i s commonl y attribute d t o highe r 
cognitiv e facultie s only ,  bu t  i t  doe s no t  alway s hav e t o 
be th e cas e (Chalmer s e t  al .  1992) ;  i t  m a y b e par t  o f  a 
large r  se t  o f  huma n brai n functio n includin g perceptio n 
and moto r  function .  I  wil l  discus s i n th e en d h o w suc h a n 

W o r l d Brai n 

relatio n 
s 

^ 

representatio n 

representation 

'Analog y an d metapho r  ar e closel y relate d i n tha t  the y refer 
t o similaritie s i n relation s an d attribute s althoug h th e relativ e 
degre e i n eac h ma y diffe r  (Genme r  1989) . 

Figur e 1 :  S&C' i  Secon d Orde r  Isomorphism .  Ther e ar e 
tw o objects ,  on e squar e an d on e roun d i n th e worl d (o n th e 
left) .  TTi e interna l  representations  i n th e brai n o f  thes e tw o ob -
ject s ar e show n o n th e right.  Th e vertica l  arrow s represen t  th e 
relations  betwee n th e objects .  Th e tw o horizonta l  arrow s repre-
sent  mappin g from  th e worl d t o th e brai n whic h i s initiate d b y 
sensor y transduction .  Note :  Th e squar e an d circl e o n th e right 
(i n th e brain )  ar e jus t  ther e fo r  th e eas e o f  reference.  The y ca n 
be remove d withou t  causin g an y chang e i n conten t  (thi s applie s 
t o th e rest  o f  th e figures). 
analogical framework can allow us to better understand 
th e natur e o f  cognitio n an d brai n function . 

C o m m on Interpretat ion s 

Under  secon d orde r  isomorphis m th e brai n need s t o find 
th e relatio n betwee n th e (1 )  relation s betwee n externa l 
object s an d (2 )  relation s betwee n interna l  representation s 
(figur e 1) .  S&C' s theor y seem s t o b e mor e appropri -
at e i n modelin g h o w ou r  brai n represent s th e worl d tha n 
Locke' s Isomorphis m (Edelma n 1998,1999) .  I n physica l 
terms ,  w e ca n interpre t  th e figure  a s follows :  (1 )  relatio n 
i n th e worl d ( W l ;  coincidence s i n sensor y events )  (2 )  ar -
row s from  worl d t o brai n (B1 ;  sensor y transduction) ,  (3 ) 
representation s i n th e brai n (B2 ;  afferen t  connections) , 
and (4 )  relatio n i n th e brai n (B3 ;  latera l  connections) .  O f 
these ,  le t  us  focu s o n wha t  i s availabl e i n ou r  brai n (BI -
BS) .  I f  w e tak e fo r  grante d th e informatio n ou r  sensor y 
transducer s tel l  us ,  w e ca n dro p B 1 from  ou r  discussio n 
and focu s o n jus t  B 2 an d B3 . 

A n implici t  messag e i n figure  1  i s tha t  tw o object s ar e 
represented ,  an d som e brai n proces s the n judge s th e rela -
tionshi p betwee n th e tw o (th e ope n arrow) .  Makin g thi s 
poin t  mor e explicit ,  w e ca n illustrat e S&C' s theor y a s i n 
figure  2 a (th e diamon d box) .  W e ca n se e tha t  a  difficult y 
ca n aris e i n suc h a n interpretation ;  somethin g ha s t o per -
for m th e compariso n function ,  bu t  thi s create s a n eve r 
increasin g level s i n a  hierarchica l  wa y (i.e .  highe r  area s 
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Figur e 2 :  C o m m on Interpretation !  o f  Secon d Orde r  Isomorphism ,  (a )  A n explici t  compariso n mechanis m i s necessar y t o 
judg e th e relation s betwee n th e tw o representations .  (6 )  Th e compariso n bo x i s replace d b y a  representatio n o f  relation .  However , 
thi s figure  stil l  require s a  third-part y  t o evaluat e th e representatio n o f  relation . 

judgin g th e outpu t  relatio n i n th e lowe r  areas) .  However , 
as Hilgeta g e t  al .  (1996 )  noted ,  i t  i s  har d t o determin e 
a stric t  hierarch y a m o n g cortica l  m a p s (i n thi s case ,  be -
twee n visua l  areas) .  Also ,  a s Zek i  (2001 )  suggests ,  in -
tegratio n o f  thes e informatio n m a y b e a  nonhierarchica l 
process .  Thus ,  representin g somethin g an d delayin g th e 
interpretatio n unti l  late r  m a y no t  wor k ver y well . 

O ne ca n argu e tha t  th e latera l  connection s represen t 
th e similarit y relation ,  no t  requirin g a  separat e interprete r 
(figur e 26) .  However ,  w e stil l  nee d somethin g t o evalu -
at e (o r  interpret )  th e resultin g representation .  Thus ,  thi s 
refoimulatio n jus t  replace s th e nee d fo r  on e kin d o f  in -
terprete r  wit h another . 

A s s i g n i n g a n A c t i v e R o l e t o R e l a t i o n 

What can a relation be if it should not be a representa-
tion ? Th e proble m see m t o c o m e fro m representation s 
an d relation s playin g a  stati c role .  W h a t  i f  w e assig n a n 
activ e rol e t o th e representation s a s show n i n figure  3a ? 
I n th e figure,  I  assigne d a n activ e rol e t o th e relatio n ar -
ro w itself ,  allowin g on e representatio n t o invok e another . 
Thu s th e activatio n o f  th e interna l  representatio n o f  th e 
squar e invoke s (o r  turn s on )  tha t  o f  th e circle ,  an d vic e 
versa . 

N o w conside r  h o w ca n w e us e thi s n e w activ e relatio n 
(not e tha t  i t  i s directional )  t o describ e th e relation s i n th e 
world .  First ,  w e hav e t o kno w wha t  kind s o f  relation s 
exis t  i n th e world .  Ther e ar e tw o basi c relations :  spatia l 
and tempora l  relations .  Spatia l  relation s ar e betwee n ob -
jects ,  an d the y ar e causall y bidirectional. ^  O n th e othe r 
hand ,  tempora l  relation s ar e betwee n events ,  an d the y ar e 
causall y directional .  W h e n on e even t  precede s th e other , 
th e revers e canno t  happe n simultaneously . 

I n th e brain ,  actio n potential s onl y propagat e i n on e 
directio n alon g th e axon ,  an d th e adaptatio n o f  synapse s 
ten d t o lear n causalit y (Son g e t  al .  2000) .  Suc h connec -
tion s ar e idea l  fo r  implementin g tempora l  relations ,  bu t 
what  abou t  spatia l  relations ? I f  w e pai r  a  unidirectiona l 
arro w fro m A  t o B  wit h a  reciproca l  on e firom  B  t o A , 
the n w e ca n indee d represen t  spatia l  relation s wit h onl y 
directiona l  arrows .  I f  representation s fo r  objec t  A  an d B 
simultaneousl y activat e throug h mutua l  excitation ,  the n 

^Not e tha t  causa l  simpl y mean s tha t  on e even t  precede s th e 
othe r  i n time . 

the y ca n represen t  th e spatia l  relatio n betwee n th e two . 
So,  le t  u s updat e ou r  figure  agai n t o includ e backwar d re -
lationa l  arrow s (figur e 36) .  W e ca n n o w thin k i n term s o f 
tempora l  relation s only ,  becaus e spatia l  relation s seem s 
t o b e a  specia l  cas e o f  tempora l  relation s (a t  leas t  i n th e 
brain) . 

T h e R o l e o f  Ac t i v e Rela t ion s a n d it s N e u r a l 

Bas i s 

I n th e previou s section ,  I  replace d th e representatio n fo r 
relatio n b y a n activ e relation .  Wha t  abou t  th e represen -
tation s fo r  th e object s (o r  events) ? Representatio n i s a n 
inherentl y stati c ter m (lik e a  symbol) ,  thus ,  w e shoul d 
tak e a  mor e activ e viewpoin t  an d as k wha t  actio n occur s 
when a  neuro n detect s a  patter n i n it s incomin g input , 
rathe r  tha n focusin g onl y o n wha t  a  neuro n represents . 
Knowin g wha t  representation s d o m a y b e a s importan t 
as knowin g wha t  the y stan d for . 

To discove r  th e relationshi p betwee n thing s i n th e 
world ,  w e nee d th e moto r  capabilitie s a s m u c h a s w e 
nee d sensors .  Thus ,  betwee n th e worl d an d th e brai n 
ther e mus t  b e a  backwar d arro w firom  th e brai n t o th e 
world .  Th e resultin g diagra m i s show n i n figure  3c . 
Thi s additio n i s crucia l  i n learnin g th e relation s i n th e 
worl d (O'Rega n andNo e 2001) .  Th e final  diagra m look s 
ver y simila r  t o th e basi c circuitr y i n ou r  brain .  H o w ca n 
thi s final  figure  hel p u s understan d th e mechanism s o f  th e 
brain ? Th e ke y i s t o understan d wha t  i s th e actio n take n 
by a  neuron ,  n o les s tha n t o kno w wha t  i t  represents . 

Active Relations: A Primitive for Analogical 

Processin g 

N o w w e hav e a  singl e activ e functiona l  unit :  a  neuro n 
tha t  fires  a  spik e alon g th e activ e relationa l  arro w a s soo n 
as i t  detect s a  certai n inpu t  feature .  Thi s uni t  alon e canno t 
achiev e much ,  neithe r  ca n a  seria l  chai n o f  suc h units . 
The tru e powe r  o f  thi s simpl e uni t  i s reveale d whe n i t  i s 
use d i n a  massivel y paralle l  way .  Thi s m a y b e a n obviou s 
lin e o f  though t  becaus e tha t  i s wha t  ou r  brain s see m t o 
do.  However ,  i t  turn s ou t  tha t  th e collectiv e effor t  o f  thes e 
simpl e unit s ca n embod y a  simpl e ye t  powerfu l  functio n 
of  analogy . 

We hav e t o simplif y matter s t o se e ho w suc h neuron s 
ca n proces s analogy .  Le t  u s assum e ther e ar e si x neu -
ron s i n a n imaginar y creature' s brai n inhabitin g th e worl d 
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F igur e 3 :  A  N e w Interpretatio n o f  S e c o n d O r d e r  I somorph i sm ,  (o )  I n thi s n e w interpretatio n o f  S & C ' s theory ,  a n activ e rol e 
i s assigne d t o th e relatio n arrow .  Notic e tha t  th e I N V O K E arro w i s a  singl e arrow ,  no t  on e arro w goin g int o an d anothe r  leavin g ou t 
o f  th e box .  Thus ,  th e rounde d b o x signifie s tha t  th e arro w actuall y perform s a n action .  (6 )  Backwar d relationa l  arrow s ar e adde d 
i n th e brai n t o accoun t  fo r  th e mutufu ,  bu t  directiona l  natur e o f  relations .  Wi t h t w o relationa l  arrows ,  bot h spatia l  an d tempora l 
relation s ca n b e implemented ,  (c )  T h e neura l  counterpart s o f  (6 )  ar e shown .  T h e limitin g ter m representatio n i s removed ,  an d th e 
moto r  reactio n (backwar d arro w from  th e brai n t o th e world )  i s added .  Sensor y transducer s ar e als o explicitl y  shown . 

of fruits (figure 4). After the fruit brain experiences the 
w o r l d o f  fruits,  i t  wil l  lear a th e co-occurrence s b e t w e e n 
feature s a n d establis h relational  a r r o w s a s s h o w n i n th e 
figure  (arc s w i t h a r rows ) .  A l s o s u p p o s e tha t  th e brai n 
i s partitione d int o severa l  specialize d m a p area s (o r  par -
titions) ,  a s i n cortica l  maps .  N o w suppos e <apple> , 
<orange> ,  an d <word-red > wer e presente d t o th e crea -
tur e simultaneously .  I f  w e trac k th e activation ,  w e ca n 
see tha t  thes e detector s wil l  tur n on :  appl e detector , 
orang e detector ,  color-re d detector ,  color-orang e detec -
tor ,  an d finally,  word-re d detector .  Thes e activation s ar e 
input-driven .  Becaus e th e neuron s ar e active ,  a s soo n a s 
the y detec t  wha t  the y ar e familia r  with ,  the y sen d ou t  sig -
nal s throug h th e relational  arrow s horizontall y acros s th e 
cortex .  A s a  result  o f  thi s secon d orde r  activation ,  th e 
word-orang e detecto r  turn s on ,  eve n withou t  input .  N o w , 
her e i s th e crucia l  moment .  W e ca n as k thi s question : 
whic h neuron' s firing  wa s purel y cortically-driven ? (not e 
tha t  w e ca n vie w thi s a s a  filtering  process) .  Th e re -
sul t  o f  th e filtering  i s the n <word-orange> .  Th e sig -
nificanc e o f  thi s observatio n i s tha t  thi s proces s i s ver y 
simila r  t o solvin g analogica l  problems .  Th e inpu t  pre -
sente d t o th e creatur e i s basicall y a n analogica l  query : 
<apple>:<orange > =  <word-red>:<?> .  Th e filtered 
cortica l  respons e <word-orange > ca n the n b e th e an -
swer  t o thi s query. '  Thus ,  activ e neuron s ca n perfor m a 
rudimentar y analogica l  functio n w h e n th e response s ar e 
filtered  properly . 

However ,  thing s ca n ge t  complicate d whe n combi -
nation s o f  object s ar e use d a s a  query .  Le t  u s ex -
ten d th e creature' s featur e detector s t o includ e con -
cept s o f  smal l  an d bi g (no t  show n i n th e figure). 
The n w e ca n allo w th e creatur e t o lear n th e re -
lation s again .  W e ca n the n presen t  a n analogi -
cal  quer y lik e this :  <b ig><apple>:<smal l><apple > 
=<b ig><orange> :<?> .  I n thi s case ,  i f  w e follo w th e 
same step s a s abov e w e c o m e acros s a  problem .  Be -
caus e th e answe r  w e expec t  (i.e .  <smal l > <orange> ) 
ab-ead y appeare d i n th e query ,  i f  w e loo k fo r  purel y 

^Ther c i s a n issu e o f  ho w th e presenc e o f  <word-rcd > ca n 
affec t  th e outcom e a t  all .  Thi s proble m wil l  b e discusse d late r 
i n th e discussio n section . 

W o r l d o f  Fniit s 

Figure 4: World of Fruits. A brain with object, color, and 
wor d detecto r  neuron s i s shown .  Th e si x neuron s eac h respon d 
t o thes e inpu t  feature s a s labele d above .  A t  th e botto m i s th e 
frui t  world ,  an d th e thic k vertica l  arrow s represen t  afferen t  in -
put .  Th e horizonta l  arc s ar e th e relationa l  arrow s tha t  poin t  t o 
thei r  mos t  frequentl y co-occurrin g counterpart s tha t  hav e bee n 
learne d throug h experience .  Th e gra y vertica l  bar s represen t 
th e partitionin g o f  th e brai n int o separat e ma p area s (fro m th e 
lef t  t o right,  objec t  map ,  colo r  map ,  an d wor d map) .  Not e tha t 
fo r  simplicity ,  th e word-orang e detecto r  connect s onl y t o th e 
color-orang e detector ,  bu t  no t  th e orang e detector ,  i.e .  i t  i s a 
word-color-orang e detector ,  no t  a  word-object-orang e detector . 
cortically-driven activations, the answer will be <word-
red > <word-orange> .  However ,  w e ca n overcom e thi s 
proble m i f  w e ask :  wha t  ar e th e mos t  cortically-drive n 
activitie s i n eac h partitio n o f  th e brain ? Becaus e <big > 
a n d < a p p l e > appeare d i n th e inpu t  twic e bu t  < s m a l l > 
a n d < o r a n g e > appeare d on l y o n c e ,  th e latte r  t w o ca n 
b e selected ,  a s wel l  a s th e purel y corticall y drive n ac -
tivitie s liste d above .  T h u s ,  e v e n fo r  derive d activitie s 
tha t  ar e input-driven ,  thos e tha t  ar e les s input-drive n ca n 
surviv e a n d th e correc t  analogica l  respons e ca n stil l  b e 
foun d a m o n g suc h activitie s tha t  ar e m o r e cortically -
drive n withi n eac h partitio n (o r  area) .  N o t e tha t  <color -
o r a n g O als o survive s th e filtering,  bu t  w h a t  i s m o r e im -
portan t  her e i s tha t  a  s impl e filtering  proces s a s describe d 
a b o v e ca n generat e a  s m a l l  subse t  o f  potentia l  a n s w e r s 
t o analogica l  queries .  Althoug h th e simpl e analogica l 
quer y presente d abov e ha s a  straigh t  forwar d answer ,  i n 
mor e comple x analogica l  problems ,  ther e ca n b e multi -
pl e answer s dependin g o n th e interpretatio n (Hofstadte r 
and Mitchel l  1994 ;  Mitchel l  2001) . 

I n thi s section ,  I  hav e show n tha t  activ e neuron s tha t 
detec t  inpu t  feature s an d establis h relational  context s ca n 
collectivel y perfor m a  rudimentar y analogica l  fiinction. * 

^Analogica l  task s ca n becom e muc h mor e comple x tha n th e 
ones show n here .  Th e exampl e i n thi s pape r  i s decidedl y simpl e 
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Figur e 5 :  Analogica l  Filterin g i n th e Thalamus .  Th e dia -
gra m show s a  simphfie d thalamo-cortica l  loo p tha t  ca n perfor m 
analogica l  completio n an d selectio n an d the n propagat e th e se -
lectio n bac k t o th e cortex .  Al l  connection s show n ar e base d 
on know n anatom y o f  th e thalamu s an d th e corte x (Mumfor d 
199S) .  I I  an d 1 2 ar e inpu t  fibers ,  T l  an d T 2 ar e thalami c re -
la y cells ,  an d R l  an d R 2 ar e inhibitor y nR t  cells .  CI ,  C2 ,  C3 , 
and C 4 ar e cortica l  neuron s (eac h i s a  se t  o f  neuron s rangin g 
multipl e layer s i n a  singl e cortica l  column) .  Th e neuron s ar e 
eithe r  excitator y (+ )  o r  inhibitor y (-) ,  an d th e arrow s ar e axon s 
(pointin g i n th e directio n o f  actio n potentia l  propagation) .  Th e 
number» l  label s o n eac h ar c sho w th e activit y bein g carried . 
Blac k soli d arrow s ar e ascendin g fibers  t o th e corte x an d th e 
cortico-cortica l  connection s (relationa l  arrows) ,  an d gra y soli d 
arrow s ar e cortico-thalami c feedback .  Blac k dashe d arrow s ar e 
inhibitor y connections .  Th e diagra m show s a  scenari o whe n a n 
inpu t  wa s presente d t o CI ,  whic h excite s C2 ,  an d i n tur n gener -
ate s th e feedbac k from  C 2 t o T2 ,  whic h i s the n retransmitte d t o 
th e corte x a s a  ne w quer y (ascendin g thic k blac k arrow) .  Th e 
selectio n decisio n fo r  furthe r  propagatio n t o th e corte x depend s 
on th e relativ e excitatio n an d inhibitio n T1(T2 )  receiv e from 
C1(C2 )  an d R1(R2) .  O n th e right  o f  C 2 (dotted )  i n th e cor -
te x i s di e subsequen t  cascad e o f  analogica l  completions .  Not e 
tha t  t o avoi d clutter ,  reciproca l  coimection s i n th e corte x ar e no t 
shown. 

But  doe s th e brai n functio n i n suc h a  way ? I n fact ,  a n 
exac t  circui t  tha t  m a y b e implementin g suc h a  functio n 
exist s i n th e brain . 

Neura l  Basi s o f  Analogica l  Comp le t i o n a n d 

Filterin g 

Two basic mechanisms are needed to account for the pro-
pose d analogica l  function :  completio n an d filtering .  Be -
low ,  I  wil l  discus s h o w th e cortico-cortica l  connection s 
and th e thalamo-cortica l  loo p ca n implemen t  thes e tw o 
mechanisms . 

Completion s m a y b e accomplishe d b y th e long-rang e 
cortico-cortica l  connection s (Mumfor d 1992) .  A s men -
tione d earlier ,  synapse s ar e strengthene d whe n th e presy -
napti c activit y preced e postsynapti c activit y (Son g e t  al . 
2000) ,  thu s th e connection s ca n implemen t  causa l  rela -
tions .  Also ,  specifi c  pattern s o f  connection s observe d i n 
animal s (e.g .  visua l  corte x o f  monkeys ;  Blasde l  1992 ) 
sho w h o w suc h pattern s ca n implemen t  specifi c  com -
pletio n fiinctions .  Computationa l  model s als o showe d 

t o clearl y illustrat e th e basi c mechanism . 

ho w suc h pattern s ca n encod e featur e co-occurrenc e an d 
ho w the y ca n dictat e th e performanc e o f  th e mode l  (Cho e 
20 0 l;Gcislcretal .  2001) . 

For  filtering ,  a  separat e mechanis m i s necessary .  I n 
th e thalamo-cortica l  loop ,  ther e exist s a  massiv e feed -
bac k fro m th e corte x t o th e thalamu s an d a n inhibitio n 
mechanis m withi n th e nucleu s reticulari s thalam i  (nRt ) 
on th e surfac e o f  th e thalamu s (Mumfor d 1995) .  Thi s 
particula r  architectur e ha s bee n though t  t o b e involve d 
i n th e analysi s an d synthesi s o f  n e w memorie s ( M a c K a y 
1956) ,  activ e blackboar d (Hart h c t  al .  1987 ;  M u m f o r d 
1995) ,  globa l  workspac e ( N e w m a n e t  al .  1997) ,  an d fi -
nally ,  generatin g attentio n an d consciousnes s (Cric k an d 
Koc h 1990) .  I t  turn s ou t  tha t  thes e feedforwar d an d feed -
bac k connection s fro m nR t  t o th e corte x togethe r  wit h 
th e nR t  inhibition s ca n filte r  th e feedbac k fro m th e cor -
te x t o promot e th e mos t  cortically-drive n feedback ,  i.e . 
th e analogica l  answers .  Le t  u s firs t  se e h o w th e purel y 
cortically-drive n activitie s ar e selecte d (figur e 5) .  I n th e 
thalamus ,  ascendin g fiber s (T l  t o C I )  branc h ou t  an d 
excit e th e inhibitor y nR t  neuro n R l  (T l  t o R l ) .  W h e n 
th e feedbac k fro m C I  t o T l  come s back ,  i t  branche s an d 
stimulate s R l .  A s a  result ,  i f  th e descendin g feedbac k 
ha d a  matchin g ascendin g signal ,  th e inhibitio n T l  re -
ceive s i s twic e a s hig h a s othe r  neuron s i n th e thalamu s 
tha t  ar e activate d b y purel y cortically-drive n feedbac k 
(i.e .  tha t  o f  T2) .  I f  th e synapti c weight s ar e appropriat e 
(i.e .  w t c =  2  an d luj R =  1)' .  a t  T l  th e feedbac k wil l 
cance l  out ,  bu t  a t  T 2 th e feedbac k wil l  surviv e th e inhi -
bitio n an d b e retransmitte d t o th e corte x (th e n e w quer y 
arrow) .  Suc h a  survivin g cortica l  feedback ,  togethe r  wit h 
th e inpu t  stimulu s a t  th e nex t  m o m e n t  for m a  n e w ana -
logica l  quer y t o th e cortex ,  an d th e sam e proces s i s re -
peated .  Tha t  is ,  C 2 elicit s activitie s i n C 3 ,  an d i n tur n C 4 
throug h th e thalamo-cortica l  loo p (not e tha t  the y ca n b e 
quit e fa r  away) .  Fo r  th e selectio n o f  th e mos t  corticall y 
drive n feedback ,  th e mutua l  inhibition s i n th e nR t  laye r 
(e.g .  betwee n R l  an d R 2 )  m a y disinhibi t  (inhibitin g a n 
inhibitor y neuro n result s i n les s ne t  inhibitio n a t  th e tar -
get ;  figur e 5 )  eac h othe r  an d allo w th e mor e corticall y 
drive n feedbac k t o g o bac k t o th e cortex ,  eve n w h e n al l 
curren t  cortica l  activitie s ar e inpu t  driven . 

D i s c u s s i o n 

Th e neura l  mechanism s describe d i n thi s pape r  ca n onl y 
accoun t  fo r  simpl e kind s o f  analogies ,  an d i n som e cas e 
i t  ca n eve n see m a s simpl e patter n completion .  Fo r  ex -
ample ,  <orange > =  7  wil l  resul t  i n th e sam e answe r 
<word-orange > a s i n th e Activ e Relations:.. .  section . 
H o w ca n th e terr a <word-red > i n th e origina l  quer y af -
fec t  th e outcom e a t  all ? Fo r  this ,  I  believ e tha t  a m o n g 
m a ny possibl e completions ,  th e genera l  m a p are a (i.e . 
th e partition s i n figur e 4 )  tha t  ar e activate d b y inpu t  get s 
highe r  preference .  I n thi s example ,  th e fruit-map ,  word -
m ap an d color-ma p wil l  tur n on ,  thu s purel y cortica l  ac -
tivation s i n othe r  genera l  map s (sa y odor-map ,  etc. )  wil l 
not  b e a s salien t  a s tha t  o f  <word-orange> .  Thus ,  i n thi s 

'Here, iwyx is the synaptic connection strength from neuron 
X t o neuro n Y . 
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way,  th e presenc e o f  <word-red > ca n indee d affec t  th e 
outcom e o f  th e analogica l  query .  A  mor e precis e neu -
ra l  mechanis m fo r  thi s kin d o f  selectio n amon g area s (o r 
maps)  need s t o b e investigate d further . 

Researcher s regar d th e analogica l  capabilit y  a s th e 
cru x o f  high-leve l  cognitio n (se e Centne r  e t  al .  200 1 fo r 
a collectio n o f  curren t  wor k o n analogy) .  However ,  anal -
ogy doe s no t  nee d t o b e limite d t o high-leve l  cognition . 
Recent  result s sugges t  tha t  analog y ma y b e neede d i n 
perceptio n a s wel l  (Morriso n 1998) ,  an d suc h a n abil -
it y emergin g i n perceptua l  system s ma y eve n b e a  crucia l 
requiremen t  fo r  cognitiv e developmen t  (Chalmer s e t  al . 
1992) .  The n i t  i s  no t  unthinkabl e tha t  moto r  functio n als o 
emplo y analog y i n a  simila r  manne r  (c f  sensor y moto r 
contingenc y theor y b y O'Rega n an d No e 2001) ,  thu s w e 
can the n star t  t o understan d perception ,  cognition ,  an d 
moto r  functio n unde r  th e unifyin g fhmiewor k o f  analogy . 

H ow ca n suc h a  divers e functionalit y b e integrate d un -
der  a  singl e framewor k o f  analogica l  processing ? Mas -
siv e connection s exis t  withi n an d acros s differen t  func -
tiona l  area s i n th e brain ,  an d th e sensory/moto r  map s 
ar e topologicall y organized ,  i.e .  nearb y neuron s ar e re -
sponsiv e t o nearb y feature s i n th e sensor y spac e (Koho -
nen 1982 ;  vo n de r  Malsbur g 1973) .  Withi n eac h map , 
th e featur e detector s an d th e cortico-cortica l  connection s 
lear n t o encod e th e relation s (Cho e 2001) .  I t  i s  possi -
bl e tha t  cognitiv e map s als o hav e a  topologica l  organiza -
tio n wher e nearb y area s lear n t o encod e simila r  concepts , 
suc h a s semanti c map s o r  episodi c memor y map s (Miik -
kulaine n 1993) .  W h e n th e sensory ,  cognitive ,  an d moto r 
maps ar e connecte d i n a n orderl y wa y preservin g thei r 
loca l  topology ,  analogie s ca n b e draw n withi n an d (mor e 
importantly )  acros s differen t  functiona l  domains . 

Withi n thi s hug e numbe r  o f  map s specializin g i n dif -
feren t  tasks ,  a  cascad e o f  multipl e analogica l  comple -
tion s ca n b e goin g o n i n parallel ,  synchronize d a t  eac h 
moment  b y th e 40H z rhyth m t o hol d a n instantaneousl y 
coheren t  stat e (Gra y 1999 ;  Mumfor d 1995) .  Suc h a  stat e 
can the n pos e a s anothe r  analogica l  query ,  an d th e pro -
ces s ca n repeat .  W h e n th e cascad e reache s a  moto r  area , 
behavio r  wil l  b e generated .  Memor y conten t  ma y als o 
ente r  th e analogica l  cascade ,  an d thi s quasi-stati c con -
tributio n ca n preven t  th e continuousl y changin g inpu t 
strea m fro m causin g rando m cascades ,  thereb y main -
tainin g a  mor e goal-directe d an d stabl e behavior .  Spe -
cifi c  mechanism s o f  ho w th e memor y conten t  enter s th e 
thalamo-cortica l  loop ,  an d ho w analogie s ar e archive d i n 
long-ter m memor y shoul d b e studie d fiirther . 

Neuroscienc e researc h ha s reveale d a  lo t  abou t  percep -
tio n an d motO T abilitie s i n th e brain ,  bu t  understandin g 
th e cognitiv e facult y stil l  remain s elusive .  Investigatio n 
int o cognitiv e function s ca n procee d unde r  th e analogi -
cal  framework,  wher e w e ca n infe r  th e functionalit y o f 
th e highe r  area s b y backtrackin g th e connection s t o th e 
perceptua l  an d moto r  area s an d stud y thei r  topolog y an d 
analogica l  links .  Specifi c  prediction s regardin g th e lay -
out  o f  th e highe r  center s ma y b e mad e base d o n th e topol -
ogy o f  th e lowe r  center s an d th e connectio n structur e be -
twee n th e two ,  an d experiment s ca n the n focu s o n verify -

in g thes e predictions .  Fo r  example ,  ther e ar e orientatio n 
maps wit h smoothl y changin g orientatio n preferenc e i n 
VI  (primar y visua l  cortex ;  Blasde l  1992) ,  an d ther e ar e 
objec t  map s i n T E (tempora l  are a E ;  Tanak a 1996 )  tha t 
als o chang e smoothl y (fo r  example ,  rotatio n o f  a  head) . 
The analogica l  framework  predict s tha t  ther e wil l  b e a n 
orderl y mappin g from  V I  t o T E tha t  preserv e suc h loca l 
topolog y acros s differen t  representatio n spaces. '  Simi -
la r  mapping s ma y exis t  betwee n sensor y an d cognitiv e 
areas ,  an d i f  suc h a  mappin g i s found ,  w e ca n star t  t o un -
derstan d th e abstrac t  cognitiv e function s base d o n con -
cret e perceptua l  architecture . 

The stron g connectio n mad e i n thi s pape r  betwee n 
analogica l  fiinctio n an d specifi c  neura l  circuitr y ca n hel p 
us bette r  understan d both .  Th e functionalit y o f  th e targe t 
are a o f  a  neuro n ca n b e studie d t o understan d wha t  ac -
tio n occur s whe n a  neuro n detect s a  certai n featur e i n th e 
input .  Suc h a  stud y ca n revea l  th e kind s o f  relation s im -
plemente d i n th e brain ,  thu s providin g u s wit h insight s 
int o wha t  kind s o f  analogie s ar e possible .  Th e mecha -
nism s o f  neura l  circuit s ca n als o b e furthe r  reveale d b y 
carefull y designe d analogica l  test s i n perception ,  cogni -
tion ,  an d moto r  function ,  an d als o i n a  combinatio n o f 
thes e differen t  domains .  Differen t  type s o f  unimoda l  an d 
cross-moda l  analogica l  task s ca n revea l  ho w th e differen t 
cortica l  area s ar e relate d an d ho w the y invok e eac h other . 
I n studyin g suc h mapping s acros s task s an d modalities , 
understandin g th e co-occurrenc e statistic s o f  natura l  sig -
nal s become s increasingl y importan t  a s the y ma y giv e 
us a  hin t  o n ho w th e connection s ar e organize d i n th e 
brai n (Cho e 2001 ;  Simoncell i  an d Olshause n 2001) . 

Conc lus io n 

In this paper, I analysed the difiiculties that the common 
interpretation s o f  S&C' s secon d orde r  isomorphis m ca n 
caus e i n understandin g th e brain .  I  propose d a n activ e 
rol e fo r  representation s an d relations ,  an d i t  turne d ou t 
tha t  collectivel y the y ca n perfor m a n analogica l  Junc -
tion .  A n importan t  connectio n betwee n analogica l  func -
tio n an d a  specifi c  brai n circui t  wa s the n established ,  pro -
vidin g suppor t  fo r  th e ne w interpretation .  Thi s ne w view -
poin t  allow s u s t o understan d perception ,  cognition ,  an d 
moto r  functio n unde r  a  unifyin g framewor k o f  analogy , 
and i t  ca n hel p u s tak e a  mor e focuse d approac h i n brai n 
and cognitiv e sciences . 
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thi s pat h ca n revea l  ho w V I  an d T E ar e topologicall y mapped . 
Also ,  se e Edclma n (1995 )  fo r  mor e o n smoot h representatio n 
space s fo r  comple x visua l  objects . 
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Abstrac t 

Short-term performance data from a complex com-
puterize d cognitiv e tes t  calle d S Y N W O R Kl  wer e 
examine d fo r  ag e difference s i n transitor y perfor -
mance fluctuations  i n sample s o f  5 5 olde r  an d 5 7 
younge r  adults .  Profil e analysi s indicate d tha t  th e 
olde r  adults '  performanc e trajectorie s wer e essen -
tiall y  paralle l  t o thos e o f  th e younge r  adults' ,  bu t 
wit h th e olde r  adult s performin g a t  a  consistentl y 
lowe r  leve l  o n al l  fou r  subtask s o f  S Y N W O R K l. 
Thes e apparen t  ag e diflference s i n leve l  o f  perfor -
mance wer e reduce d substantiall y  whe n a  simpl e 
graphica l  approac h wa s use d t o examin e th e per -
formance  trajectories .  Thes e result s exten d ou r 
knowledg e concernin g th e natur e o f  intraindivid -
ual  variabilit y  whil e illustratin g agai n som e o f  th e 
methodologica l  inadequacie s inheren t  i n researc h 
com]>arin g ag e difference s i n level s o f  cognitiv e per -
formanc e whe n commo n statistica l  assumption s ar e 
eve n mildl y violated .  Th e competenc e o f  olde r 
adult s ca n b e underestimate d base d o n a  singl e 
measiu- e o f  a  grou p mean ,  thu s leadin g t o furthe r 
risk  o f  missin g importan t  learnin g strength s o f  olde r 
adults . 

Selectio n an d selectio n eflFect s hav e receive d a  con -
siderabl e amoun t  o f  attentio n fro m behaviora l  sci -
entist s (Nessehoade ,  1988 ;  Nesselroad e &  T h o m p -
son ,  1995 )  an d stil l  remai n on e o f  th e obstacle s re -
searcher s mus t  someho w overcome .  Th e primar y 
concerns ,  however ,  revolv e aroun d selectin g a  rep -
resentativ e sampl e o f  participant s from  th e popula -
tio n o f  interes t  (e.g .  Cronbach ,  Gleser ,  N a n d a k 
RAJaratnam ,  1972 )  an d vali d indicator s t o repre -
sen t  th e underlyin g construc t  imde r  stud y (e.g .  Lit -
tle ,  Linderberge r  &  Nesselroade ,  1999) .  These ,  o f 
course ,  captur e onl y tw o o f  th e te n possibl e dimen -
sion s definin g empirica l  dat a i n Cattell' s  dat a bo x 
(Cattell ,  1966 ;  Littl e e t  al. ,  1999) ,  namely ,  th e per -
son s an d variable s dimensions ,  amon g othe r  possibl e 
desig n configurations .  Anothe r  relativel y familia r  di -
mensio n o f  th e dat a box ,  occasion s o f  measurement , 
has als o bee n discusse d rathe r  extensively ,  especiall y 
i n comparin g th e relativ e merit s o f  cross-sectiona l 
versu s longitudina l  researc h desig n (e.g .  Kraemer , 
Yesavage ,  Taylo r  &  Kupfer ,  2000) .  Anothe r  kin d 
of  selectio n effec t  tha t  i s  inheren t  i n almos t  an y re -
searc h designs ,  bu t  ha s rarel y bee n addressed ,  i s th e 
effec t  o f  averagin g dat a acros s participant s o r  oc -

casion s o f  measurement .  I n a  recentl y publishe d 
article ,  Newell ,  Li u an d Mayer-Kres s (2001 )  ques -
tio n th e c o m m o n practic e o f  averagin g dat a acros s 
participant s o r  occasions ,  presumabl y t o remov e th e 
transient ,  noise-lik e change s from  trial-to-trial ,  o r 
durin g th e 'Svarm-up "  phas e a t  th e beginnin g o f  a 
practic e session ,  wit h th e goa l  o f  singlin g ou t  a  globa l 
learnin g tren d tha t  i s characteristi c o f  al l  th e partic -
ipant s acros s al l  th e trials .  A s suggeste d b y Lamiel l 
(1981) ,  bot h idiographi c an d nomotheti c approache s 
hav e thei r  o w n merit s i n answerin g certai n researc h 
questions .  However ,  whe n a  grou p mea n i s use d a s 
th e onl y inde x o f  a  group' s performance ,  th e en d o f 
searchin g fo r  a  globa l  tren d i n learnin g doe s no t  al -
ways justif y th e mean s o f  levellin g ou t  th e individua l 
difference s i n thi s aspect . 

Idiographic suid Nomethetic Approaches 

t o M o d e l i n g C h a n g e 

Over  th e pas t  fe w decades ,  th e importanc e o f  a n 
idiographi c approac h (Allport ,  1937 ;  Murray ,  1938 ) 
t o studyin g h u m a n behavio r  ha s gaine d increase d 
recognition .  Considerabl e effort s hav e bee n de -
vote d t o integrat e idiographi c an d nomotheti c ap -
proache s i n psychologica l  research ,  thu s allowin g re -
searcher s t o captur e bot h th e intraindividua l  vari -
ability ,  an d th e interindividua l  difference s i n variou s 
aspect s o f  h u m a n behavio r  (Balte s &  Nesselroade , 
1979) .  Repeate d assessment s o f  th e sam e individua l 
ofte n yiel d informatio n o n intrtdndividua l  variabil -
it y i n aspect s though t  t o b e relativel y stabl e ove r 
shor t  time-span ,  suc h a s cognitiv e abilitie s an d intel -
ligenc e (se e e.g. ,  Horn ,  1972 ;  May ,  Hashe r  &  Stoltz -
fus ,  1993 ;  Stigler ,  1994) ,  personalit y style s an d othe r 
belie f  system s (e.g. ,  Shoda ,  Mische l  &  Wright ,  1994 ; 
K im ,  Nessehoad e &  Featherman ,  1996) ,  a s wel l  a s 
othe r  mor e transien t  state-lik e fluctuations  i n af -
fectiv e state s (e.g. ,  Larsen ,  1987 ;  Shifren ,  Hooker , 
W o od &  Nesselroade ,  1997 ;  M u m ma 2001) . 

Whil e man y researcher s ar e movin g awa y from 
performin g mean s comparison s a t  th e aggregat e 
level ,  th e ide a o f  takin g a  grou p mea n a s th e un -
biase d estimato r  o f  th e group ,  a s wel l  a s th e popu -
latio n tha t  i t  represents ,  i s s o deepl y entrenche d i n 
contemporar y dat a analyti c technique s tha t  a  ma -
jorit y o f  th e between-grou p comparison s essentiall y 
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involv e means .  Althoug h i t  i s  a  well-know n fac t  tha t 
othe r  measure s o f  centra l  tendency ,  suc h a s th e me -
dian ,  migh t  b e a  bette r  estimato r  o f  a  group' s perfor -
mance whe n certai n statistica l  criteri a ar e no t  met , 
or  whe n ther e ar e outlier s i n th e dat a tha t  coul d 
potentiall y  ske w th e result s o f  one' s analysis ,  mos t 
of  th e availabl e statistica l  tests ,  suc h a s A N O V A, 
ar e base d o n mean s comparisons .  Eve n i n case s 
wher e intraindividua l  variabilit y  i s  modele d explic -
itly ,  suc h a s i n growt h curv e analysi s (McArdl e k 
Epstein ,  1987 ;  Francis ,  Fletcher ,  Stuebing ,  Davidso n 
& Thompson ,  1991 ;  Meridit h &  Tisak ,  1990) ,  con -
clusion s o n intraindividua l  change s i n level s o f  per -
formanc e stil l  deriv e primaril y fro m means .  Addin g 
t o thes e methodologica l  difficultie s o f  capturin g rep -
resentativ e idiographi c information ,  o f  course ,  ar e 
th e conceptua l  difficultie s o f  summarizin g th e in -
terindividua l  difference s i n a  wa y tha t  i s helpfu l  fo r 
makin g empirica l  decisions .  A  graphica l  approac h 
i s a  usefu l  supplemen t  t o othe r  mor e rigorou s sta r 
tistica l  approaches ,  a s i t  help s t o depic t  a  summar y 
pictur e o f  bot h th e intraindividua l  an d interindivid -
ual  aspect s o f  change . 

Transitory Changes in Cognitive 

P e r f o r m a n c e a s M e a n i n g f u l 

Intraindividua l  C h a n g e s 

Despite increased awareness of the limitations of us-
in g a n aggregat e measur e t o represen t  a  group ,  th e 
same limitation s tha t  exis t  whe n applie d t o individ -
ual  dat a wer e no t  addresse d a s often .  Jus t  a s a  grou p 
mean doe s no t  necessaril y  represen t  th e grou p a s a 
whole ,  a n individual' s mea n scor e i s limite d i n it s 
own way .  Th e transien t  fluctuation s observe d durin g 
th e initia l  phase s o f  a n individual' s learnin g histor y 
shoul d no t  unthinkingl y b e regarde d a s "outliers " 
tha t  ough t  t o b e levelle d out .  Unfortunately ,  mos t 
experimenta l  studie s aime d a t  capturin g determin -
isti c dynamic s i n transitor y learnin g fluctuation s a s 
observe d durin g th e "warm-up "  phas e ar e limite d 
t o studie s i n th e are a o f  moto r  developmen t  (e.g . 
Adams,  1961 ;  Schmidt ,  1982 ;  Thelen ,  1994) .  In -
dividuals '  cognitiv e learnin g curve s a s reporte d b y 
some researcher s (e.g .  Salthouse ,  Hambrick ,  Luka s 
& Dell ,  1996 )  d o i n genera l  resembl e th e learnin g 
curv e o f  moto r  skills .  However ,  ver y fe w studie s 
hav e focuse d o n examinin g th e pattern s o f  transi -
tor y change s i n huma n cognitiv e performanc e £in d 
eve n fewe r  studie s emphasiz e learnin g a s a n ongoin g 
refinemen t  o f  error s i n th e fac e o f  externa l  perturba -
tions . 

Objectives of This Study 

I n thi s paper ,  w e examin e transitor y change s i n indi -
viduals '  short-ter m adaptiv e response s an d compar e 
thes e response s amon g adult s o f  differen t  ages .  W e 
als o demonstrat e som e o f  th e inadequacie s inheren t 
i n compaxin g adult s o f  differen t  age s o n th e basi s o f 

thei r  grou p mean s whe n c o m m o n statistica l  assumjj -
tion s ar e eve n mildl y violated .  Finally ,  w e presen t 
a simpl e graphica l  approac h tha t  serve s a s a  supple -
ment  t o mean s comparison s a t  a  grou p level ,  an d a n 
alternativ e t o summarizin g change s a t  £i n individua l 
level . 

Method 

Participants 

This sample consisted of 55 older adults (36 female 
and 1 9 male) ,  an d 5 7 younge r  adult s (3 8 femal e an d 
19 male) .  Th e olde r  adults '  age s range d fro m 6 0 t o 
93 year s ( M =  73.73 ,  S D =  7.26) ,  an d th e yoimge r 
adults '  fro m 1 7 t o 2 8 year s { M =  19.18 ,  S D =  1.75) . 
Th e younge r  axiult s wer e recruite d fro m th e under -
graduat e participan t  poo l  i n a  southeaster n imiver -
sit y an d wer e rewarde d wit h cours e credit s fo r  par -
ticipatio n i n thi s study .  Th e olde r  adult s wer e re -
cruite d fro m th e Charlottesvill e communit y throug h 
newspape r  advertisement s an d direc t  solicitatio n a t 
senio r  center s .  Bot h ag e group s rate d themselve s a s 
i n reasonabl y goo d health ,  wit h self-rating s o f  healt h 
average d betwee n averag e t o goo d (o n a  4-poin t  scal e 
firo m 1—excellen t  t o 4—poor ,  M =  2.2 7 an d S D = 
1.0 0 fo r  olde r  adults ;  M =  1.9 1 an d S D =  0.8 7 fo r 
younge r  adults) . 

Materials 

The cognitive performance of the participants was 
assesse d usin g a  compute r  progra m calle d S Y N -
W O R K l.  Th e S Y N W O R Kl  progra m i s a  comput -
erize d multi-taskin g tes t  enviroimien t  designe d b y 
Elsmor e (1994 )  t o examin e a n individual' s abilit y 
t o perfor m multipl e task s concurrently .  Figur e 1 
shows th e fou r  primar y task s tha t  ar e measmre d o n 
S Y N W O R K l,  includin g a  memor y task ,  a  self-pace d 
arithmeti c tas k tha t  involve s usin g mouse-clic k t o 
manipulat e th e plu s an d minu s panel s t o adjus t  th e 
su m fro m fou r  zero s (0000 )  int o th e correc t  siu n o f 
tw o give n numbers ,  a  visua l  monitorin g task ,  an d 
an auditor y discriminatio n task .  Point s ar e give n 
fo r  correc t  response s an d take n awa y whe n a  tas k i s 
neglecte d o r  performe d incorrectly .  A n individual' s 
tota l  scor e i s constantl y update d an d i s show n i n th e 
middl e o f  th e fou r  tas k quadrants . 

Procedure 

Due t o th e complexit y o f  th e S Y N W O R Kl  program , 
th e participant s wer e first  give n a  shor t  trainin g 
sessio n durin g whic h the y practice d th e fou r  S Y N -
W O R Kl  task s on e a t  a  time ,  followe d b y a  one -
minut e sessio n durin g whic h the y practice d th e fou r 
task s simultaneously .  Afte r  th e participant s wer e 
tol d t o striv e fo r  thei r  bes t  possibl e scores ,  w e bega n 
recordin g thei r  performanc e dat a o n S Y N W O R Kl 
ove r  nin e consecutiv e trials ,  wit h eac h tria l  lastin g 
abou t  on e minute . 
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Figur e 1 :  Th e S Y N W O R Kl  progra m designe d b y 
Elsmor e (1994 )  t o tes t  h u m a n syntheti c wor k per -
formanc e 

To induc e som e short-ter m transitor y fluctuations 
i n th e participants '  performance ,  w e manipulate d 
th e difficult y level s o f  th e S Y N W O R Kl  progra m 
throughou t  th e nin e trial s b y speedin g u p o r  slowin g 
down th e timin g a t  whic h eac h tas k appeared .  Dur -
in g th e mor e difficul t  sessions ,  w e als o increase d th e 
mmiber  o f  addend s fo r  th e arithmeti c task ,  an d th e 
number  o f  targe t  letter s th e participant s ha d t o re -
member  fo r  th e memor y task .  Thi s sudde n increas e 
i n th e difi&cult y level s o f  th e fou r  task s wa s expecte d 
t o induc e a  smal l  amoun t  o f  perturbation s i n th e in -
dividuals '  response s an d th e individuals '  abiht y t o 
adap t  t o thes e sudde n perturbation s wa s take n a s 
an indicatio n o f  thei r  adaptiv e behaviora l  patterns . 
Durin g a  particula r  trial ,  th e S Y N W O R Kl  progra m 
was governe d b y on e o f  thre e possibl e set s o f  param -
eter s w e classifie d a s easy ,  mid-difficulty ,  an d diffi -
cult .  Th e participant s wer e expose d t o on e o f  tw o 
sequence s o f  alterin g difficult y level s i n th e orde r  o f 
{M,  E ,  M ,  D ,  M,  E ,  M,  D ,  M} ,  o r  {M ,  D ,  M,  E ,  M, 
D,  M ,  E ,  M } ,  wher e M represent s mid-difl5culty ,  E 
represent s easy ,  an d D  represent s difficul t  sessions . 
Th e tota l  numbe r  o f  correc t  memory ,  arithmetic ,  vi -
sual ,  an d auditor y response s fo r  eac h o f  th e nin e 
trial s wer e use d a s th e primar y dependen t  variable s 
i n thi s stud y t o determin e i f  th e tw o ag e group s ha d 
differen t  performanc e profile s o n eac h o f  th e tasks . 

Results 

Prio r  t o analysis ,  th e participants '  tas k score s ove r 
nin e trial s wer e screene d fo r  outlier s an d departur e 
fro m othe r  statistica l  assumptions .  Severa l  outlier s 
wer e detecte d amon g younge r  adult s w h o performe d 
to o poorl y o n th e memor y task ,  olde r  adult s wh o 
performe d to o wel l  o n th e arithmeti c tas k an d th e vi -
sua l  task ,  an d amon g younge r  adult s o n th e auditor y 
tas k du e t o th e restricte d rang e o f  score s observe d 
i n tha t  ag e group .  Thes e outlier s wer e retaine d i n 
subsequen t  dat a analysi s a s the y wer e though t  t o re -
flect  reasonabl e rang e o f  fluctuations  i n performance . 
No missin g value s wer e observe d i n th e data .  W h e n 

subjec t  t o a  M A N O VA test ,  th e tas k score s o f  in -
dividual s expose d t o th e tw o sequence s o f  difficult y 
level s wer e no t  statisticall y diflferen t  fro m eac h other . 
Afte r  confirmin g that ,  a  profil e analysi s wa s use d t o 
evaluat e th e difference s i n level ,  parallelism ,  an d flat-
nes s o f  th e tw o groups '  response s o n th e fou r  tasks , 
wit h ag e grou p a s th e independen t  variable . 

Profile Analysis 

Th e descriptiv e statistic s o f  th e tw o ag e group s ar e 
presente d i n Tabl e 1 .  Consisten t  wit h findings  re -
porte d i n th e agin g literature ,  th e younge r  adult s 
wer e foun d t o perfor m a t  a  significantl y highe r  leve l 
on th e memor y task ,  F(l,110 )  =  132.17 ,  p  <  .001 ; 
th e arithmeti c task ,  F(l,110 )  =  223.69 ,  p  <  .001 , 
and th e auditor y task ,  F(l,110 )  =  106.56 ,  p  <  .001 , 
as determine d b y usin g Wilk' s criterion .  Th e visua l 
tas k wa s th e onl y tas k tha t  di d no t  sho w significan t 
differenc e i n level s betwee n th e tw o ag e groups . 

Tabl e 1 :  Descriptiv e Statistic s o f  th e Olde r  an d 
Younge r  Adults . 

M e m o ry 
Arithmeti c 

Visua l 
Auditor y 

Mean 

Old 

5.7 7 
0.2 1 

70.8 0 
0.8 1 

Youn g 

9.4 7 
1.8 4 

72.2 2 
1.7 8 

Standar d 

Deviatio n 

Old 

2.9 2 
0.6 0 

22.5 1 
0.8 3 

Youn g 

2.2 0 
1.4 5 

21.4 9 
0.7 6 

W h en average d acros s groups ,  score s o n al l  fou r 
task s wer e foun d t o deviat e significantl y fro m flat-
nes s b y Hotelling' s criterio n o n al l  fou r  S Y N W O R Kl 
task s ( p <  .0 1 fo r  all) .  Thi s simpl y confirme d 
tha t  th e experimentall y impose d perturbation s di d 
lea d t o som e fluctuations  i n th e participants '  perfor -
mance.  Ther e migh t  als o b e som e learnin g takin g 
place ,  a s show n b y th e sligh t  increas e i n mean s ove r 
th e nin e trials .  Usin g Wilk' s criterion ,  however ,  th e 
olde r  an d younge r  adults '  profile s wer e no t  foun d t o 
deviat e significantl y fro m parallelism ,  excep t  o n th e 
arithmeti c task ,  F(8 ,  103 )  =  2.98 ,  p  =  .005 .  Th e 
arithmeti c tas k migh t  b e to o cognitivel y demandin g 
fo r  th e olde r  adults ,  thu s causin g the m t o avoi d th e 
tas k altogether .  Asid e fro m this ,  th e tw o ag e group s 
di d no t  reac t  t o th e experimenta l  perturbation s i n a 
statisticall y differen t  wa y ove r  th e nin e trials . 

Graphical Representation of 

Intraindividua i  Variabilit y 

Th e conceptua l  difficultie s o f  siumnarizin g informa l 
tio n a t  a n individua l  leve l  ca n b e illustrate d usin g 
Figur e 2 ,  i n whic h al l  th e individuals '  tota l  score s o n 
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Figur e 2 :  T h e tota l  score s o f  al l  th e individual s i n 
th e sample . 

S Y N W O R Kl  ar e s h o w n ove r  th e nin e trials .  Differ -
en t  individual s hav e thei r  o w n distinc t  trajectories , 
m a k i n g i t  har d t o s u m m a r i z e th e per formanc e o f  th e 
grou p a s a  whole .  T h e conventiona l  m e a n s plo t  (se e 
Figur e 3 )  m a y b e helpfu l  i n providin g a  s u m m a r y 
picture ,  bu t  coul d als o m a s k importan t  informatio n 
i n th e data .  T o furthe r  e x a m i n e th e per formanc e o f 
th e tw o ag e group s a s capture d b y othe r  descriptiv e 
measures ,  th e 10th ,  50t h a n d 90t h percentile s o f  th e 
t w o groups '  score s o n th e fou r  task s wer e plotte d 
an d competre d usin g S-Plus '  H m i s c librar y (Harrel l 
k  Alzola ,  2001) .  D u e t o spac e limitations ,  w e chos e 
t o includ e onl y th e m e a n s a n d percentile s plot s fo r 
th e m e m o r y a n d auditor y task s here . 

A s s h o w n i n th e plot s i n Figur e 4 ,  th e ag e dif -
ference s i n per formanc e level s reduce d substantiall y 
w h e n th e percentile s plot s wer e use d t o represen t 
th e performanc e o f  th e t w o ag e group s ^ .  W h e n 
c o m p a r e d t o adult s f ro m th e s a m e ag e group ,  olde r 
adult s w h o performe d a t  th e 90t h percentile s o n th e 
m e m o ry jin d arithmeti c task s (omitte d here )  wer e 
foim d t o s h o w per formanc e tha t  closel y resemble d 
younge r  adult s w h o s e score s wer e nea r  th e m e d i a n 
level s o f  thei r  peers^ .  Olde r  adult s i n thi s categor y 
wer e observe d t o m a k e m o r e m a r k e d improvemen t s 
o n th e m e m o r y a n d arithmeti c task s towar d th e e n d 
of  th e experiment .  A  simila r  patter n w a s observe d 
o n th e auditor y task ,  excep t  tha t  th e relativel y wel l 
performin g olde r  adult s (i.e. ,  th e 90t h percentil e 
group) ,  starte d ou t  wi t h per formanc e trajector y tha t 
w as identica l  t o th e trajector y o f  younge r  adult s 
w h o performe d a t  th e m e d i a n level ,  bu t  afte r  th e 
7t h trial ,  caugh t  u p t o th e per formanc e o f  younge r 
adult s w h o performe d a t  th e 90t h percentil e leve l 
aji d performe d a t  exactl y th e s a m e optima l  leve l  af -
te r  th e 7t h trial .  T h e younge r  adult s w h o per forme d 

^  W e als o plotte d th e trajectorie s  o f  younge r  an d olde r 
adult s a t  les s extrem e percentil e level s (e.g .  25t h an d 
75t h percentiles) .  A  similar ,  bu t  smalle r  magnitud e o f 
reductio n i n ag e difference s wa s observed . 

^Th e percentil e level s wer e calculate d separatel y fo r 
eac h tas k an d eac h ag e group . 

z 
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Figur e 3 :  Th e mean s an d th e 9 5 % confidenc e lim -
it s o f  th e olde r  an d younge r  adults '  score s o n th e 
memory an d auditor y tasks . 

at  th e 90t h percentil e level s wer e performin g a t  th e 
optima l  leve l  o n th e memory ,  visua l  an d auditor y 
task s ver y earl y on ,  achievin g th e m a x i m u m possi -
bl e score s durin g almos t  al l  o f  th e trials .  Thei r  onl y 
sourc e o f  improvemen t  i n score s derive d primaril y 
fro m th e self-pace d arithmeti c task ,  o n whic h thei r 
score s continue d t o improv e throughou t  th e cours e 
of  thi s experiment .  O n th e othe r  hand ,  olde r  adult s 
at  th e 90t h percentil e leve l  wer e observe d t o hav e 
rathe r  unifor m improvement s o n al l  fou r  tasks ,  an d 
mor e trial s wer e require d befor e the y coul d atta m 
th e sam e leve l  o f  performanc e th e wel l  performin g 
younge r  adult s coul d achiev e a t  a n earl y phase . 

Anothe r  importan t  sourc e o f  variabilit y  consti -
tute d b y ag e stemme d fro m th e lac k o f  clea r  improve -
ment s observe d amon g olde r  adult s w h o performe d 
at  th e 10t h percentil e level .  Th e relativel y poo r  per -
formin g younge r  adult s (thos e a t  th e 10t h percentil e 
level )  wer e abl e t o capitaliz e o n th e memor y tas k 
and auditor y tas k a s tim e progresse d muc h bette r 
tha n olde r  adult s o f  comparabl e performanc e level . 
Nevertheless ,  olde r  adult s a t  th e 10t h percentil e leve l 
di d demonstrat e thei r  ow n learnin g strength s o n th e 
visua l  task—the y attaine d a  considerabl e amoun t  o f 
improvemen t  o n th e visua l  tas k from  tria l  on e t o tria l 
two ,  an d maintaine d a  rathe r  persisten t  leve l  o f  per -
formanc e befor e a  shar p decremen t  i n score s wa s ob -
serve d durin g an d afte r  th e 8t h trial ,  presumabl y du e 
t o fatigu e an d decrease d attentio n span .  W h e n th e 
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F igur e 4 :  T h e 10th ,  50 t h a n d 90 t h decile s o f  th e 
olde r  a n d younge r  adults '  m e m o r y a n d auditor y 
scores . 

plot s o f  individual s f r o m les s e x t r e m e percentil e lev -
el s (e.g .  25t h a n d 75t h percentiles )  w e r e e x a m i n e d , 
simila r  fluctuatio n pattern s tha t  differe d slightl y i n 
level s w e r e observ«l ,  revealin g interestin g individ -
ua l  difference s i n pe r fo rmanc e fluctuations  within , 
a s wel l  a s b e t w e e n differen t  ag e groups . 

Discussion 

I n thi s study ,  S Y N W O R Kl  wa s use d a s a n activ e 
interfac e fo r  capturin g th e ag e difference s i n perfor -
mance fluctuations  whe n individual s wer e face d wit h 
ongoin g externa l  perturbations .  A s Jone s an d Con -
rad' s (1933 )  quotatio n o f  Thomdike' s remar k pu t  it , 
"...individua l  difference s amongs t  thos e o f  th e sam e 
age...enormousl y outweig h difference s betwee n ages " 
(p .  258-59) .  Th e c o m m o n approac h o f  compar -
in g ag e difference s i n level s o f  cognitiv e performanc e 
by usin g grou p mean s inevitabl y under-represent s 
th e complexit y underlyin g th e variabilit y  i n perfor -
mance bot h withi n an d betwee n differen t  ag e groups , 
especiall y whe n th e tw o ag e group s hav e unequa l 
variance s i n man y respects .  D u e t o th e lac k o f  a 
clea r  definitio n o f  wha t  constitute s a  normativ e rep -
resentatio n o f  th e olde r  adult s population ,  th e is -
su e o f  identifyin g an d eliminatin g outlier s become s 
tricky .  Result s fi-o m ou r  profil e analysi s showe d find-
ing s tha t  wer e consisten t  wit h thos e reporte d i n th e 
literatur e (e.g .  Erber ,  1976) .  Essentially ,  adult s 
of  differen t  ag e group s wer e foun d t o exhibi t  simi -

lar ,  significan t  improvement s o n cognitiv e o r  intelli -
genc e test s a s practic e effect s accumulated ,  bu t  th e 
younge r  adults '  leve l  o f  performanc e wa s almos t  al -
ways highe r  tha n th e olde r  adults '  o n al l  th e mea -
suremen t  occasions . 

Usin g grou p mean s an d th e change s i n mean s 
as th e sol e indicator s o f  th e performanc e o f  thes e 
olde r  an d younge r  adult s migh t  b e informativ e i n 
it s ow n way ,  a s demonstrate d b y th e profil e analy -
si s i n thi s study ,  bu t  fail s t o acknowledg e th e dif -
ference s i n performanc e profile s amon g individual s 
of  th e sam e ag e group .  I n fact ,  th e younge r  adult s 
i n thi s study ,  w h o wer e al l  recruite d from  th e sam e 
universit y an d wer e ofte n though t  o f  a s representin g 
a rathe r  homogeneou s group ,  showe d differen t  dy -
namic s i n thei r  performanc e fluctuations  whe n th e 
trajectorie s o f  individual s from  differen t  percentile s 
wer e compared .  T h e trajectorie s plotte d usin g th e 
percentile s o f  th e younge r  an d olde r  adult s als o re -
veale d ver y consisten t  pattern s i n performanc e fluc-
tuation s tha t  reflecte d ou r  experimentall y impose d 
alteration s i n tas k difficult y level s ver y accurately . 
Mor e importantly ,  th e ag e difference s i n level s  o f  per -
formanc e wer e reduce d substantiall y  whe n th e per -
centil e score s o f  thes e tw o ag e group s wer e examined , 
revealin g som e o f  th e olde r  adults '  uniqu e strength s 
i n learnin g tha t  starte d surfacin g a t  a  relativel y mor e 
gradua l  pac e tha n fo r  th e younge r  adults . 

Of  course ,  yoimge r  adult s o f  th e highe r  abilit y 
grou p migh t  b e encounterin g ceilin g effect s o n thos e 
task s from  a  ver y earl y phase .  I n addition ,  wit h 
th e dat a from  th e presen t  study ,  ther e i s n o wa y 
fo r  u s t o determin e whethe r  th e high-performanc e 
younge r  adult s wil l  resembl e th e high-performanc e 
olde r  adult s i n an y wa y whe n the y ge t  older .  How -
ever ,  b y usin g a  simpl e graphica l  approach ,  w e 
presente d som e o f  th e inadequacie s o f  usin g grou p 
means a s th e onl y representatio n o f  th e dynamic s o f 
th e grou p a s a  whol e becaus e a  researche r  m a y ris k 
bypassin g som e o f  th e interestin g dynamic s withi n 
th e grou p b y no t  lookin g a t  th e result s offere d b y 
othe r  alternativ e methods . 
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Abstrac t 

In recall tasks, increased levels of arousal soon after 
presentatio n tim e lead s t o short-ter m performanc e tha t  i s 
contradictor y t o standar d memor y nnodels .  Despit e th e 
fac t  tha t  long-ter m recal l  i s  excellen t  i n suc h situations , 
short-ter m recal l  i s  poor ,  wors e tha n i n th e long-ter m 
case .  Thi s articl e present s a  model ,  base d upo n Hebb' s 
cel l  assembl y construct ,  t o accoun t  fo r  thi s puzzlin g data . 
The system ,  calle d MultiTrace ,  ha s previousl y bee n use d 
t o mode l  a  lexica l  primin g tas k an d wa s adapte d wit h 
onl y mino r  change s fo r  thi s task . 

Introduction 

Th e relationshi p betwee n arousa l  an d short-ter m 
m e m o ry ha s presente d a  proble m fo r  standar d memor y 
model s fo r  nearl y 4 0 years .  I n a  pai r  o f  studie s i n th e 
earl y 1960 s Kleinsmit h an d Kapla n (1963 ;  1964 )  foun d 
tha t  whil e ther e i s  a  positiv e correlatio n betwee n 
increase s i n arousa l  an d long-ter m memory ,  i n th e 
short-ter m cas e th e revers e i s true .  Further ,  i n case s o f 
wher e arousa l  markedl y increases ,  short-ter m recal l  i s 
substantiall y  wors e tha n long-ter m recall ,  a n effec t 
calle d "reminiscence. "  Becaus e thes e result s challeng e 
standar d m e m o r y model s i n whic h short-ter m m e m o r y 
i s necessaril y  stronge r  tha n long-ter m memory ,  the y 
hav e ofte n bee n criticized ,  bu t  jus t  a s ofte n hav e bee n 
replicate d (Eysenck ,  1977 ;  Wcingartnc r  &  Parker , 
1984 ;  Revell e &  Loftus ,  1990) .  T o date ,  n o widel y 
accepte d explanatio n ha s eve r  bee n provide d t o accoun t 
fo r  th e dat a (see ,  fo r  example ,  Revell e &  Loftus ,  1990) . 
However ,  mor e m o d e m view s o f  memory ,  update d wit h 
an increase d understandin g o f  th e underlyin g neura l 
mechanism s involved ,  ca n n o w provid e a  plausibl e 
explanatio n o f  th e data .  Thi s articl e present s a n 
existin g mode l  tha t  ca n accoun t  fo r  th e dat a i n a  wa y 
tha t  i s  surprisingl y clos e t o th e origina l  accoun t  o f 
Kleinsmit h an d Kaplan . 

Th e mode l  use d i n thi s article ,  calle d MultiTrac e 
(SonnUg ,  1991 ;  C h o w n ,  1994 ;  Forbel l  &  C h o w n , 
2000) ,  i s  a  varian t  o n th e cel l  assembl y construc t 
propose d b y Heb b (1949 )  an d late r  extende d b y Kaplan , 
et .  al .  i n thei r  T R A C E syste m (1991) .  W h a t  make s th e 
cel l  assembl y mode l  s o attractiv e fo r  thi s tas k i s that , 
unlik e m a n y othe r  neura l  networ k models ,  cel l 
assemblie s hav e comple x tempora l  dynamic s directl y 
affecte d b y th e physiologica l  propertie s o f  neurons . 
MultiTrac e i s a n extensio n o f  th e singl e cel l  assembl y 

T R A CE mode l  t o allowin g sequenc e learnin g throug h 
th e inclusio n o f  multipl e cel l  assemblies . 

Thi s articl e wil l  begi n wit h a  discussio n o f  th e 
Kleinsmit h an d Kapla n dat a an d som e o f  th e theoretica l 
problem s i t  raises .  Nex t  th e MultiTrac e mode l  i s 
presented ,  highlightin g part s o f  th e mode l  directl y 
relevan t  t o thi s task .  Finally ,  th e origina l  experiment s 
ar e modele d i n MultiTrac e an d th e result s ar e compare d 
t o th e originals . 

Reminiscence 

The learnin g paradig m use d b y Kleinsmit h an d Kapla n 
was a  simpl e paired-associat e task .  I n th e firs t 
experiment ,  subject s wer e show n a  wor d fo r  fou r 
second s an d the n th e sam e wor d an d a  numbe r  fo r 
anothe r  fou r  seconds .  Th e recal l  tas k wa s t o remembe r 
th e niunbe r  whe n th e wor d wa s give n a s a  cue . 
Change s i n galvani c ski n respons e ( G S R )  deflectio n 
wer e use d a s th e measur e o f  arousa l  response .  Thes e 
change s wer e sorte d int o "high "  an d "low "  categorie s 
fo r  eac h subject .  I n th e long-ter m cas e (on e week) , 
Kleinsmit h an d Kapla n go t  th e result s tha t  the y 
expecte d -  recal l  wa s bette r  fo r  word s i n th e "high " 
category .  Th e surprisin g resul t  wa s tha t  i n th e short -
ter m case s ( 2 minute s an d 2 0 minutes )  thi s wa s no t  th e 
case ,  an d further ,  recal l  i n th e "high "  categorie s wa s 
wors e tha n i n th e long-ter m case .  W h e n th e arousa l 
deflectio n wa s "low" ,  th e recal l  curve s generate d wer e 
what  woul d normall y b e predicte d -  short-ter m recal l 
was ver y goo d bu t  decaye d ove r  tim e (Figur e 1) .  I n th e 
"high "  case ,  however ,  Kleinsmit h an d Kapla n foun d 
tha t  th e recal l  curve  wa s essentiall y a n inverte d U 
(Figur e 1) .  T o addres s criticis m o f  th e origina l  study , 
Kleinsmit h an d Kapla n replicate d thei r  wor k th e 
followin g year ,  bu t  use d nonsens e syllable s instea d o f 
words ,  an d go t  qualitativel y simila r  results . 

Recal l 
Hig h Arousa l 

Low arousal 

Lo g Tim e 
Figur e 1 :  Th e Kleinsmit h an d Kapla n data . 
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Th e majo r  questio n raise d b y th e Kleinsmit h an d 
Kapla n dat a i s w h y recal l  i s  s o poo r  i n th e short-ter m 
cas e i n th e hig h deflectio n condition .  A m o n g othe r 
things ,  th e result s woul d see m t o discoun t  th e notio n 
tha t  long-ter m m e m o r y i s jus t  a  decaye d versio n o f 
short-ter m memory ,  o r  tha t  memorie s transitio n from 
short-ter m int o long-ter m storage . 

Kleinsmit h an d Kapla n propose d tha t  th e neura l 
circuit s involve d i n th e tas k rapidl y reverberate d unde r 
condition s o f  increase d arousa l  an d wer e relativel y 
unavailabl e becaus e o f  tha t  reverberation .  The y wen t 
on t o theoriz e tha t  thi s sam e reverberatio n wa s 
responsibl e fo r  th e bette r  long-ter m recal l  du e t o greate r 
perseverativ e consolidation .  Thi s explanatio n wa s 
discounte d du e largel y t o th e lac k o f  a n accepte d 
mechanis m tha t  coul d accoun t  fo r  th e unavailabilit y  o f 
th e circuit s i n th e short-term .  Kleinsmit h an d Kapla n 
propose d neura l  fatigu e a s th e mechanism ,  bu t  thi s i s a 
propert y o f  neuron s tha t  onl y starte d t o becom e 
accepte d mor e tha n 2 0 year s late r  (Ito .  1992 ;  Artol a & 
Singer ,  1993 )  an d wa s criticize d a t  th e tim e fo r  bein g 
implausible . 

Most  o f  th e alternativ e explanation s propose d i n th e 
interi m involve d som e combinatio n o f  consolidatio n 
and interferenc e i n conjunctio n wit h separat e shor t  an d 
long-ter m memor y mechanisms .  N o n e o f  the m wer e 
satisfactor y (Revell e &  Loftus ,  1990) ,  an d wor k i n th e 
are a appear s t o hav e die d ou t  du e t o th e lac k o f 
attractiv e theories .  Th e mode l  presente d her e i s closel y 
relate d t o Kleinsmit h an d Kaplan' s origina l  proposal . 
The neura l  circuit s i n thi s cas e ar e cel l  assemblies .  I n 
thi s paradig m learnin g come s a s th e resul t  o f  correlate d 
neura l  activit y (thi s  i s usuall y calle d Hebbia n learning) . 
O ne effec t  o f  a n increas e i n arousa l  i s  t o generat e 
intens e an d focuse d activit y i n th e brai n (Oades ,  1985) . 
I n a  Hebbia n paradig m on e byproduc t  o f  intens e 
activit y i s tha t  th e area s o f  focuse d activit y experienc e 
mor e correlate d activit y an d therefor e mor e learning . 
As thi s activit y stretche s ou t  ove r  a  fe w second s i t 
essentiall y  serve s a s th e m e m o r y consolidatio n period . 
On th e othe r  hand ,  thi s intens e activit y als o tend s t o 
fatigu e th e neuron s tha t  hav e bee n repeatedl y firing . 
The ne t  resul t  i s  tha t  thes e fatigue d cel l  assemblie s 
temporaril y  requir e a n unusua l  amoun t  o f  stimulatio n i n 
orde r  t o becom e reactivated . 

The MultiTrace Model 

Hebb develope d th e cel l  assembl y construc t  t o addres s 
question s concernin g th e tempora l  natur e o f  neura l 
processing .  Heb b neede d a  wa y t o explai n h o w neuron s 
coul d hol d informatio n ove r  tim e (e.g .  th e 
psychologica l  concep t  o f  "set" )  eve n thoug h the y 
essentiall y  pas s throug h information .  H e solve d thi s 
proble m b y proposin g tha t  cel l  assemblie s consis t  o f  a 
larg e collectio n o f  neuron s tha t  ar e highl y 
interconnected .  Thes e connection s for m a  kin d o f  loo p 

tha t  enable s th e cel l  assembl y t o effectivel y hol d 
informatio n throug h th e reverberatio n o f  th e loo p onc e 
i t  become s active .  I n thi s w a y cel l  assemblie s ar e 
neura l  analog s o f  "symbols. "  Hcbb' s theor y wa s 
rejecte d afte r  earl y model s showe d tha t  th e recurren t 
connection s tende d t o lea d t o ou t  o f  contro l  activit y 
(Rochester ,  et .  al. ,  1956) .  Thi s wa s becaus e H e b b ha d 
cautiousl y omitte d inhibitio n from  hi s mode l  becaus e 
no direc t  physiologica l  evidenc e existe d fo r  i t  a t  th e 
time .  M o r e recently ,  however ,  cel l  assembl y theor y ha s 
imdergon e somethin g o f  a  reviva l  a s experimenta l 
evidenc e fo r  thei r  existenc e ha s bee n foun d (Amit , 
1995 )  an d severa l  model s hav e bee n propose d tha t 
exten d Hebb' s origina l  conceptio n (Kaplan ,  e t  al ,  1991 ; 
Hetheringto n &  Shapiro ,  1993 ;  Amit ,  1995 ;  Horn ,  e t 
al. ,  2000) . 

TRACE 
MultiTrac e i s base d upo n on e suc h model ,  th e 

T R A CE (Tracin g Recurren t  Activit y i n Cognitiv e 
Elements )  mode l  o f  Kapla n et .  al .  (1991) .  T R A C E i s 
base d o n th e ide a tha t  ther e mus t  b e counterbalancin g 
force s t o offse t  th e tendenc y o f  cel l  assemblie s t o 
continuall y reverberate .  Th e mos t  importan t  o f  thes e 
force s ar e inhibition ,  whic h provide s a  mechanis m fo r 
selectio n an d fo r  competitio n wit h othe r  cel l 
assemblies ,  an d fatigu e whic h ensure s tha t  cel l 
assemblie s d o no t  sta y activ e indefinitely . 

T R A CE i s modele d a s a  se t  o f  differenc e equation s 
tha t  captur e th e biologica l  propertie s o f  th e populatio n 
of  neiu-on s tha t  compris e th e cel l  assembly .  Th e 
equation s ar e simila r  t o populatio n model s use d b y 
biologists .  Rathe r  tha n tryin g t o wor k ou t  th e 
interaction s o f  neuron s individually ,  th e Kapla n grou p 
decide d t o wor k a t  a  slightl y highe r  leve l  i n orde r  t o 
understan d thei r  collectiv e behavior .  T R A C E units , 
therefore ,  ar e mor e comple x tha n typica l  neura l 
networ k units ,  bu t  ar e stil l  a t  a  highe r  leve l  tha n 
neurons . 

Th e cru x o f  an y cel l  assembl y mode l  i s tha t  activit y 
i n a  cel l  assembl y i s th e basi s o f  cognitiv e processing . 
Perception ,  fo r  example ,  woul d correspon d t o a  cel l 
assembl y reachin g som e interna l  threshol d o f  activit y 
(define d a s th e percentag e o f  activ e neuron s a t  an y 
give n tim e step) .  T R A C E adde d severa l  theoretica l 
construct s t o Hebb' s theor y tha t  ar e relevan t  t o thi s 
article ;  the y ar e inhibition ,  fatigue ,  an d short-ter m 
connectio n strength . 

Inhibitio n serve s numerou s role s i n cognition , 
includin g selectio n an d providin g a  mechanis m fo r 
perceptua l  competition .  Thes e wil l  b e discusse d i n 
mor e detai l  i n th e discussio n o f  th e MultiTrac e 
extensio n t o T R A C E . 

Fatigu e provide s a  kin d o f  shut-of f  mechanis m t o cel l 
assemblies ,  ensurin g tha t  th e cognitiv e syste m doe s no t 
literall y ge t  stuc k o n a  singl e thought .  I t  ha s als o bee n 
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speculate d tha t  fatigu e m a y pla y a  centra l  rol e i n 
leatnin g i n muc h th e sam e w a y tha t  muscl e fatigu e i s 
crucia l  t o gettin g stronger .  Neurons ,  lik e muscle s ar e 
physica l  system s tha t  requir e fue l  (e.g .  transmitte r 
substances )  t o wor k efficiently .  Wit h extrem e usag e 
tha t  fue l  suppl y ca n ru n ou t  an d essentiall y  damag e th e 
system .  Wit h muscle s i t  i s th e repai r  o f  th e damag e tha t 
makes th e muscl e stronger .  I t  m a y b e tha t  neura l 
fatigu e i s a  kin d o f  signa l  t o rewir e synapse s i n orde r 
fo r  th e syste m t o ru n mor e efficientl y i n th e fiiture . 

Th e importan t  functio n o f  short-ter m connectio n 
strengt h wit h regar d t o thi s article ,  i s  tha t  i t  provide s a 
mechanis m fo r  short-ter m memory .  Short-ter m 
connectio n strengt h (STCS )  i s base d o n post-tettani c 
potentiation ,  th e propert y o f  neuron s tha t  onc e the y fir e 
the y ar e temporaril y  mor e likel y t o fir e again .  I n othe r 
words ,  onc e a  cel l  assembl y ha s bee n active ,  fo r  a  shor t 
tim e i t  wil l  b e easil y reactivate d (o r  recalled) .  STCS' s 
counterpar t  i n T R A C E i s long-ter m connectio n strengt h 
( LTCS )  whic h comprise s th e long-ter m structur e o f  th e 
brai n an d i s wha t  change s wit h learning . 

Th e T R A C E equation s ar e show n i n Tabl e 1 .  A s 
differenc e equations ,  the y ar e update d o n eac h tim e ste p 
(se t  a t  1 0 millisecond s i n T R A C E ) . 

Table 1: The TRACE equations 

Updat e Equation s 

A(t+l )  =  A(t )  +  A A 
F(t+1 )  =F(t )  +  A F 
S(t+1 )  =S(t )  +  A S 
L(t+1 )  =  L(t )  +  A L 

6i :  uni t  los s 

Sc:  inhibitor y 
competitio n 
v :  norma l  facto r 
<t>g :  fatigu e growt h 
^ i :  fatigu e declin e 
Og:  S T C S growt h 
Oi :  S T C S declin e 

Delt a Equation s 

AA =  P - M _ 

P =  { A +  A  I) A V 

M =  {A^ '  +AA^') V 

AF =  (t)gA F -(t)d F 

AS =  O g A 5 -CTd S 

K =  X( 5 +  L)FA r 

1 =  1"'-!'"> •  (se e text ) 

A:  activit y 
F:  neura l  fatigu e 
S:  S T C S 
L:  L T C S 
I :  networ k inpu t 
Ar :  Arousa l 
Equatio n Note :  A'denote s 

quantit y  ( 1 - X ) 

Mul t iTrac e 

MultiTrac e extend s T R A C E b y puttin g T R A C E unit s 
int o a  large r  architectur e consistin g o f  multipl e cel l 
assemblies .  I n additio n t o th e propertie s o f  th e 
individua l  unit s tha t  com e fro m th e T R A C E model , 
unit s als o hav e propertie s associate d wit h th e 
architectur e o f  th e brain .  Ther e ar e tw o propertie s tha t 
ar e importan t  wit h regar d t o thi s articl e an d the y hav e 

previousl y bee n use d wit h MultiTrac e t o mode l  a 
lexica l  primin g tas k (Forbel l  &  C h o w n ,  2000) .  Th e 
first  propert y i s wha t  Kinsboum e (1982 )  calle d "th e 
fianctiona l  distanc e principle. "  Thi s i s th e propert y tha t 
simila r  concept s ten d t o interfer e wit h eac h othe r  mor e 
tha n dissimila r  ones .  I n neura l  terms ,  simila r  concept s 
ar e processe d nea r  eac h othe r  i n th e brai n an d wil l  ten d 
t o inhibi t  eac h other .  Thi s provide s a  mean s fo r 
perceptua l  competitio n amon g odie r  things .  Th e secon d 
propert y i s tha t  corte x consist s o f  a  larg e numbe r  o f 
layers .  I t  i s  possibl e t o thin k o f  thes e layer s vertically , 
wit h th e perceptua l  laye r  o n th e botto m an d mor e 
abstrac t  layer s highe r  i n th e hierarchy .  I n th e origina l 
T R A CE pape r  i t  wa s propose d tha t  eac h laye r  consist s 
of  cel l  assemblie s wit h differen t  tempora l  propertie s (i n 
th e contex t  o f  th e mode l  thi s  i s achieve d b y varyin g th e 
paramete r  settings) . 

Figur e 2  i s draw n fro m (Forbel l  &  C h o w n ,  2000 )  an d 
demonstrate s bot h o f  thes e properties .  Th e lexica l  laye r 
i s mor e abstrac t  tha n th e phonem e laye r  an d i s therefor e 
at  a  highe r  leve l  i n th e cognitiv e hierarchy .  I n thi s cas e 
th e lexica l  laye r  i s on e leve l  u p sinc e word s consis t  o f 
sequence s o f  phonemes .  Eac h laye r  ha s slightl y 
differen t  propertie s (fo r  example ,  perceptua l  layer s wil l 
nee d t o recove r  fro m fatigu e ver y quickl y s o th e 
perceptua l  syste m ca n alway s b e read y fo r  th e nex t 
input )  an d simila r  item s withi n a  laye r  ten d t o compet e 
wit h eac h othe r  throug h latera l  inhibition .  I n th e figure , 
fo r  example ,  " B L A S T "  wil l  inhibi t  " B L A C K "  mor e 
tha n i t  wil l  inhibi t  " B L U E S "  sinc e i t  i s mor e simila r  t o 
"BIACK. " 

Excitator y 
Inhibitor y 

/  BLAST^ v 

I  BL'AC K 

BJiUE S 

/s /  /z / 

Figur e 2 :  Th e two-tiere d connectionis t  architecture . 
Simila r  word s ar e processe d nea r  eac h othe r  an d wil l 
ten d t o inhibi t  eac h othe r  base d upo n distance . 
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The mai n extension s t o th e origina l  T R A C E moda l 
adde d i n MultiTrac e i s t o us e a  mor e comple x inpu t 
functio n tha t  combine s severa l  source s o f  mhibitio n a s 
wel l  a s excitation .  Th e inpu t  equation s foun d her e ar e 
th e sam e a s i n (Forbel l  &  Chown ,  2000 )  an d mor e 
detail s o n di e derivation s ca n b e foun d there . 

For  clarit y a  unit' s  inpu t  ca n b e divide d int o 
inhibitor y an d excitator y components .  Becaus e o f  th e 
functiona l  distanc e principle ,  neighborin g unit s wil l 
ten d t o inhibi t  eac h other .  Th e amoun t  o f  inhibitio n i s a 
fimctio n o f  th e distanc e betwee n unit s an d th e activit y 
and fatigu e o f  th e inhibitin g unit : 

i  I t  ~  _ V* D Jk 

j: source unit 
k:  targe t  uni t 
D:  distanc e 

There is an additional inhibitory factor in the model 
terme d "regiona l  inhibition "  whic h i s designe d t o limi t 
th e tota l  activit y i n an y give n cognitiv e layer . 
Therefor e th e tota l  inhibitio n fo r  a  unit ,  k ,  i s  th e s u m o f 
th e inhibitio n fro m othe r  units ,  plu s it s  regiona l 
inhibition : 

1 
^=7( i ^ r )+ /? ( i4 ) 

^  7= 1 j= l 
n:  n u m b e r  o f  unit s i n a  laye r 
R:  regiona l  inhibitio n facto r 
L :  latera l  inhibitio n facto r 

Excitator y inpu t  i s  compute d i n a  conventiona l 
connectionis t  manner .  T h e onl y differenc e i s tha t  unit s 
hav e bot h long-ter m an d short-ter m connection s 
betwee n them : 

I%'  =  iLTCSj,^STCSj,)A j 

•exc 
j k 

j :  sourc e unit ,  k :  targe t  uni t 
n:  numbe r  o f  incomin g connection s fo r  uni t  k 

Once the excitatory input is computed it is run 
throug h a  standar d sigmoi d functio n t o forc e i t  t o value s 
betwee n 0  an d 1 . 

Learnin g i n MultiTrac e i s base d upo n th e Hebbia n 
learnin g rul e tha t  connection s betwee n imit s ar e 
increase d whe n the y fir e nearl y simultaneously .  Thi s i s 
modulate d b y th e fatigu e (raise d t o th e powe r  P )  o f  th e 
uni t  a s wel l  a s a  learnin g rate ,  A . 

A L T C Sm =  A  *  A k *  A j  *  F / 

S imu la t i o n a n d Resul t s 

The experiment s simulate d i n thi s articl e ar e fro m 
(Kleinsmit h &  Kaplan ,  1964) .  Th e onl y change s t o 
MultiTrac e fro m (Forbel l  &  Chown ,  2000 )  wer e i n 
paramete r  setting s relate d t o operatin g a t  a  differen t 
leve l  o f  cognitio n tha n th e perceptua l  experiment s i n 
tha t  work .  Th e parameter s interna l  t o unit s ar c largel y 
base d upo n thos e i n th e origina l  T R A C E pape r  (Kaplan , 
et .  al. ,  1991 )  sinc e i t  wa s mean t  t o mode l  highe r 
cognition .  Wit h regar d t o th e experiments ,  th e 
importan t  parameter s ar e th e one s affectin g fatigue , 
short-ter m connectio n strengt h an d arousal .  Th e value s 
ar e show n i n Tabl e 2 .  Wit h regar d t o arousal ,  th e valu e 
show n i s  take n t o b e a  baselin e tha t  varie s 
experimentall y a s describe d below . 

Table 2: Unit Parameters 

Paramete r 

* , 
<I> d 
CTj 
Oi 
\ 

Descriptio n 
Fatigu e G r o w t h 
Fatigu e Declin e 
S T CS Growt h 
S T CS Declin e 
Arousa l 

Valu e 
0.00 7 
0.000 1 
0.1 
0.00 1 
0.9 5 

I n term s o f  th e architectur e selected ,  a  two-tiere d 
syste m wa s used  simila r  t o th e on e show n i n Figur e 2 . 
The reasonin g i s tha t  nonsens e syllable s wer e selecte d 
specificall y t o b e unlik e norma l  words .  Thi s mean s 
ther e shoul d b e n o perceptua l  competitio n betwee n th e 
nonsens e syllable s an d di e associate d digits .  Further , 
connection s betwee n th e layer s shoul d b e relativel y 
unifor m an d weak .  O n e differenc e betwee n th e layer s 
i s tha t  nonsens e syllable s represen t  "unlearned "  o r 
weakl y connecte d cel l  assemblies .  Digits ,  o n th e othe r 
hand ,  ar e frequentl y used ,  an d thu s th e cel l  assemblie s 
tha t  represen t  the m shoul d b e tightl y connected .  I n th e 
origina l  T R A C E pape r  i t  wa s propose d tha t  unlearne d 
cel l  assemblie s hav e a n interna l  long-ter m connectio n 
strengt h (LTCS )  o f  0.2 ,  whil e well-learne d one s hav e 
an L T C S o f  0.5 .  I n th e experiment s tha t  follow ,  thi s i s 
th e onl y differenc e betwee n th e tw o layers . 

The basi c forma t  o f  a  give n ru n o f  a  simulatio n i s 
simple :  a  uni t  wa s randoml y selecte d fro m th e firs t 
laye r  an d wa s stimulated .  Meanwhile ,  a  startin g arousa l 
leve l  wa s als o generated .  The n tw o second s late r  a 
rando m arousa l  deflectio n wa s generated .  Thi s wa s 
categorize d a s eithe r  "high "  o r  "low "  b y comparin g i t 
agains t  th e media n arousa l  level .  T w o second s afte r 
tha t  th e origina l  uni t  wa s agai n stimulate d alon g wit h a 
randoml y selecte d uni t  from  th e secon d layer .  I n th e 
short-ter m cas e th e networ k wa s the n allowe d t o ru n fo r 
tw o minute s o f  simulate d time .  The n arousa l  wa s agai n 
set  randoml y (i t  wa s foun d tha t  ther e wa s n o correlatio n 
betwee n arousa l  a t  presentatio n an d arousa l  a t  recal l 
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(Kapla n &  Kaplan ,  1970) )  an d th e firs t  uni t  wa s re -
stimulated .  I f  th e secon d uni t  becam e activ e du e t o 
stimulatio n from  th e first ,  i t  wa s categorize d a s 
successfu l  recall .  Th e procedur e wa s th e sam e i n th e 
long-ter m cas e excep t  tha t  factor s suc h a s fatigu e an d 
S T CS wer e simpl y rese t  t o norma l  level s t o simulat e 
th e passag e o f  time .  I n addition ,  th e networ k learne d 
(i n th e for m o f  change s i n inter-uni t  L T C S )  i n th e long -
term ,  bu t  no t  th e short-ter m case .  Thi s i s becaus e 
consolidatio n dat a show s tha t  th e physica l  proces s o f 
long-ter m m e m o r y generall y take s a t  leas t  2 0 minute s 
Mille r  &Marl in ,  1984) . 

Th e 20-minut e recal l  cas e wa s droppe d fo r  a  variet y 
o f  reasons .  O n e reaso n i s tha t  th e simulatio n essentiall y 
run s i n rea l  time .  Thi s mean s i t  i s no t  possibl e t o ru n a 
significan t  numbe r  o f  trial s a s compare d t o th e 100 0 
trial s i n th e othe r  cases .  A  secon d reaso n i s tha t  th e 20 -
minut e cas e mixe s short-ter m an d long-ter m memor y 
processes .  Ther e i s n o a  prior i  w a y o f  knowin g h o w 
m u ch th e recal l  rate s a t  thos e time s ar e du e t o eithe r 
factor .  Th e teste d case s ar e purel y short-ter m m e m o r y 
on th e on e hand ,  an d purel y long-ter m memor y o n th e 
other ,  an d therefor e ca n generat e mor e meaningfu l 
results .  Ther e i s n o obviou s w a y t o se t  th e learnin g rat e 
i n th e 20-minut e cas e an d tryin g t o determin e on e 
experimentall y woul d b e extremel y difficul t  du e t o th e 
time-scal e involved . 

Th e architectura l  parameter s relatin g specificall y t o 
MultiTrac e ar e give n i n Tabl e 3 . 

Table 3: MultiTrace Parameter Settings 

Paramete r 
R 
L 
A 
P 

Descriptio n 
Regiona l  Inhibitio n 
Latera l  Inhibitio n 
Learnin g Rat e 
Fatigu e Powe r 

Valu e 
0.1 
3 
0.0 3 
3 

T o tes t  th e robustnes s o f  th e model ,  i n eac h 
simulatio n ru n a  ne w "subject "  wa s generate d b y 
randoml y perturbin g al l  o f  th e relevan t  mode l 
parameters .  Fo r  example ,  i f  th e parameter' s idea l  valu e 
was se t  a t  0. 1 a  ne w on e wa s generate d fo r  eac h ru n b y 
usin g a  Gaussia n distributio n wit h a  mea n o f  0. 1 an d a 
standar d deviatio n o f  0.01 .  I n all ,  100 0 run s wer e don e 
fo r  bot h th e lon g an d th e short-ter m cases .  Th e result s 
ar e show n i n Tabl e 4 . 

Table 4: Recall Rates 

Arouia l 
Low 
Hig h 

2-minut e 
0.5 5 
0.1 1 

1-wee k 
0.2 5 
0.5 0 

The result s ar e simila r  t o thos e obtaine d b y 
Kleinsmit h an d Kaplan ,  thoug h exac t  comparison s 
canno t  b e draw n sinc e the y publishe d curves ,  bu t  no t 
th e actua l  numbers .  Further ,  pursui t  o f  a n exac t  matc h 
i s probabl y a  fruitles s enterpris e a s th e result s wer e late r 
reinterprete d wit h differen t  scorin g methodologie s 
(Kapla n &  Kaplan ,  1970) .  Th e conclusio n o f  tha t  stud y 
was tha t  th e trend s i n th e result s wer e consisten t  acros s 
experiment s an d scoring ,  bu t  wit h a  fai r  degre e o f 
variation .  Th e importan t  trend s bein g tha t  initia l  recal l 
i s  hig h i n th e lo w arousa l  cas e an d the n declines ,  an d 
tha t  th e revers e i s tru e i n th e hig h arousa l  case . 

I t  i s  importan t  t o emphasiz e tha t  th e parameter s fo r 
thi s wor k wer e draw n from  previou s sources .  Th e 
T R A CE parameter s i n Tabl e 2  wer e take n directly , 
withou t  modification ,  from  a n extensio n t o T R A C E 
wher e arousa l  wa s adde d (Chown ,  1994) .  Thes e 
parameter s ar e differen t  tha n thos e use d i n (Forbel l  & 
C h o w n,  2000 )  du e t o th e fac t  tha t  differen t  level s o f 
cognitio n wer e bein g modeled .  I n th e previou s cas e th e 
individua l  unit s represente d phonemes ;  i n th e curren t 
cas e th e cel l  assemblie s represen t  entir e syllables . 
Sinc e syllable s ar e comprise d o f  sequence s o f 
phonemes th e tim e cours e o f  activit y mus t  b e longer . 
I n term s o f  th e MultiTrac e architectura l  parameter s i n 
Tabl e 3 ,  th e onl y paramete r  tha t  varie d from  (Forbel l  & 
C h o w n,  2000 )  wa s th e learnin g rate .  I t  i s reasonabl e t o 
believ e tha t  th e teamin g rat e fo r  lexica l  materia l  i s 
differen t  tha n th e learnin g rat e a t  highe r  level s o f 
cognition ,  suc h a s a t  th e wor d level . 

Discussion 

Thi s wor k serve s tw o purposes .  First ,  a n existin g 
biologicall y grounde d mode l  wa s use d t o addres s a 
theoretica l  proble m i n th e memor y an d arousa l 
literature .  Th e result s suppor t  Kleinsmit h an d Kaplan' s 
theor y tha t  thei r  dat a ca n b e explaine d i n term s o f 
reverberatin g neura l  circuits .  Second ,  thei r  dat a 
provide s furthe r  constraint s i n explorin g th e tempora l 
dynamic s o f  neura l  processin g i n cognitio n an d th e 
developmen t  o f  cel l  assembly-base d models . 

T R A CE an d MultiTrac e wer e develope d a s m o d e m 
version s o f  Hebb' s cel l  assembl y construct .  Th e 
individua l  part s o f  eac h mode l  wer e theoreticall y 
motivate d a s par t  o f  a  genera l  cognitiv e theory .  Th e 
fac t  tha t  MultiTrac e wa s abl e t o mode l  th e Kleinsmit h 
and Kapla n result s wit h onl y mino r  paramete r  change s 
lend s credenc e t o Kleinsmit h an d Kaplan' s origina l 
suppositio n abou t  th e underlyin g caus e o f  thei r  results . 
I n turn ,  thei r  data ,  whic h ha s defie d othe r  explanation s 
fo r  fou r  decades ,  show s tha t  th e physiolog y o f  th e 
brain ,  includin g architectura l  factor s suc h a s wiring ,  ar e 
critica l  i n full y  understandin g huma n learning . 

Hebbia n learnin g ha s becom e increasingl y popula r  i n 
connectionis t  model s i n recen t  year s an d th e paradig m 
explore d i n thi s pape r  provide s evidenc e o f  h o w i t 

206 



migh t  b e usefu l  i n a  genera l  theor y o f  learning .  Th e 
postulat e tha t  learnin g come s a s th e resul t  o f  correlate d 
neura l  activit y implie s tha t  variatio n i n learnin g ca n 
largel y b e explaine d i n term s o f  factor s tha t  impac t  tha t 
activity .  Arousa l  i s a  primar y exampl e o f  suc h a  factor . 
Cel l  assembl y model s suc h a s MultiTrac e hav e th e 
potentia l  t o explor e thi s ide a b y modelin g th e dynamic s 
of  neura l  activit y a t  a  fairl y  hig h leve l  whil e stil l 
incorporatin g physiologica l  constraints .  Thes e 
constraint s ar e ofte n architectural ,  dependin g o n factor s 
tha t  ar e no t  easil y modele d i n man y othe r  type s o f 
neura l  network s where ,  fo r  example ,  th e tempora l 
dynamic s o f  th e individua l  unit s ar e essentiall y 
irrelevant . 

Dynami c model s ar e gainin g i n popularity ,  an d 
contro l  issues ,  suc h a s thos e involve d i n th e T R A C E 
and MultiTrac e models ,  wil l  b e centra l  i n thei r 
continuin g development .  Tim e dependen t  data ,  suc h a s 
th e Kleinsmit h an d Kapla n dat a i s crucia l  t o th e 
developmen t  o f  thes e model s a s i t  provide s a  sourc e o f 
constraint s o n h o w th e model s mus t  operate .  Thi s wor k 
i s par t  o f  a n ongoin g proces s o f  collectin g suc h 
constraint s an d usin g the m t o develo p an d calibrat e th e 
model .  Th e diversit y o f  th e task s involve d -  e.g . 
modelin g primin g an d interferenc e effect s i n phonem e 
processin g versu s modelin g paired-associat e learnin g -
i s crucia l  i n showin g th e generalit y an d powe r  o f  th e 
model . 
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Abstrac t 

The theory of conceptual metaphors is adopted in which 
conceptua l  relation s ar e productiv e o f  linguisti c meta -
phorica l  expressions .  Conceptua l  metaphor s var y i n thei r 
degre e o f  productivit y accordin g t o semanti c principles . 
Spatial-graphica l  expression s o f  non-spatia l  concept s ar c 
investigate d providin g evidenc e tha t  the y ar e instantia -
tion s o f  metaphors .  Fo r  thre e case s o f  differin g 
productivit y  i t  i s  argue d tha t  th e sam e semanti c princi -
ple s whic h resul t  i n metapho r  productivit y fo r  linguisti c 
expression s als o resul t  i n spadal-graphica l  expressions. ' 

Background 

Languag e give s u s words ,  an d construction s mad e o f 
words ,  t o tolk  abou t  abstrac t  concepts .  W e find  i n 
space ,  conventiona l  shapes  an d organization s o f  shape s 
whic h als o conve y abstrac t  concepts .  Thes e representa -
tion s i n spac e ar e typicall y experience d visually ,  bu t  no t 
exclusiv e o f  othe r  experientia l  modalities .  Thi s pape r 
addresse s th e proble m o f  h o w spatial-graphica l  repre -
sentation s conve y abstrac t  meaning s b y mean s o f 
metaphors ,  whic h allo w u s t o understan d o r  expres s 
abstrac t  concept s i n term s o f  concret e expressions ,  par -
ticularl y ordinary ,  relativel y static ,  conventiona l 
device s (e.g. ,  m a p legends ,  ke y pads ,  an d clocks) . 

Fourceville' s (1996 )  analysi s o f  abstrac t  concept s 
conveye d b y creativ e image s an d languag e i n advertis -
ing ,  aim s towar d a  theor y o f  'pictoria l  metaphor' . 
Tversk y (2001 )  treat s depictions ,  suc h a s maps ,  grq)h -
ics ,  an d icon s a s involvin g spatia l  metapho r  derive d 
fro m concret e worl d experience ,  acros s language s an d 
cultures .  Zacks ,  &  Tversk y (1999 )  argu e tha t  systemati c 
correspondence s betwee n grap h form s an d interpreta -
tio n ar e naturall y derived ,  no t  du e t o knowledg e o f 
explici t  conventions .  Thi s pape r  take s a  simila r  treat -
ment  o f  metaphor ,  adoptin g cognitiv e semanti c theor y 
(Clausner ,  1993 ,  1994 ;  Clausne r  &  Croft ,  1997 ;  Grady ; 
1997 ;  Lakoff ,  1993 ;  Lakof f  &  Johnson ,  1980 ;  Lakof f  & 
Turner ,  1987) ,  whic h treat s metapho r  a s conventiona l 
schemas expressiv e o f  ordinar y conventiona l  language . 

'  Th e autho r  thank s th e thre e anonymou s reviewer s o f  thi s 
paper  fo r  thei r  helpfu l  comments .  A n earlie r  versio n o f  thi s 
researc h wa s presente d a t  th e Sevent h Internationa l  Cognitiv e 
Linguistic s Conference ,  2001 ,  Sant a Barbara ,  California . 

I n thi s theor y o f  metaphor ,  knowledg e i s organize d 
int o experientiall y  base d domains ;  e.g. ,  SPACE,  TIME , 
LIVIN G THING S (se e Clausne r  &  Croft ,  1999 ,  fo r  a n 
overvie w o f  th e theor y o f  domain s i n cognitiv e seman -
tics) .  A  conventiona l  metapho r  i s  a  store d relatio n 
betwee n tw o domains .  Concept s fro m a n abstrac t  (tar -
get )  domai n ar e systematicall y comprehende d o r 
expresse d i n term s o f  concept s fro m a  different ,  ofte n 
concrete ,  (source )  domain .  Fo r  example ,  m o r e i s u p 
A ND les s i s d o w n i s a  conventiona l  metapho r  whos e 
sourc e domai n UP-DOWN stand s i n relatio n t o th e targe t 
domai n MORE-LESS.  Thi s metapho r  i s a  semanti c struc -
tur e whic h ca n b e instantiate d a s linguisti c expressions ; 
e.g. ,  risin g prices ,  fel l  ill .  hig h esteem ,  fel l  unconscious . 

Languag e expresse s abstrac t  concept s metaphoricall y 
by mean s o f  spatia l  an d othe r  basi c perceptua l  concept s 
(Grady ,  1997) .  Metaphor s tha t  relat e spatia l  sourc e do -
main s t o non-spatia l  targe t  domain s ca n b e productiv e 
of  linguisti c expression s abou t  non-spatia l  abstrac t 
meaning s b y usin g word s havin g spatia l  meanings .  Th e 
metapho r  M O RE I S U P i s strongl y implicate d b y investi -
gation s o f  graph s a s expression s i n space .  Tversky , 
Kugelmas s &  Winte r  (1991 )  foun d tha t  subject s as -
signe d interpretation s t o th e axe s o f  graphs ,  suc h tha t 
increasin g quantit y wa s preferentiall y  assigne d t o th e 
vertica l  axis ,  an d tempora l  concept s wer e preferentiall y 
assigne d t o th e horizonta l  axis .  Gati s &  Holyoa k (1996 ) 
investigate d subjects '  interpretatio n o f  graphs ,  findin g a 
significan t  advantag e whe n th e variabl e bein g querie d 
was assigne d t o th e veriica l  axis .  The y argu e tha t 
graphin g increasin g quantit y i n term s o f  vertica l  spatia l 
increas e i s base d o n th e metapho r  M O RE I S UP .  Give n 
tha t  ther e i s evidenc e fo r  conventiona l  metapho r  bein g 
expresse d i n th e construa l  o f  spatia l  graphs ,  thi s pape r 
propose s th e followin g hypothesis :  Th e sam e cognitiv e 
principle s whic h determin e metapho r  productivit y fo r 
linguisti c expression s als o determin e metapho r  produc -
tivit y fo r  spatia l  expressions .  Thi s hypothesi s wil l  b e 
teste d wit h respec t  t o a  specifi c  technica l  characteriza -
tio n o f  metapho r  productivity . 

Productivity in Metaphors 

Clausne r  &  Crof t  (1997 )  argu e tha t  jus t  a s 
phonologica l  schema s var y i n thei r  productivit y o f 
base-derive d relations ,  s o semanti c schema s (i.e. ,  meta -
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pho r  source-targe t  domains )  als o var y i n thei r  produc -
tivit y o f  metaphorica l  expressions .  Schcmaticit y i s th e 
rang e o f  sourc e (o r  target )  d o m a m concept s consisten t 
wit h th e schema .  Productivit y i s th e proportio n o f  a 
schema' s rang e whic h ca n b e instantiate d a s expres -
sions .  Thi s translate s int o strengt h o f  store d 
representations ,  calle d degree s o f  entrenchment .  Rela -
tiv e entrenchmen t  betwee n a  schem a an d it s 
instantiation s characterize s it s productivity .  Hig h pro -
ductivit y o f  a  metapho r  i s a  configuratio n o f  a  strongl y 
entrenche d schem a relativ e t o a  wid e rang e o f  weakl y 
entrenche d instantiations .  Whereas ,  lo w productivit y o f 
a metapho r  i s a  weakl y entrenche d schem a relativ e t o a 
nan'o w rang e o f  strongl y entrenche d instantiations . 

I n th e followin g section s thre e degree s o f  metapho r 
productivit y ar e considered :  Hig h productivity ,  Semi -
productivity ,  an d Nonproductivity .  Th e thre e case s ar e 
presente d i n separat e sections .  I n eac h case ,  th e sectio n 
begin s wit h th e conceptua l  principle s b y whic h Claus -
ner  an d Crof t  (1997 )  accoun t  fo r  h o w metaphor s var y i n 
thei r  degre e o f  productivit y fo r  linguisti c expressions . 
The n evidenc e tha t  spatial-graphi c expression s ar e 
metaphorica l  expression s i s presented .  Measure s from 
human subject s o r  semanti c analysi s ar e use d t o argu e 
tha t  i n eac h cas e th e patter n o f  result s i s attributabl e t o 
conceptua l  principle s o f  metapho r  productivity . 

High Productivity 

The cas e o f  a  metapho r  havin g hig h productivit y o f 
linguisti c expression s i s characterize d b y Clausne r  & 
Crof t  (1997 )  a s follows .  Th e source-targe t  domai n rela -
tio n [ S - > T ] ,  i s  a  schem a tha t  produce s instantiations . 
Each instantiatio n [ e - » c ]  i s  a  metaphorica l  expressio n 
e whos e sourc e domai n word s ar e abou t  targe t  domai n 
concept s c  (Figur e 1) .  Fo r  exampl e th e metapho r 
schema [UP/DOW N - ^  MORE/LESS]  (i.e. ,  M O RE r s U P A N D 
LESS I S D O W N)  ca n b e instantiate d a s an y numbe r  o f 
expression s i n whic h word s abou t  verticalit y  (e.g. ,  rir -
ing/falling,... ,  up/down )  expres s non-spatia l  concepts . 
Metapho r  productivit y i s a  semanti c configuratio n o f  a 
metapho r  an d it s instantiation s whic h include s th e rela -
tio n o f  schematicit y betwee n schem a an d instantiation s 
(descendin g arrows) .  Hig h productivit y i s hig h schem a 
entrenchmen t  (bol d box )  relativ e t o a  wid e rang e o f  / 
weakl y entrenche d instantiation s (lighte r  boxes) . 

el  ^ c l 

A highl y productiv e metapho r  expresse s a  larg e pro -
portio n o f  concept s consisten t  wit h th e metapho r 
schema .  Nearl y an y concep t  abou t  quantit y o r  qualit y 
ca n b e expresse d i n term s o f  spatia l  verticalit y (e.g. , 
rising/fallin g prices,... ,  feelin g up/.down) .  Thi s charac -
terizatio n o f  hig h metapho r  productivit y fo r  linguisti c 
expression s wil l  b e applie d t o th e investigatio n o f 
metapho r  productivit y fo r  spatial-graphi c expressions . 

High productivity (Spatial-graphical meta-

phorica l  expressions ) 

The vertica l  spatia l  axi s o f  graph s ca n b e employe d t o 
conve y quantitie s an d thi s ca n b e attribute d t o th e 
metapho r  M O RE I S U P (e.g. ,  Gati s &  Holyoak ,  1996) .  I f 
thi s metapho r  indee d ha s hig h productivit y an d th e the -
or y applie s t o bot h linguisti c an d spatial-graphica l 
expressions ,  the n no t  onl y numerica l  quantities ,  bu t  als o 
non-spatia l  qualitie s (e.g. ,  severity )  shoul d b e foun d 
instantiate d i n space .  Specifically ,  a  wid e rang e o f  con -
cept s abou t  severit y i s predicte d t o b e expresse d suc h 
tha t  grea t  severit y i s expresse d a s hig h vertica l  space . 
Thi s wa s measure d usin g assignment s o f  severit y t o a 
vertica l  m a p legend .  Th e subject s wer e 3 4 graduat e an d 
undergraduat e studen t  intern s a t  H R L Labs .  Eac h sub -
jec t  wa s give n Figur e 2  wit h th e instructions ,  "Thi s i s a 
legen d t o b e use d fo r  a  weathe r  m a p o f  stor m severity . 
As yo u ca n se e n o color s ar e ye t  assigned .  Assig n col -
or s t o th e tw o extreme s (tw o boxes )  o f  th e legend .  Next , 
(i n th e blan k lines )  labe l  whic h extrem e o f  stor m sever -
it y i s  which. " 

Figur e 1 :  Semanti c characterizatio n fo r 
hig h productivit y o f  a  metaphor . 

Figur e 2 :  Vertica l  m a p legend ,  uncolore d wit h blank s 
fo r  labelin g th e tw o extrem e values . 

The aim of color assignment was to first get subjects to 
commi t  t o a  particula r  orientatio n o f  severit y (targe t 
domain )  t o verticalit y (sourc e domain) ,  withou t  havin g 
t o verbaliz e targe t  domai n concepts .  Whil e colo r  name s 
wer e no t  expecte d t o b e sufficien t  evidenc e o f  an y sys -
temati c conceptualizatio n o f  th e legend ,  th e labelin g o f 
stor m severit y wa s expecte d t o evok e word s tha t  woul d 
demonstrat e a  preferentia l  orientatio n consisten t  wit h 
th e M O RE I S U P metaphor . 

Tabl e 1  summarize s th e rang e o f  type s o f  response s 
subject s gav e a s label s fo r  th e to p an d botto m o f  th e 
legend .  Th e lef t  colum n list s respons e type s whic h as -
sig n extrem e stor m severit y t o th e to p o f  th e legen d 
(e.g. ,  sever e an d cal m writte n i n fo r  th e to p an d botto m 
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labels ,  respectively) .  Th e righ t  colum n o f  respons e 
type s ar e thos e whic h assig n extrem e stor m severit y t o 
th e botto m o f  th e legend . 

Table 1: Response types and percent consistent with 
M O RE I S U P o r  LES S I S UP ,  N - 3 4 . 

M O RE SEVERE I S UP / 
LESS SEVER I S D O WN 

LESS SEVERE I S U P / 
M O RE SEVERE I S D O WN 

hig h /  lo w 
heav y /  ligh t 
sever e /  cal m 
bad/goo d 
most  /  leas t 
sever e /  les s sever e 
ver y sever e /  no t  sever e 
extrem e /  clea r 
hurrican e /  balm y 
miser y /  balm y 
storm y /  fai r 

lo w /  hig h 
lightes t  /  heavies t 
cal m /  sever e 

91% 9% 

Of  3 4 subjec t  responses ,  3 1 response s assigne d greates t 
severit y t o th e to p o f  th e legen d an d 3  response s as -
signe d th e leas t  severit y t o th e bottom .  A s expected ,  th e 
assignmen t  o f  severit y t o verticalit y doe s no t  occu r  a t  a 
chanc e rate ,  bu t  i s significantl y biase d towar d th e as -
signmen t  o f  greate r  severit y t o highe r  verticality ,  x^(l . 
N =  34 )  =  46.12 ,  p  <  0.001 .  I t  ca n b e conclude d tha t 
somethin g i n th e cognitiv e proces s o f  doin g th e tas k 
biase s th e responses ,  an d thi s bia s i s consisten t  wit h th e 
conventiona l  metq)ho r  M O RE I S UP . 

Colo r  assignmen t  i s no t  th e centra l  Us k an d th e re -
sult s wer e no t  expecte d t o bea r  o n th e investigation ; 
indee d the y ar e varied .  Nonetheless ,  i t  i s  noteworth y 
tha t  o f  3 4 toU l  colo r  assignmen t  responses ,  th e en d o f 
th e legen d tha t  wa s als o labele d a s th e mos t  sever e (re -
gardles s o f  vertica l  assignment) ,  wa s mos t  frequentl y 
designate d "red"  fo r  6 8 % o f  colo r  assigrmients .  "Blue " 
was th e mos t  frequent  colo r  assigne d t o th e leas t  sever e 
end o f  th e legen d fo r  3 8 % o f  al l  colo r  assignments ,  re -
gardles s o f  vertica l  assignment . 

MORE 
LESS 

UP 
DOWN 

STORMY 

— CAL M — FAI R 

Figur e 3 :  Graphic-spatia l  expression s o f  a  highl y pro -
ductiv e metaphor . 

Thes e result s sugges t  tha t  understandin g th e vertica l 
spatia l  graphi c a s a  legen d o f  stor m severit y systemati -
call y yield s interpretation s o f  th e to p a s a n expressio n 
of  greates t  severity ,  contr a th e bottom .  Tha t  is ,  th e sub -
ject s rea d th e spatia l  verticalit y a s a n expressio n o f 
concept s abou t  th e abstrac t  qualit y o f  severity ,  suc h tha t 
a significantl y larg e proportio n o f  thes e concept s ar e 
consisten t  wit h th e u p par t  o f  UP/DOWN SPACE express -
in g th e mor e par t  o f  th e MORE/LESS qualit y scale .  Thi s 
characterizatio n o f  th e result s i s  depicte d i n Figur e 3  a s 
a cas e o f  man y concept s abou t  stor m severit y (e.g. ,  se -
vere/calm ,  stormy/fai r  ̂  .. .  an d other s no t  shown )  a s th e 
meaning s o f  th e extrem e end s o f  th e legend .  Eac h in -
stanc e o f  th e legen d havin g a  particula r 
conceptualizatio n i s a n expressio n o f  a  metaphor ,  a s 
depicte d b y th e arrow s betwee n th e metapho r 
MORE/LESS I S UP/DOWN (uppe r  bol d box )  an d eac h o f 
th e instantiation s (lowe r  lighte r  boxes )  i n Figur e 3 . 

Thi s i s th e sam e relatio n betwee n schem a an d instan -
tiatio n illustrate d i n Figur e 1  fo r  linguisti c expression s 
of  a  metaphor .  Jus t  a s ther e ar e m a n y non-spatia l  con -
cept s c  expresse d a s linguisti c expression s e  usin g 
word s abou t  vertica l  space ,  ther e ar e als o m a n y non -
spatia l  concept s expresse d a s spatial-graphs .  A  larg e 
rang e o f  non-spatia l  concept s ar e consisten t  wit h th e 
targe t  domai n more/ les s an d thes e ar e expresse d b y 
means o f  a  vertica l  graphica l  legen d consisten t  wit h th e 
sourc e domai n UP/DOWN,  respectively . 

I t  ca n b e conclude d tha t  sinc e a  larg e proportio n o f 
th e schema' s rang e ca n b e instantiate d a s graphica l  ex -
pression s th e metapho r  schem a i s highl y entrenche d 
relativ e t o a  wid e rang e o f  weakl y entrenche d instantia -
tions .  Th e metapho r  i s highl y productive ,  an d o f  mor e 
tha n th e legen d coloring s an d labeling s investigate d 
here ,  bu t  o f  an y graphi c vertica l  axi s (e.g. ,  mercur y 
thermometers) .  Havin g argue d fo r  a  cas e o f  hig h meta -
pho r  productivit y expresse d i n space ,  w e wil l  nex t 
conside r  case s o f  lesse r  productivity . 

Semi-Productivity 

Thi s sectio n present s a n analysi s o f  spatia l  expres -
sion s an d argue s tha t  the y systematicall y instantiat e a 
semi-productiv e metaphor .  First ,  th e characterizatio n o f 
semi-productiv e metaphor s fo r  linguisti c expression s 
give n b y Clausne r  &  Crof t  (1997 )  i s summarized .  Then , 
th e cas e o f  spatia l  expression s bein g instantiation s o f  a 
semi-productiv e metapho r  i s made . 

Clausne r  &  Crof t  (1997 )  argu e tha t  semi-productivit y 
of  a  metapho r  i s th e cas e o f  relativel y fe w linguisti c 
expression s o f  a  metaphor ,  compare d wit h th e wid e 
rang e o f  concept s potentiall y  consisten t  wit h tha t  meta -
phor .  Fo r  example ,  th e five  idioms ,  spil l  th e beans ,  le t 
th e ca t  ou t  o f  th e bag ,  loos e lips ,  blo w th e whistle ,  an d 
blo w th e li d off& K al l  abou t  revealin g a  secret .  Lakof F 
(1987 )  an d Gibb s &  O'Brien' s (1990 )  conclud e tha t 

210 



thes e idiom s ar e consisten t  wit h th e metapho r  schem a 
THE MIN D I S A  CONTAINER an d IDEA S AR E ENTITIES .  Th e 
idio m expression s ar e transparen t  idioms ,  becaus e mos t 
peopl e hav e som e awarenes s o f  a  relationshi p betwee n 
specifi c  wor d meaning s an d th e idio m meaning .  The y 
loio w tha t  th e word s fo r  physica l  thing s (e.g. ,  cat )  es -
capin g a  containe r  (e.g. ,  bag )  ar e relate d t o a n idiomati c 
meanin g o f  idea s comin g ou t  o f  th e mind .  Clausne r  & 
Croft' s  (1997 )  analysi s o f  thes e transparen t  idiom s ar -
gue s tha t  th e metapho r  schem a [ENTITIE S O U T O F A 
CONTAINER - ¥ IDEA S O U T O F TH E MIND ]  i s semi -
productive .  Ther e ar e onl y five  instantiations ,  eac h a 
transparen t  idio m (e.g. ,  ca t  ou t  o f  th e ba g - *  secre t  re -
vealed) .  Th e metapho r  i s onl y partl y productiv e becaus e 
th e transparen t  idiom s expres s onl y a  limite d proportio n 
of  possibl e instantiation s tha t  ar e consisten t  wit h th e 
metaphor .  Fo r  example ,  *spil l  th e pea s an d *le t  th e 
weasel  ou t  o f  th e cag e ar e expression s whic h ar e con -
sisten t  wit h th e metapho r  schema ,  bu t  nonetheles s d o 
not  mean ,  revea l  a  secret̂ .  Th e five  idiom s tha t  d o hav e 
thi s meanin g ar e highl y conventionalize d (i.e. ,  highl y 
entrenched )  expressions . 

eN ^ c N 

any specifi c  spatia l  arrangemen t  o f  digit s i s understoo d 
t o b e a  meaningfu l  orderin g o f  incrementall y successiv e 
values .  Tha t  th e spatia l  arrangement s var y widely ,  bu t 
hav e th e sam e interpretatio n a s ordere d values ,  suggest s 
a systemati c relatio n betwee n thei r  spatia l  expressio n 
and thei r  conceptua l  meaning . 
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0 

0 
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Figur e 5 :  Phone ,  television ,  an d ban k A T M digi t  pad . 
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Figur e 6 :  Calculato r  ke y digi t  pad . 

1234567890 

• 0123456789 

Figur e 7 :  Typin g keyboar d numbe r  order . 

Figur e 4 :  Semanti c characterizatio n fo r 
semi -  productivit y o f  a  metaphor . 

They conclude that a countable number N of highly 
entrenche d instantiation s o f  a  relativel y les s entrenche d 
metapho r  schem a i s characteristi c o f  metapho r  semi -
productivity .  Figur e 4  illustrate s th e cognitiv e structur e 
of  a  lightl y entrenche d metapho r  (lighte r  box )  tha t  i s 
consisten t  wit h a  limite d rang e o f  highl y entrenche d 
instantiation s (bol d boxes) .  Give n thi s accoun t  o f  semi -
productiv e metaphors ,  semi-productivit y fo r  graphica l 
spatia l  expression s i s investigated . 

Semi-productivity (Spatial-graphical transpar-
ent  idioms ) 

The dat a considere d ar e th e spatial-graphi c arrange -
ment s o f  digit s fo r  enterin g numerica l  values ,  suc h a s 
thos e foun d o n telephones ,  calculators ,  alphanumeri c 
keyboards ,  an d rotar y telephone s (lef t  sid e o f  Figure s 5 -
8,  respectively) .  Eac h o f  thes e fou r  digi t  arrangement s 
i s highl y conventionalized .  I t  i s  transparent ,  however , 
tha t  th e digit s ar e arrange d i n countin g order .  Tha t  is . 

8 
7 
6 
5 
4 

3 
2 

8 
7 
6 
S 
4 

3 
2 

^  A n asterisk ,  "•" ,  whic h begin s a  linguisti c expressio n o r 
graphi c expressio n denote s it s infelicit y a s a  conventiona l 
expressio n o f  th e particula r  semanti c meanin g i n discussion . 

Figur e 8 :  Rotar y Telephon e digi t  order . 

The investigation of a common semantic relation that is 
consisten t  amon g thes e fou r  spatia l  arrangement s ca n 
procee d a s on e woul d a  linguisti c case .  Analyzin g th e 
rang e o f  spatia l  expression s characterize s th e schem a 
tha t  migh t  b e instantiatin g them ,  jus t  a s i t  doe s fo r  lin -
guisti c expressions .  A m o n g thes e fou r  digi t 
arrangements ,  th e " 0 "  numera l  occur s i n tw o positions , 
eithe r  nea r  th e " 9 "  numeral ,  o r  nea r  th e " 1 "  numeral . 
Thi s suggest s tha t  th e share d meanin g o f  th e digi t  ar -
rangement s i s th e concep t  o f  counting ,  expresse d wit h 
th e " 0 "  numera l  representin g eithe r  th e 0t h o r  10t h 
value .  I n fact ,  th e firs t  for m o f  th e rotar y phon e ha d 
numbere d fmge r  holes ,  excep t  th e " 0 "  wa s marke d wit h 
th e R o m a n numera l  " X "  (Hill ,  1953) . 

I f  th e countin g orde r  o f  digit s i s indee d th e c o m m o n 
meanin g amon g th e fou r  spatia l  arrangements ,  the n tha t 
orde r  i s independen t  o f  whethe r  th e spatia l  configura -
tio n o f  th e digit s i s rotational ,  horizontal ,  vertical ,  o r 

211 



some combinatio n (e.g. ,  readin g " 1 "  t o "9 "  successivel y 
left-to-righ t  an d top-to-bottom ,  a s o n a  phon e pad) . 
Thes e configuration s (o r  combinations ,  o f  them )  ar e 
expressed ,  bu t  i t  i s  th e countin g order ,  no t  th e spatia l 
order ,  tha t  i s  c o m m o n acros s th e expressions .  Th e onl y 
variatio n amon g digi t  ordering s i s th e relativ e positio n 
of  " 0 "  i n th e countin g order . 

I n layin g ou t  a  metaphorica l  syste m o f  ho w human s 
understan d abstrac t  mathematica l  concept s Lakof f  & 
Niine z (2000 )  propos e metaphor s whic h fit  th e abov e 
analysis .  The y firs t  establis h tha t  MODULAR 
ARITHMETIC I S ALGEBRAI C GROUPS an d GEOMETRIC 
ROTATIONS AR E ALGEBRAI C GROUPS.  Tha t  is ,  th e digit s 
fo r  countin g i n bas e 1 0 modula r  mat h ar e conceptual -
ize d a s rotations .  Successiv e rotation s for m th e basi s fo r 
counting ,  whic h the y argu e i s th e metapho r  th e 
INFINIT E CLAS S O F N U M E R A LS FO R TH E NATURAL 
NUMBERS I S A N ITERATIV E PROCESS THA T GOES O N AN D 
ON.  Fo r  th e purpos e o f  thi s paper ,  th e simple r  charac -
terizatio n i s  [CYCLI C PROCESS - > COUNTING WIT H 
DIGITS] .  Th e spatia l  expressio n o f  th e CYCL E i n thi s 
cas e i s th e spatia l  traversa l  o f  numeral s i n on e o f  fou r 
conventiona l  arrangements .  Th e traversa l  i s  cycli c b y 
means o f  th e " 0 "  indicatin g modul o 10 . 

Evidenc e tha t  th e metapho r  doe s no t  expres s th e ful l 
rang e o f  spatia l  expression s consisten t  wit h it s specifi -
cation s come s fro m th e absenc e o f  specifi c  digi t 
arrangements .  Th e righ t  sid e o f  Figure s 5-8 ,  depic t  spa -
tia l  arrangement s o f  digit s tha t  ar e unexpresse d a s 
conventiona l  digi t  order s (a s denote d b y  " * " ) •  Thes e 
spatia l  arrangement s ar e consisten t  wit h bas e 1 0 
countin g order ,  bu t  the y ar e no t  conventionalized . 

Figur e 9  depict s th e metapho r  (uppe r  ligh t  box ) 
whic h i s semi-productiv e o f  N  highl y conventionalize d 
instantiation s (lowe r  bol d boxes) .  Th e A^= 4 spatia l  ar -
rangement s o f  numeral s ar e understoo d a s ordere d 
digits .  Th e metapho r  i s semi-productive ,  becaus e th e 
fou r  instantiation s ar e consisten t  wit h th e metaphor , 
whic h i s no t  productiv e o f  othe r  expressions . 

idioms" .  Transparen t  linguisti c idiom s ar e highl y en -
trenche d expression s o f  a  comparativel y lightl y 
entrenche d metapho r  (Figur e 4) .  Thi s sam e principl e o f 
semi-productivit y applie s t o spatia l  expressions .  Onl y 
fou r  o f  th e possibl e spatia l  arrangement s consisten t 
wit h th e metapho r  domai n relatio n ar e expressed .  Th e 
expresse d spatia l  arrangement s ar e highl y conventiona l 
and thei r  meanin g i s semanticall y transparent . 

Nonproductivity 

Thi s sectio n investigate s productivit y les s i n degre e 
tha n semi-productiv e metaphor ,  specificall y th e cas e o f 
nonproductivity .  Opaqu e linguisti c idiom s ar e ver y few . 
For  example ,  kic k th e bucket ,  meanin g t o die ,  an d b y 
an d large ,  meanin g somethin g i n general .  The y ar e 
semanticall y opaqu e i n tha t  mos t  Englis h speaker s 
kno w thes e linguisti c expression s an d kno w wha t  the y 
mean,  bu t  d o no t  kno w wh y the y mak e sense .  Clausne r 
& Crof t  (1997 )  analyz e sav e fac e an d los e fac e a s 
opaqu e linguisti c expression s o f  a n absen t  metaphor . 
The expression s wer e borrowe d fro m Mandari n Chi -
nese .  Englis h speaker s kno w thei r  meanin g i s abou t 
avoidin g disgrac e an d incurrin g disgrace ,  bu t  the y d o 
not  kno w wh y the y mea n this .  Englis h lack s th e rele -
van t  metapho r  [havin g fac e - ^  socl\ l  respect ]  tha t 
woul d b e productiv e o f  othe r  expressions ,  suc h a s thos e 
not  borrowe d int o English ,  e.g. ,  *giv e face ,  doe s no t 
mean,  t o sho w du e respec t  fo r  someone' s feelings ,  a s i t 
does i n Mandarin . 

Figur e 1 0 depict s th e absenc e o f  a n entrenche d meta -
pho r  schem a (ligh t  dashe d box) .  Th e expressio n i s 
extremel y conventional ,  tha t  is ,  highl y entrenche d (bol d 
box) ,  an d i t  i s  opaqu e sinc e ther e i s n o source-targe t 
domai n relatio n tha t  woul d b e productiv e o f  th e expres -
sio n e  i n relatio n t o concep t  c .  Als o absen t  ar e vertica l 
arrows ,  indicativ e o f  th e nonproductivity . 
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ORDER 

^^_^ k 

789 
456 
1 2 3 

0 

CALC. 
- ^  P A D 

DIGI T 
O R D ER 

Figur e 9 :  Graphic-spatia l  expression s o f  a 
semi -  productiv e metaphor . 

The case of spatial expressions of semi-productive 
metapho r  ca n b e called ,  "transparen t  spatial-graphi c 

E E D 

Figxir e 10 :  Semanti c characterizatio n fo r  metapho r 
nonproductivity . 

Now we turn to graphical-spatial expressions and argue 
tha t  w e find  th e sam e semanti c structur e a s fo r  opaqu e 
linguisti c idioms . 

Nonproductivity (Spatial-graphical opaque idi-

o m s) 

A n extremel y conventiona l  spatial-graphica l  expressio n 
i s th e analo g clock .  Ther e ar e clockwis e clocks ,  bu t  no t 
counter-clockwis e clock s (althoug h the y exis t  fo r 
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amusement ,  bu t  no t  conventiona l  use) .  Mos t  peopl e d o 
not  kno w wh y clock s ru n i n th e conventiona l  clockwis e 
direction .  I t  i s  opaque ,  i n tha t  ther e i t  n o conventiona l 
semanti c relatio n betwee n th e sourc e an d targe t  whic h 
makes th e spatia l  patter n mak e sense .  Tha t  is ,  ther e i s 
no widesprea d knowledg e tha t  th e siderea l  rotationa l 
directio n o f  shadow s cas t  b y sundial s i n th e norther n 
hemispher e i s th e basi s fo r  th e rotationa l  directio n o f 
clocks .  Ther e i s n o conventiona l  entrenche d metapho r 
schema.  I f  ther e wer e a  metapho r  i t  migh t  b e somethin g 
like ,  PASSAGE O F TIM E I S S H A D OW ROTATION. 

Jus t  a s ther e ar e fe w opaqu e linguisti c idioms ,  i t 
shoul d follo w tha t  ther e ar e fe w "opaqu e spatia l  idi -
oms" ,  precisel y becaus e ther e i s n o conventiona l 
metapho r  t o produc e them .  Anothe r  exampl e o f  a n 
opaqu e spatia l  idio m woul d b e th e Q W E R TY key -
board̂ .  Th e arrangemen t  o f  alphanumeri c key s i s 
widel y known ,  bu t  w h y the y hav e thi s specifi c  ar -
rangement ,  amon g al l  th e possibl e unatteste d ones ,  i s 
largel y opaque .  I t  i s  no t  widel y know n tha t  earl y me -
chanica l  typewriter s arrange d key s i n orde r  t o slo w 
typin g speed ,  thu s reducin g th e likelihoo d o f  tw o keys 
strikin g together . 

Discussion and Conclusion 

Thes e result s poin t  t o issue s o f  representatio n an d 
conceptua l  structur e c o m m o n t o linguisti c semantic s 
(spoke n an d signed) ,  psychology ,  computationa l  mod -
elin g an d th e rol e o f  metapho r  i n human-compute r 
interaction .  Furthe r  wor k i s require d t o distinguis h th e 
theor y o f  metapho r  productivit y fro m alternat e inter -
pretation s o f  th e results ,  e.g. ,  treatin g conventiona l 
correlation s betwee n th e to p o f  a  spatia l  axi s an d on e 
pol e o f  a  semanti c scal e a s du e t o salience .  Th e to p o f  a 
legen d o r  vertica l  mercur y thermometer ,  o r  keypa d digi t 
orderin g ma y b e interaction s o f  jjerceptio n an d conven -
tionality ;  however ,  conventionalize d form-meanin g 
pair s d o no t  obviat e a  conventiona l  metapho r  schema . 
The theor y o f  productivit y i s abou t  contemporar y con -
ceptua l  structur e (no t  historica l  origin s o f  th e 
metaphors )  an d predict s th e abov e results . 

Spatial-graphica l  expression s ar e argue d t o b e in -
stantiation s o f  conceptua l  metaphor s whic h var y i n 
productivit y accordin g t o th e sam e principle s whic h 
determin e productivit y fo r  linguisti c expressions .  Th e 
relativ e entrenchmen t  o f  a  metapho r  t o it s  instantiation s 
i s argue d t o resul t  i n varyin g range s o f  expressions . 
Thre e degree s o f  metapho r  productivit y wer e investi -
gated .  I n eac h cas e th e principle s whic h ar e hel d t o 
explai n range s o f  linguisti c expression s ar e argue d t o 
explai n evidenc e abou t  spatia l  graphica l  expressions . 
Thes e are ,  i n decreasin g order :  Hig h productivit y i s th e 
cas e o f  spatial-graphica l  metaphorica l  expressions . 
Semi-productivit y i s th e cas e o f  spatial-graphica l  trans -

'  Th e autho r  thank s Sara h Tau b fo r  suggestin g thi s example . 

paren t  idioms .  Nonproductivit y i s th e cas e o f  spatial -
graphica l  opaqu e idioms .  Thes e case s ar e conclude d t o 
represen t  thre e point s o n a  continuu m o f  metapho r  pro -
ductivit y fo r  spatial-graphica l  expressions . 
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Abstrac t 

Words seem to have a special status among percep-
tua l  signals .  Th e developmenta l  evidence ,  liowever , 
suggest s tha t  word s becom e special .  Woodwar d an d 
Hoyne (1999 )  showe d tha t  13-month-old s readil y  as -
sociat e bot h word s comin g from  th e experimenter' s 
mout h an d non-linguisti c sound s comin g from  a 
h&nd-hd d noisemalcer ,  wit h objec t  categories .  I n 
contrast ,  20-month-old s associat e word s bu t  no t 
non-linguisti c sound s wit h objec t  categories .  Wood -
war d an d Hoyn e sugges t  tha t  word s becom e privi -
lege d a s poesiol e names ;  tha t  th e form s a  nam e ca n 
tidc e ar e ope n a t  th e beginnin g an d becom e mor e 
restricte d wit h development .  Ar e childre n learnin g 
what  form s coim t  a s words ? I f  so ,  jus t  wha t  definin g 
feature s ar e the y learning ? Thi s pape r  present s a n 
associationis t  accoun t  o f  thi s developmenta l  tren d 
and test s thi s explanatio n i n tw o experiment s wit h 
20-26-month-ol d children . I n t r o d u c t i o n 

Words see m t o hav e a  specia l  statu s amon g percep n 
tua l  signals .  Havin g a  labe l  fo r  a n objec t  change s 
th e wa y i t  i s  categorize d fo r  bot h adult s an d chil -
dren .  Fo r  example ,  whe n aske d t o generaliz e a n 
objec t  nam e t o ne w instances ,  childre n an d adult s 
generaliz e b y shape .  However ,  whe n aske d t o fin d 
an objec t  tha t  "goe s with "  another ,  the y choos e 
by overal l  similarit y (Landau ,  Smit h k  Jones ,  1988 ; 
Ima i  &  Centner ,  19i97) .  A  labe l  als o make s children' s 
choice s shif t  from  themati c t o taxonomi c (Waxman , 
1997 )  an d from  surfac e t o mor e conceptua l  similari -
tie s (Keil ,  1989 )  .  A s W a x m an said ,  word s wor k lik e 
invitation s t o for m categories ;  word s ar e categor y 
names.  Bu t  wha t  make s a  word ? H o w d o childre n 
kno w whethe r  a  particula r  soun d i s a  categor y label ? 

O ne finding  critica l  t o thi s issue s wa s reporte d 
by Woodwar d an d Hoyn e (1999 )  .  The y presente d 
childre n wit h tw o nove l  object s an d labele d on e o f 
the m (th e targe t  object) .  I n th e Wor d conditio n 
the y paire d th e targe t  objec t  wit h a  wor d ("thi s i s 
a toma") ;  i n th e Soim d conditio n the y paire d th e 
targe t  objec t  wit h a  non-linguisti c sound ,  suc h a s a 
tone .  Childre n wer e the n aske d t o "ge t  th e toma " 
or  "ge t  th e <  ton e > "  t o tes t  whethe r  the y ha d as -
sociate d th e "label "  (tom a o r  <  ton e > )  wit h th e 
object .  The y asked :  D o childre n trea t  onl y word s a s 

possibl e name s o r  d o the y als o accep t  tone s a s pos -
sibl e names ? Thef r  result s indicat e tha t  th e answe r 
t o thi s questio n depend s o n th e developmenta l  leve l 
of  th e diild .  Thirtee n month-ol d infant s wil l  asso -
ciat e bot h a  wor d an d a  non-linguisti c soun d wit h 
a targe t  object .  I n contrast ,  20-month-ol d childre n 
wil l  associat e a  wor d t o a  targe t  object ,  bu t  no t  a 
non-linguisti c sound .  N a m y &  W a x m an (1998 )  hav e 
simila r  result s fo r  18 -  an d 26-month-old s contrastin g 
word s an d gestures .  Whil e th e younge r  childre n wil l 
associat e bot h a  nove l  wor d an d a  nove l  gestur e wit h 
a targe t  objec t  (objec t  category )  th e olde r  childre n 
wil l  onl y associat e th e wor d t o th e object ,  an d no t 
th e gesture . 

Bot h team s o f  researcher s sugges t  tha t  olde r  chil -
dre n d o no t  associat e non-word s wit h th e object s 
becaus e olde r  childre n kno w tha t  non-word s ar e no t 
possibl e names .  Th e ide a i s tha t  word s becom e priv -
ilege d a s possibl e names ;  tha t  th e form s a  nam e ca n 
tak e ar e ope n a t  th e begiimin g an d becom e mor e 
restricte d wit h development .  Bu t  ho w d o word s be -
come name s an d thu s privileged ? W h a t  determine s 
what  count s a s a  name ? 

I n thi s pape r  w e attemp t  t o answe r  thes e ques -
tions .  Firs t  w e offe r  a  mechanisti c explanatio n o f 
thi s developmenta l  trend .  The n w e presen t  tw o ex -
periment s tha t  tes t  ou r  explanation . 

An associationist account 

We propose that words become privileged as cate-
gor y name s becaus e o f  th e specia l  wa y i n whic h the y 
correlat e wit h objec t  categories .  I n th e experienc e o f 
a child ,  mjin y event s m a y co-occu r  wit h attentio n t o 
objects .  Fo r  example ,  object s m a y co-occu r  wit h ex -
pression s suc h a s "look!" ,  gestiure s suc h a s pointing , 
word s relate d o r  unrelate d t o th e object ,  noises ,  ac -
tion s relate d o r  unrelate d t o th e natur e o f  th e object , 
an d s o on .  However ,  o f  al l  thes e events ,  word s (a s 
objec t  names )  correlat e i n a  wa y tha t  make s the m 
especiall y goo d predictor s fo r  categor y membership . 

By ou r  account ,  ther e ar e tw o propertie s tha t 
make word s goo d candidate s fo r  becomin g privilege d 
as names .  Th e firs t  propert y i s predictivenes s o r  cu e 
validity .  Ther e i s on e nam e (mor e o r  less )  tha t  goe s 
wit h on e categor y (mor e o r  less) .  Thus ,  th e nam e o f 
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a categor y i s a  featur e tha t  al l  member s o f  th e cat -
egor y hav e i n common ,  whil e a t  th e sam e tim e th e 
name i s a  featur e tha t  distinguishe s instance s o f  th e 
named categor y fro m member s o f  othe r  categories . 
Thi s i s illustrate d i n Figur e 1 .  Th e wor d "ball "  typi -
call y co-occur s wit h member s o f  th e categor y B A L L , 
but  no t  wit h member s o f  th e categor y D O G.  Simi -
larly ,  th e wor d "dog "  co-occur s wit h member s o f  th e 
categor y D O G,  bu t  no t  wit h member s o f  th e cat -
egor y B A L L ,  i n contrast ,  event s lik e pointin g an d 
hearin g "look! "  wil l  jus t  a s likel y co-occu r  wit h bot h 
ball s an d dogs .  Thus ,  i t  i s  th e objec t  name s tha t 
ar e predictiv e o f  objec t  category ,  an d no t  event s lik e 
pointin g o r  th e wor d "look!" . 

Figur e 1 :  Objec t  name s systematicall y correlat e 
wit h objec t  categorie s 

Predictiveness, however, is not enough by itself. 
Afte r  all ,  eve n 3- 4 month-ol d infant s ca n distinguis h 
picture s o f  dog s from,  fo r  example ,  cars .  Whethe r 
infant s hav e th e categor y o r  concep t  o f  D O G o r  C A R 
or  not ,  th e fac t  remain s tha t  ther e i s somethin g 
abou t  dog s an d car s perceptuall y tha t  allow s the m 
t o distinguis h member s o f  th e tw o categories .  W h y 
isn' t  th e featur e "dogness" (  o r  "camess" )  whic h i s 
predictiv e o f  categor y membershi p fo r  th e categor y 
D OG (o r  C A R )  no t  somethin g tha t  ca n b e take n a s 
a name ,  hk e a  word ? W e propos e tha t  th e answe r 
t o thi s questio n lie s i n a  secon d statistica l  property : 
systematicity .  Tha t  is ,  word s a s a  domai n ar e pre -
dictiv e o f  objec t  categor y membership .  Pu t  anothe r 
way,  i f  ther e wer e jus t  on e wor d tha t  correlate d wit h 
a category ,  word s i n genera l  woul d no t  ge t  a n ad -
vantage .  Th e fac t  tha t  ther e ar e man y word s tha t 
co-occu r  wit h man y objec t  categorie s i s wha t  help s 
childre n generaliz e thi s expectatio n t o nove l  words . 

The mechanis m w e propos e als o say s somethin g 
abou t  th e natur e o f  word s a s names .  Accordin g t o 
our  account ,  a  nam e i s simpl y th e bundl e o f  signal s 
tha t  systematicall y co-occur s wit h categories .  Thes e 
coul d b e propertie s suc h a s bein g a  speec h soun d 
wit h particula r  spectra l  an d prosodi c forms ,  bein g 
produce d b y people ,  comin g ou t  o f  mouths ,  o r  co -
occurrin g wit h pointin g an d ey e gaz e t o th e object . 

Thus ,  thes e ma y b e th e propertie s that ,  throug h 
languag e learning ,  com e t o defin e wha t  count s a s 
a nam e fo r  children . 

I n sum ,  i n ou r  accoun t  wha t  make s word s priv -
ilege d a s name s i s tha t  the y co-occu r  systemati -
call y wit h objec t  categories .  Conversely ,  a  nam e i s 
whateve r  feature s systematicall y co-occu r  wit h ob -
jec t  categories ,  eve n beyon d wha t  w e usuall y thin k 
of  a s word s (o r  names) . 

Thus ,  w e mak e th e followin g tw o predictions : 

1. Events that co-occur systematically with object 
categorie s com e t o refe r  — t o b e usabl e a s names . 
Accordin g t o ou r  account ,  an y even t  domai n tha t 
systematicall y predict s categor y membershi p wil l 
be take n a s a  nam e a s well .  Fortunatel y fo r  th e 
experimen t  w e repor t  here ,  children' s experience s 
includ e a  domai n i n whic h somethin g othe r  tha n 
word s co-occur s systematicall y wit h categorie s — 
th e domai n o f  animals .  Anima l  categor y corre -
late s wit h anima l  sound :  d o p bark ,  cat s meow , 
elephant s trumpe t  an d s o on .  Thu s ou r  firs t  pre -
dictio n i s tha t  anima l  sound s shoul d b e take n a s 
names fo r  animals . 

2. What defines a name is the cluster of features that 
systematicall y co-occur s wit h categories .  Thi s 
means tha t  an y strongl y correlate d featiu- e o f  a 
name,  eve n beyon d wha t  w e thin k o f  a s a  word , 
wil l  becom e a n integra l  par t  o f  wha t  i s a  name . 
For  youn g childre n w h o rel y o n spoke n language , 
word s emanatin g from  mouth s i s a  highl y system -
ati c propert y o f  names .  Therefor e childre n shoul d 
tak e coming-from-a-mout h a s on e o f  th e definin g 
feature s o f  bein g a  name .  Thus ,  ou r  secon d pre -
dictio n i s tha t  i f  a  wor d come s ou t  o f  a  plac e othe r 
tha n a  mouth ,  youn g childre n wil l  no t  tak e i t  a s 
a name .  Conversely ,  youn g childre n m a y tak e a 
non-wor d a s a  nam e i f  i t  emerge s from a  mouth . 

In the next experiment we tested these predictions 
i n th e domai n o f  animals .  W e selecte d childre n t o 
participat e wh o b y Woodwar d &  Hoyne' s an d N a m y 
and Waxman' s studie s shoul d alread y trea t  word s a s 
th e onl y privilege d namin g events .  T o tes t  th e first 
predictio n (tha t  anima l  sound s ca n b e use d a s name s 
fo r  animals )  w e labele d anima l  toy s wit h differen t 
kind s o f  soimds :  a  word ,  a n anima l  sound ,  an d a 
moto r  sound .  T o tes t  th e secon d predictio n (tha t 
emanatin g from  th e mout h wa s a  definin g featur e 
of  bein g a  name )  w e mad e th e name s emanat e from 
differen t  sources :  from  th e experimenter' s mout h o r 
from  a  nearb y object . 

Th e desig n fo r  Experimen t  1  i s show n i n Figur e 2 . 
Not e tha t  from  Woodwar d an d Hojme' s stud y w e 
kno w wha t  wil l  happe n i n th e Word-Mout h cel l  an d 
i n th e ArbitrarySound-Noisemake r  cell .  Childre n 
shoul d tak e th e wor d a s a  nam e i n th e first  cas e an d 
rejec t  th e soun d a s a  n a m e i n th e secon d case .  Th e 
question s are :  wil l  the y accep t  th e anima l  soun d a s a 
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name? Wil l  the y accep t  an y kin d o f  soun d emanat -
in g from  th e mout h a s a  name ? Wil l  the y accep t  th e 
wor d a s a  nam e regardles s o f  wher e i t  come s from , 
or  wil l  th e sourc e matter ? 

c 
3 
O 

Word 

Animal 
Sound 

Motor 
Sound 

Sourc e 

Mouth 

f r ^ 

NoiseMake r 

^ ^ 

Figur e 2 :  Th e experimen t  ha d thre e differen t  kind s 
of  soun d (Word ,  Anima l  Sound ,  Arbitrar y Sound )  a s 
within-subjec t  condition s an d tw o differen t  source s 
(Mouth ,  Noisemaker )  a s between-subjec t  condition s 

E x p e r i m e n t  1 

Methods 

Subjects .  2 4 20-2 6 month-ol d childre n partici -
pate d i n th e experiment . 

Design. We used a 2x3 mixed design with the two 
differen t  source s (mouth ,  noisemaker )  a s a  between -
subjec t  variabl e an d th e thre e differen t  sound s 
(word ,  anima l  sound ,  arbitrar y sound )  a s a  within -
subjec t  variable . 

Stimuli. The stimuli consisted of two sets of six 
nove l  to y animals .  Th e animal s i n th e tw o set s wer e 
th e sam e i n al l  respect s excep t  i n color ,  an d on e 
was use d a s th e generalizatio n o f  th e other .  Th e 
sound s use d a s name s wer e th e wor d "toma" ,  a  frog 
soun d a s th e anima l  soimd ,  an d a  moto r  sotm d a s 
th e arbitrar y soimd . 

Procedure. The experiment was preceded by a 
trainin g phase .  Th e goa l  o f  th e trainin g phas e wa s 
t o mak e sur e tha t  th e chil d understoo d th e tas k an d 
coul d mak e clea r  choices .  I n thi s phas e w e presente d 
th e chil d wit h a  familia r  objec t  ( a ball ,  a  spoon ,  a 
flower)  an d aske d th e chil d t o "ge t  th e ball "  (o r  spoo n 
or  flower).  Onc e th e chil d ha d don e this ,  w e pu t  tw o 
familia r  object s o n th e tra y an d aske d th e chil d t o 
get  on e o f  them .  Th e trainin g wa s considere d suc -
cessfu l  i f  th e chil d retrieve d th e correc t  objec t  twic e 
from  th e tra y wit h a  distracter . 

Each chil d hear d thre e differen t  kind s o f  name s 
(Word ,  Animzi l  Sound ,  Moto r  Sound )  i n thre e 
blocks .  Eac h bloc k consiste d o f  a  Familiarizatio n 
phas e an d a  Tes t  phase . 

I n th e Familiarizatio n phas e th e chil d wa s show n 
tw o differen t  to y animal s an d a  nam e wa s supplie d 
fo r  on e o f  the m -  th e targe t  object .  Th e tw o object s 
wer e presente d twice ,  on e to y anima l  a t  a  time .  Firs t 
th e targe t  anima l  wa s presente d an d named ,  an d 
the n th e distracte r  aniraa l  wa s presente d wit h th e 
same phrase s bu t  withou t  a  name .  The n th e targe t 
anima l  wa s presente d an d name d agai n followe d b y 
th e distracte r  animal . 

I n th e Mout h condition ,  childre n hear d th e thre e 
kind s o f  labe l  comin g from  th e experimenter' s 
mouth .  W h e n presentin g th e targe t  object ,  th e ex -
perimente r  name d i t  saying ,  "Loo k a t  thi s toma . 
W o w!  Se e thi s toma ? Look !  Tbma. "  i n th e 
Word condition ,  imitate d th e anima l  soun d i n th e 
Anima l  Soun d conditio n ("loo k a t  thi s <  fro g — 
likedxickin g >" )  an d imitate d th e mechanica l  soun d 
i n th e Moto r  Soun d conditio n ("loo k a t  thi s < 
motor-likesoun d > " ) .  I n th e Noisemake r  conditio n 
th e thre e kind s o f  sound s cam e from  cloth-covere d 
recorder s tha t  wer e hel d clos e t o th e to y anima l  be -
in g named .  Th e distracte r  object s wer e alway s pre -
sente d wit h th e sam e phrase s a s th e targe t  objects , 
but  withou t  th e name :  "Loo k a t  this !  W o w!  Se e 
this ? Look! " 

I n th e Tes t  phas e th e chil d wa s presente d wit h 
tw o choice s o n a  tra y an d aske d t o retriev e th e tar -
get  object .  Th e tes t  questio n wa s aske d i n th e sam e 
manner  a s th e namin g i n eac h conditio n -  from  th e 
mout h i n th e Mout h conditio n an d from  th e Noise -
maker  i n th e Noisemake r  condition .  Ther e wer e fou r 
tes t  trial s fo r  eac h kin d o f  sound ;  tw o tes t  trial s use d 
th e sam e animal s a s th e one s use d i n th e Famihar -
izatio n phas e an d th e othe r  tw o wer e generalizatio n 
trials ,  usin g th e animal s tha t  matche d th e familia r 
ones i n al l  aspect s excep t  fo r  thei r  color .  Eac h chil d 
got  a  tota l  o f  1 2 trials .  Th e toy s wer e randoml y as -
signe d t o eac h conditio n fo r  eac h child .  Th e orde r  o f 
th e tw o soun d typ e condition s wa s counterbalanced . 

Results 

We code d children' s choice s a s th e firs t  objec t  the y 
touche d o r  too k from  th e tray .  Figure s 3  an d 4  sho w 
th e numbe r  o f  childre n wh o successfull y mappe d th e 
name t o th e objec t  categor y i n th e Word ,  Anima l 
Sound an d Moto r  Soun d conditions .  W e classifie d 
childre n a s Successfull y Mappin g i f  the y picke d th e 
targe t  objec t  whe n aske d o n thre e o r  mor e o f  th e 
fou r  trials . 

Figur e 3  show s children' s performance .  I n th e 
Word condition ,  mos t  childre n ( 9 ou t  o f  12 )  suc -
cessfull y mappe d th e wor d t o th e anima l  categor y 
when th e wor d cam e from  th e experimenter' s mouth . 
Th e numbe r  o f  childre n tha t  successfull y mappe d th e 
wor d t o th e anima l  categor y i n th e Mout h conditio n 
was reliabl y mor e tha n woul d b e expecte d b y chanc e 
( p <  .01) .  I n contrast ,  th e numbe r  o f  Successfull y 
Mappin g childre n i n th e Noisemake r  conditio n wa s 
almos t  reliabl y belo w wha t  woul d b e expecte d b y 
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Figur e 3 :  Result s o f  E x p e r i m e n t  1 .  A n y s o u n d e m -
anatin g from  th e m o u t h i s  take n a s a  n a m e a n d 
anima l  sound s ar e take n a s n a m e s regardles s o f  it s 
sourc e 
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Figur e 4 :  Result s o f  Experimen t  2 .  An y soun d ema -
natin g from  th e mout h i s take n a s a  nam e an d moto r 
sound s ar e take n a s naune s regardles s o f  it s sourc e 

chanc e ( p =  .06) .  I n fact ,  onl y on e chil d consis -
tentl y retrieve d th e targe t  objec t  whe n th e nam e wa s 
a wor d comin g from a  handhel d noisemaker .  Thus , 
i t  appear s tha t  childre n onl y accep t  th e wor d a s th e 
name o f  a n anima l  categor y whe n th e wor d emanate s 
from  th e mout h o f  th e experimenter . 

I n th e Anima l  Soun d condition ,  th e numbe r  o f  th e 
SuccessfuU y Mappin g childre n exceede d wha t  woul d 
be expecte d b y chanc e i n bot h sourc e condition s 
(Mouth :  p  =  .01 ,  Noisemaker :  p  =  .03) .  Tha t  is , 
childre n successfull y mappe d th e anima l  soun d t o 
th e anima l  categor y regardles s o f  th e sourc e o f  th e 
sound .  The y di d s o whethe r  th e soun d cjun e from 
th e experimenter' s mout h o r  from a  handhel d noise -
maker .  So ,  childre n alway s accep t  th e anima l  soun d 
as th e nam e o f  a n anima l  category ,  regeirdles s o f  th e 
sourc e from  whic h th e anima l  soun d emanates . 

I n th e Moto r  Soun d conditio n -  whe n th e soun d 
use d wa s a n unrelate d soim d -  th e numbe r  o f  chil -
dre n successfull y mappin g th e soun d t o th e anima l 
categor y onl y exceede d wha t  woul d b e expecte d b y 
chanc e i n th e Mout h conditio n ( p <  .05) .  Th e num -
ber  o f  childre n tha t  successfull y mappe d th e me -

chanica l  soun d wit h th e anima l  categor y whe n th e 
soun d cam e from  th e Noisemake r  di d no t  reliabl y 
excee d chanc e ( p >  .2) .  Tha t  is ,  moto r  sound s ar e 
onl y accepte d a s name s whe n the y emanat e from a 
mouth . 

I n short ,  an y soun d emanatin g from  th e mout h 
i s take n a s a  nam e an d anima l  soimd s ar e take n a s 
names regardles s o f  it s source . 

Discussion 

Our  result s replicat e Woodar d an d Hoyne' s study : 
word s emjuiatin g from  mouth s ar e associate d wit h 
objec t  categorie s an d arbitrar y sound s emanatin g 
from  handhel d noisemaker s ar e no t  associate d wit h 
objec t  categories .  I n additio n t o that ,  however , 
we hav e show n tw o things .  First ,  tha t  word s ar e 
onl y accepte d a s name s whe n the y com e from  th e 
speaker' s mouth ,  an d no t  whe n the y com e from 
othe r  sources ,  suc h a s a  hand-hel d noisemaker .  Sec -
ond ,  tha t  eve n non-linguisti c sounds ,  suc h a s th e 
buz z o f  a  moto r  o r  th e croa k o f  a  frog,  wil l  b e take n 
as a  nam e i f  the y ar e produce d b y a  huma n mouth . 
Therefore ,  ou r  result s sugges t  tha t  fo r  childre n a t 
thi s ag e i t  i s  no t  word s tha t  ar e take n a s th e priv -
ilege d for m o f  naming ,  bu t  rathe r  soimd s produce d 
by a  huma n mouth ,  tha t  is ,  sourc e matters . 

One differenc e i n our  result s betwee n word s an d 
anima l  sound s i s tha t  th e sourc e o f  th e nam e matter s 
fo r  th e word ,  bu t  no t  fo r  th e anima l  soimd .  Thi s als o 
fit s  wit h ou r  associationis t  account :  i n children' s ex -
perience ,  anima l  sound s ar e no t  specifi c  t o a  source . 
The y emanat e from  th e mouth s o f  rea l  animals ,  from 
th e insid e o f  stuffe d anima l  toys ,  an d from  mouth s 
of  peopl e imitatin g animals .  I n contrast ,  word s -
as objec t  name s -  ar e typicall y produce d b y huma n 
mouths .  Therefor e th e sourc e wil l  b e par t  o f  wha t 
define s a  wor d a s a  name ,  bu t  no t  o f  wha t  define s 
an anima l  soun d a s a  nam e fo r  a n anima l  category . 

W hy ar e sound s emanatin g from  mouth s alway s 
take n a s names ? Accordin g t o our  account ,  thi s i s 
becaus e emanatin g from a  mout h i s on e o f  th e mos t 
systematicall y correlatin g feature s o f  namin g situa -
tions .  Anothe r  possibilit y  tha t  need s t o b e explore d 
i s tha t  perhap s whe n produce d b y a  huma n mout h 
eve n a n imitatio n o f  a  mechanica l  soun d stop s bein g 
arbitrary .  Bein g mad e b y a  mout h m a y mak e an y 
soun d word-lik e (o r  anima l  sound-like) . 

Mor e importantl y fo r  ou r  proposed ,  however ,  ou r 
result s showe d tha t  anima l  sound s -  whic h ar e sys -
tematicall y correlate d wit h anima l  categorie s i n th e 
rea l  worl d -  wil l  b e accepte d a s label s fo r  anima l 
categorie s regardles s o f  thei r  source .  Thus ,  ou r  pre -
diction s wer e confirmed . 

W hy ar e anima l  sound s take n a s njime s fo r  ani -
mal  categories ? Accordin g t o ou r  proposal ,  thi s i s 
becaus e anima l  sound s correlat e wit h anima l  cate -
gorie s i n muc h th e sam e wa y a s word s correlat e wit h 
objec t  categorie s i n general :  on e anima l  soun d corre -
spond s t o on e anima l  category ,  an d animal s typicall y 
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axe associate d wit h a  soun d the y make .  However ,  a n 
alternativ e explanatio n i s tha t  ther e i s somethin g i n 
th e acousti c feature s o f  th e anima l  soun d use d tha t 
makes i t  word-like .  Tha t  is ,  i t  ma y b e tha t  i t  i s 
not  th e specia l  wa y i n whic h anima l  sound s correlat e 
wit h anima l  categorie s whic h make s anima l  soimd s 
good potentia l  label s fo r  anima l  categories ,  bu t  tha t 
ther e i s somethin g abou t  anima l  sound s (perhap s 
the y ar e close r  t o linguisti c sound s i n som e similar -
it y  space) ,  tha t  make s the m goo d potentia l  label s 
fo r  an y category .  Conversely ,  i t  coul d b e tha t  moto r 
soxmds ar e jus t  no t  word-lik e enoug h t o serv e a s a 
label .  Thus ,  t o suppor t  ou r  propsa l  w e hav e t o sho w 
tha t  anima l  sound s ar e goo d onl y fo r  anima l  cate -
gorie s (an d no t  vehicl e categories) ,  an d tha t  moto r 
soimd s ar e goo d onl y fo r  vehicl e categorie s (an d no t 
anima l  categories) .  Accordingly ,  i n th e nex t  exper -
imen t  w e tes t  thi s alternativ e explanatio n b y repli -
catin g Experimen t  1  usin g to y vehicle s instea d o f  to y 
animal s a s stimuli . 

We reasone d tha t  vehicl e sound s correlat e wit h 
vehicl e categorie s muc h i n th e sam e wa y a s anima l 
sound s correlat e wit h anima l  categories .  Thus ,  i f 
our  accoim t  i s right ,  an d i t  i s  th e systematicit y o f 
correlation s tha t  make s a  word ,  w e predic t  tha t  con -
trar y t o wha t  wa s foun d i n Experimen t  1 ,  th e moto r 
soun d (no w related )  wil l  b e accepte d a s a  nam e fo r 
to y vehicles ,  bu t  th e anima l  soun d (no w unrelated ) 
wil l  not .  However ,  i f  i t  i s  somethin g specifi c  abou t 
th e anima l  soun d w e use d tha t  mad e i t  wor k a s a 
name,  th e sam e anima l  soun d shoul d b e accepte d a s 
a nam e fo r  vehicl e categorie s a s well . 

Experiment 2 

Subjects .  2 4 20-2 6 month-ol d childre n partici -
pate d i n th e experiment . 

Design. As in Experiment 1, we used a 2x3 mixed 
desig n wit h th e tw o differen t  source s (mouth ,  noise -
maker )  a s a  between-subjec t  variabl e an d th e thre e 
differen t  sound s (word ,  anima l  sound ,  moto r  sound ) 
as a  within-subjec t  variable . 

Stimuli. The stimuli consisted of two sets of six 
nove l  to y vehicles .  We use d th e sam e sound s a s i n 
Ebcperimen t  1 ,  tha t  i s  th e wor d "toma" ,  a  fro g sound , 
and a  moto r  sound . 

Procedure. The procediure is the same as in Ex-
perimen t  1 . 

Results 

Children' s choice s wer e code d a s i n Experimen t  1 . 
Childre n wer e classifie d a s Successfull y Mappin g ac -
cordin g t o th e sam e criterio n a s i n Experimen t  1  -
when the y chos e th e targe t  objec t  correctl y i n a t 
leas t  3  o f  th e 4  trials .  Th e result s o f  Experimen t  2 

ar e analogou s t o th e result s o f  Experimen t  1 .  Chil -
dre n ma p th e moto r  soim d t o vehicl e categories ,  bu t 
fai l  t o ma p th e anima l  soim d -  th e unrelate d sound . 

Figur e 4  show s children' s performanc e i n Exper -
imen t  2 .  I n th e Wor d condition ,  mos t  childre n (1 0 
out  o f  12 )  successfull y mappe d th e wor d t o th e an -
imal  categor y whe n th e wor d cam e fro m th e ex -
perimenter' s mouth .  Th e numbe r  o f  childre n tha t 
successfull y mappe d th e wor d t o th e anima l  cate -
gor y i n th e Mout h conditio n wa s reliabl y mor e tha n 
woul d b e expecte d b y chanc e ( p <  .01) .  I n con -
trast ,  th e numbe r  o f  Successfull y Mappin g childre n 
i n th e Noisemake r  conditio n wa s no t  differen t  fro m 
chajic e ( p >  .2) .  Thus ,  a s i n Experimen t  1 ,  childre n 
accep t  th e wor d a s th e nam e o f  a  vehicl e categor y 
onl y whe n th e wor d emanate s from  th e mout h o f  th e 
experimenter . 

I n th e Anima l  Soun d condition ,  whe n th e soun d 
used a s nam e wa s a  unrelate d t o th e vehicl e cate -
gories ,  th e numbe r  o f  childre n successfull y mappin g 
th e soun d t o th e anima l  categor y onl y exceede d wha t 
woul d b e expecte d b y chanc e i n th e Mout h conditio n 
(p <  .05) .  Th e numbe r  o f  childre n tha t  successfull y 
mapped th e anima l  soun d wit h th e vehicl e categor y 
when th e soun d cam e from  th e Noisemake r  di d no t 
reliabl y excee d chanc e ( p >  .2) .  Tha t  is ,  anima l 
sound s ar e onl y accepte d a s name s fo r  vehicl e cate -
gorie s whe n the y emanat e from a  mouth . 

I n th e Moto r  Soun d condition ,  whe n th e soun d 
was systematicall y relate d t o vehicl e categories ,  th e 
number  o f  th e Successfull y Mappin g childre n ex -
ceede d wha t  woul d b e expecte d b y chanc e i n bot h 
condition s (Mouth :  p  =  .01 ,  Noisemaker :  p  =  .03) . 
That  is ,  childre n successfull y associate d th e moto r 
soun d t o th e vehicl e categor y regardles s o f  th e sourc e 
of  th e sound .  So ,  childre n see m t o accep t  th e moto r 
soun d a s th e nam e o f  a n vehicl e category ,  regardles s 
of  th e sourc e from  whic h th e moto r  soun d emanates . 

I n short ,  a s i n Experimen t  1 ,  an y soun d ema -
natin g from  th e mout h i s take n a s a  nam e an d re -
late d sound s (i n thi s cas e moto r  sounds )  ar e take n 
as name s regardles s o f  thei r  source . 

Discussion 

I n Experimen t  1 ,  th e patter n o f  result s coul d b e ex -
plaine d awa y b y suggestin g tha t  ther e wa s somethin g 
specia l  abou t  th e anima l  soun d use d i n th e exper -
iment ,  o r  anima l  sound s i n general ,  tha t  mad e i t 
more word-Uke .  B y usin g th e sam e sound s a s i n 
Experimen t  1 ,  bu t  showin g th e opposit e patter n o f 
result s (Anima l  soun d no t  take n a s a  label ;  Moto r 
soun d take n a s a  label) ,  w e showe d thi s i s no t  th e 
case .  Whic h non-linguisti c soun d wil l  b e mor e read -
il y  associate d wit h a n objec t  categor y depend s o n 
th e kin d o f  objec t  categorie s bein g associated :  i f  th e 
categorie s ar e from  th e domai n o f  animals ,  the n th e 
anima l  soun d wil l  hav e th e advantage ;  i f  th e cat -
egorie s ar e from  th e domai n o f  vehicles ,  the n th e 
moto r  soun d wil l  hav e th e advantage . 
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Furthermore ,  Experimen t  2  provide d convergin g 
evidenc e from a  differen t  domai n fo r  th e ide a tha t 
systematicaU y correlatin g cue s becom e goo d candi -
date s fo r  label-hood .  Th e result s o f  thi s experimen t 
agre e wit h th e result s o f  Experimen t  1 .  Tha t  is ,  chil -
dre n i n Experimen t  2 ,  lik e childre n i n Experimen t  1 , 
wer e likel y t o m a p th e relate d non-linguisti c soun d 
t o th e objec t  categories ,  bu t  no t  th e unrelate d non -
linguisti c sound . 

Conclusions 

Th e result s o f  th e tw o experiment s showe d th e sam e 
pattern :  Words ,  a s wel l  a s non-lmguisti c sound s tha t 
systematicall y correlat e wit h th e relevan t  domai n 
of  categories ,  ar e accepte d a s labels .  I n contrast , 
non-linguisti c sound s tha t  ar e imrelate d t o th e do -
mai n i n questio n ar e no t  accepte d a s labels .  Fur -
thermore ,  word s ar e onl y accepte d a s label s whe n 
the y ar e produce d b y a  mouth .  W h y thi s pattern ? 
We believ e tha t  thi s patter n reflect s th e systematic -
it y wit h whic h event s correlat e wit h categorie s i n th e 
world .  Soimd s from  mouth s typicall y nam e things , 
so the y ar e take n a s name s eve n whe n the y hav e 
unusua l  propertie s suc h a s th e imitatio n o f  a  me -
chanica l  soun d does .  Anima l  sound s systematicall y 
correlat e wit h anima l  categories ,  s o thes e kind s o f 
soun d -  from  mouth s o r  from  noisemaker s -  ar e ac -
cepte d a s name s fo r  anima l  categories .  Analogously , 
moto r  sound s systematicall y correlat e wit h vehicl e 
categories ,  s o thes e kind s o f  soun d -  regardles s o f 
thei r  sourc e -  ar e accepte d a s name s fo r  vehicl e cat -
egories . 

Perhaps ,  befor e languag e learning ,  ther e i s noth -
in g specia J abou t  word s a s name s an d ther e i s noth -
in g specia l  abou t  reference .  Al l  tha t  a  wor d i s i s a 
bundl e o f  highl y correlatin g features .  Al l  tha t  ref -
erenc e is ,  i s  th e associatio n betwee n a  nam e -th e 
bundl e o f  highl y correlatin g feature s -  an d a  cate -
gory .  Mayb e childre n lear n wha t  i s referenc e a s the y 
lea m names ,  an d the y lear n name s a s the y experi -
enc e word s referrin g t o objec t  categories . 

Wit h mor e learning ,  wha t  count s a s a  nam e shoul d 
get  mor e an d mor e abstract ,  t o th e poin t  i n whic h 
emanatin g from a  mout h ma y n o longe r  b e a  crucia l 
feature .  However ,  thi s m a y b e wher e i t  starts ;  i n 
th e systematicit y wit h whic h events ,  suc h a s spoke n 
word s o r  anima l  sounds ,  refe r  t o categories . 
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Abstrac t 
We investigate d th e exten t  t o whic h touch ,  vision ,  an d 
auditio n ar e simila r  i n th e way s the y mediat e th e 
processin g o f  statistica l  regularitie s withi n sequentia l 
input .  Whil e previou s researc h ha s examine d 
statistical/sequentia l  learnin g i n th e visua l  an d auditor y 
domains ,  fe w researcher s hav e conducte d rigorou s 
comparison s acros s sensor y modalities ;  i n particular ,  th e 
sens e o f  touc h ha s bee n virtuall y ignore d i n suc h 
research .  Ou r  dat a revea l  commonalitie s betwee n th e 
ways i n whic h thes e thre e modalitie s affor d th e learnin g 
of  sequentia l  information .  However ,  th e dat a als o 
sugges t  tha t  i n term s o f  sequentia l  learning ,  auditio n i s 
superio r  t o th e othe r  tw o senses .  W e discus s thes e 
finding s i n term s o f  whethe r  statistical/sequentia l 
learnin g i s  likel y t o consis t  o f  a  single ,  unitar y 
mechanis m o r  multiple ,  modality-constraine d ones . 

Introduction 

Th e acquisitio n o f  statistical/sequentia l  informatio n 
from  th e environmen t  appear s t o b e involve d i n m a n y 
learnin g situations ,  rangin g from  speec h segmentatio n 
(Saffran ,  Newpor t ,  &  Aslin ,  1996) ,  t o learnin g 
orthographi c regularitie s o f  writte n word s (Pacton , 
Perruchet ,  Fayol ,  &  Cleeremans ,  2001 )  t o processin g 
visua l  scene s (Fise r  &  Aslin ,  2002) .  However ,  previou s 
research ,  focusin g exclusivel y o n visua l  an d auditor y 
domains ,  ha s faile d t o investigat e whethe r  suc h learnin g 
ca n occu r  vi a touch .  Perhap s mor e importantly ,  fe w 
studie s hav e attempte d directl y t o compar e sequentia l 
learnin g a s i t  occur s acros s th e variou s sensor y 
modalities . 

Ther e ar e importan t  reason s t o pursu e suc h avenue s 
of  study .  First ,  a  c o m m o n assumptio n i s  tha t 
statistical/sequentia l  learnin g i s  a  broad ,  domain -
genera l  abilit y  (e.g. ,  Kirkham ,  Slemmer ,  &  Johnson , 
2002) .  Bu t  i n orde r  t o adequatel y asses s thi s hypothesis , 
systemati c experimentatio n acros s th e modalitie s i s 
necessary .  I f  difference s exis t  betwee n sequentia l 
learnin g i n th e variou s senses ,  i t  m a y reflec t  th e 
operatio n o f  multipl e mechanisms ,  rathe r  tha n a  singl e 
process .  Second ,  i n regard s t o th e touc h modalit y i n 
particular ,  prio r  researc h ha s generall y focuse d o n low -
leve l  perception ;  discoverin g tha t  th e sens e o f  touc h ca n 
accommodat e comple x sequentia l  learnin g m a y hav e 
importan t  implication s fo r  tactil e communicat io n 
systems . 

Thi s pape r  describe s thre e experiment s conducte d 
wit h th e ai m t o asses s sequentia l  learnin g i n thre e 

sensor y modalities :  touch ,  vision ,  an d audition . 
Experimen t  1  provide s th e first  direc t  evidenc e fo r  a 
fairl y comple x tactil e sequentia l  learnin g capability . 
Experimen t  2  provide s a  visua l  analogu e o f  Experimen t 
1 an d suggest s commonalitie s betwee n visua l  an d 
tactil e sequentia l  learning .  Finally ,  Experimen t  3 
assesse s th e auditor y domain ,  revealin g a n auditor y 
advantag e fo r  sequentia l  processing .  W e conclud e b y 
discussin g thes e result s i n relatio n t o basi c issue s o f 
cognitiv e an d neura l  organization—namely ,  t o wha t 
exten t  sequentia l  learnin g consist s o f  a  singl e o r 
multipl e mechanisms . 

Sequential Learning 

We defin e sequentia l  learnin g a s a n abilit y  t o encod e 
and represen t  th e orde r  o f  discret e element s occurrin g 
i n a  sequenc e ( C o n w a y &  Christiansen ,  2001) . 
Importantly ,  w e conside r  a  crucia l  aspec t  o f  sequentia l 
learnin g t o b e th e acquisitio n o f  statistica l  regularitie s 
occurrin g a m o n g sequenc e elements .  Artificia l 
grammar  learnin g ( A G L ;  Reber ,  1967 )  i s a  widel y use d 
paradig m fo r  studyin g suc h sequentia l  learning' .  A G L 
experiment s typicall y us e finite-state  grammar s t o 
generat e th e stimuli ;  i n suc h grammars ,  a  transitio n 
from  on e stat e t o th e nex t  produce s a n elemen t  o f  th e 
sequence .  Fo r  example ,  i n th e gramma r  o f  Figur e 1 ,  th e 
pat h begin s a t  th e left-mos t  node ,  labele d SI .  Th e nex t 
transitio n ca n lea d t o eithe r  S 2 o r  S3 .  Ever y tim e a 
number  i s encountere d i n th e transitio n betwee n states , 
i t  i s  adde d a s th e nex t  elemen t  o f  th e sequence , 
producin g a  sequenc e correspondin g t o th e rule s o f  th e 
grammar .  Fo r  example ,  b y passin g throug h th e node s 
SI ,  S2 ,  S2 ,  S4 ,  S3 ,  S5 ,  th e "legal "  sequenc e 4-1-3-5- 2 i s 
generated . 

Durin g a  trainin g phase ,  participant s typicall y ar e 
expose d t o a  subse t  o f  lega l  sequences—ofte n unde r  th e 
guis e o f  a  "memor y experiment "  o r  som e othe r  suc h 
task—wit h th e inten t  tha t  the y wil l  incidentall y encod e 
structura l  aspect s o f  th e stimuli .  Next ,  the y ar e teste d o n 
whethe r  the y ca n classif y nove l  sequence s a s 

I n th e typica l  A G L task ,  th e stimulu s element s ar e presente d 
simultaneousl y (e.g. ,  lette r  strings)—rathe r  tha n sequentiall y 
(i.e. ,  on e elemen t  a t  a  time) .  W e conside r  eve n th e fomie r 
cas e t o b e a  sequentia l  learnin g tas k becaus e scannin g string s 
of  letter s generall y occur s i n a  left-to-right ,  sequentia l 
manner .  However ,  ou r  ai m her e i s t o creat e a  trul y sequentia l 
learnin g environmen t  usin g temporally-distribute d input . 
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incoiporatin g th e sam e regularitie s the y ha d observe d i n 
th e trainin g input .  Participant s common l y achiev e 
level s o f  correc t  classificatio n tha t  ar e significantl y 
greate r  tha n chance .  Althoug h ther e ha s bee n 
disagreemen t  a s t o wha t  type s o f  informatio n 
participant s us e t o m a k e correc t  classificatio n 
judgments ,  i t  i s  likel y tha t  statistica l  informatio n i s a n 
essentia l  piec e o f  th e puzzl e (e.g. ,  Redingto n &  Chater , 
1996) .  Participant s appea r  t o becom e sensitiv e t o th e 
statistica l  regularitie s i n th e trainin g items—i.e. ,  th e 
frequency  wit h whic h certai n "chunks "  o f  informatio n 
co-occur—allowin g the m t o generaliz e thei r  knowledg e 
t o nove l  sequences .  I t  i s  suc h statistica l  sensitivit y tha t 
we conside r  t o b e vita l  fo r  comple x sequentia l  learnin g 
tasks . 

Figur e 1 :  Th e finite-state  gramma r  use d t o 
generat e th e stimul i  fo r  th e thre e experiments . 

The standard AGL paradigm has been used 
extensivel y t o asses s visual ,  a s wel l  a s auditor y 
learning ,  suggestin g tha t  sequentia l  learnin g ca n occu r 
i n bot h modalities .  However ,  tw o issue s remai n 
unexplored :  ca n sequentia l  learnin g occu r  i n othe r 
modalities ,  suc h a s touch ? And ,  wha t  difference s i n 
sequentia l  learning ,  i f  any ,  exis t  betwee n differen t 
sensor y modalities ? 

Experiment 1: Tactile Sequential Learning 

The touc h sens e ha s bee n studie d extensivel y i n term s 
of  it s  perceptua l  an d psychophysica l  attribute s (fo r  a 
review ,  se e Crai g &  Rollman ,  1999) ,  ye t  onl y a  fe w 
studie s hav e hinte d tha t  comple x sequentia l  learnin g i s 
possible .  Fo r  instance ,  evidenc e suggest s tha t  tactil e 
tempora l  processin g an d patter n learnin g i s bette r  tha n 
visual ,  bu t  wors e tha n auditor y processin g (e.g. ,  Hande l 
& Buffardi ,  1969 ;  Manning ,  Pasquali ,  &  Smith ,  1975 ; 
Sherric k &  Cholewiak ,  1986) .  Thes e studie s sugges t 
tha t  touc h support s a  powerfu l  learnin g mechanism , 
whic h perhap s ma y b e sufficien t  t o allo w fo r  successfu l 
performanc e o n a n A G L task .  Experimen t  1  attempte d 
t o verif y thi s hypothesis . 

M e t h o d 

Participant s A  tota l  o f  2 0 undergraduate s (1 0 i n eac h 
condition )  fro m introductor y Psycholog y classe s a t 
Souther n Illinoi s University ,  Carbondale ,  participate d 
i n th e experiment .  Subject s earne d cours e credi t  fo r 
thei r  participation .  Th e dat a fro m a n additiona l  fiv e 
participant s wer e exclude d fo r  th e followin g reasons : 
prio r  participatio n i n A G L task s i n ou r  laborator y 
(n=4) ;  di d no t  adequatel y follo w th e instruction s (n=l) . 

Apparatus The experiment was conducted using the 
PsyScop e presentatio n softwar e (Cohen ,  MacWhinney , 
Flatt ,  &  Provost ,  1993 )  ru n o n a n Appl e G 3 PowerP C 
computer .  Participant s mad e thei r  response s usin g a n 
input/outpu t  butto n bo x (Ne w Micros ,  Inc. ,  Dallas ,  T X ) . 
Fiv e smal l  motors ,  normall y use d i n hand-hel d pagin g 
devices ,  generate d th e vibrotactil e pulses .  Eac h o f  thes e 
motor s wa s les s tha n 1 8 m m lon g an d 5  m m wide , 
makin g the m smal l  enoug h t o b e easil y attache d t o th e 
participants '  finger s wit h velcr o straps .  W h e n activated , 
th e motor s produce d mino r  vibration s (rate d a t  15 0 H z ) 
at  a  magnitud e equa l  t o tha t  foun d i n hand-hel d pagers . 

Th e motor s wer e controlle d b y outpu t  signal s 
originatin g from  th e N e w Micro s butto n box .  Thes e 
contro l  signal s wer e i n tur n determine d b y th e 
PsyScop e program ,  allowin g precis e contro l  ove r  th e 
timin g an d duratio n o f  eac h vibratio n stimulus . 

Materials The stimuli used for Experiment 1 were 
take n from  G o m e z an d Gerken' s (1999 )  Experimen t  2 . 
Thi s gramma r  (se e Figur e 1 )  ca n generat e u p t o 2 3 
sequence s betwee n 3  an d 6  element s i n length .  Th e 
grammar  generate s sequence s o f  element s (numbers ) 
wit h eac h numbe r  bein g mappe d ont o a  particula r  finger 
( 1 i s th e thum b an d 5  i s th e pink y finger) .  Eac h tactil e 
stimulu s consiste d o f  a  sequenc e o f  vibratio n pulse s 
(puls e duratio n o f  25 0 m s )  delivere d t o th e fingers ,  on e 
finge r  a t  a  tim e (25 0 m s occurrin g betwee n pulses) .  Fo r 
example ,  th e lega l  sequenc e 1  -2-5- 5 correspond s t o on e 
vibratio n puls e delivere d t o th e thumb ,  the n a  puls e t o 
th e secon d finger ,  an d lastl y tw o pulse s t o th e fifth 
finger . 

A tota l  o f  1 2 lega l  sequences ,  arrange d int o pairs , 
wer e use d fo r  training .  Si x pair s consiste d o f  on e 
trainin g sequenc e presente d twic e (matche d pairs ) 
wherea s th e remainin g si x pair s consiste d o f  tw o 
sequence s tha t  differe d slightl y fro m on e anothe r 
(mismatche d pairs) .  A  2  s  paus e occurre d betwee n th e 
tw o sequence s o f  eac h pair. ^ 

The tes t  se t  consiste d o f  te n lega l  an d te n illega l 
sequences ,  al l  o f  whic h wer e nove l  t o th e participants . 
Illega l  sequence s wer e produce d b y beginnin g eac h 
wit h a  lega l  element ,  followe d b y a  serie s o f  illega l 

'  A n exampl e o f  a  matche d pai r  i s  4-1-3 ,  4-1-3 ;  a n exampl e o f 
a mismatche d pai r  i s  1-2-5-5 ,  1-2-1-3 . 
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transitions ,  an d endin g wit h a  lega l  elemen t  onc e more . 
A n illega l  transitio n denote s tha t  a  particula r  pai r  o f 
element s doe s no t  occu r  togethe r  durin g training .  Fo r 
example ,  th e illega l  sequenc e 4-2-1-5- 3 begin s an d end s 
wit h lega l  element s ( 4 an d 3 ,  respectively )  bu t  contain s 
severa l  illega l  interio r  transition s (4-2 ,  1-5 ,  an d 5- 3 d o 
not  occu r  durin g training) .  I n thi s manner ,  th e lega l  an d 
illega l  sequence s diffe r  fro m on e anothe r  i n term s o f  th e 
statistica l  relationship s o f  adjacen t  elements. ^ 

Procedure Participants were assigned randomly to 
eithe r  a  contro l  grou p o r  a n experimenta l  group .  Th e 
experimenta l  grou p participate d i n bot h a  trainin g an d a 
testin g phase ,  wherea s th e contro l  grou p onl y 
participate d i n th e testin g phase .  Befor e beginnin g th e 
experiment ,  participant s wer e assesse d b y th e 
Edinburg h Handednes s Inventor y (Oldfield ,  1971 )  t o 
determin e thei r  preferre d hand .  Then ,  usin g velcr o 
straps ,  th e experimente r  place d a  vibratio n devic e ont o 
eac h o f  th e fiv e finger s o f  th e preferre d hand . 

At  th e beginnin g o f  th e trainin g phase ,  th e 
experimenta l  participant s wer e instructe d tha t  the y wer e 
participatin g i n a  sensor y experimen t  i n whic h the y 
woul d fee l  pair s o f  vibratio n sequences .  Fo r  eac h pai r 
o f  sequences ,  the y ha d t o decid e whethe r  th e tw o 
sequence s wer e th e sam e o r  not ,  an d indicat e thei r 
decisio n b y pressin g a  butto n marke d " Y E S "  o r  " N O " . 
Thi s match-mismatc h paradig m use d th e twelv e 
trainin g pair s describe d earlier .  I t  wa s ou r  intentio n tha t 
thi s paradig m woul d encourag e participant s t o pa y 
attentio n t o th e stimul i  whil e stil l  allowin g incidenta l 
learnin g o f  th e statistica l  structur e t o occur . 

Afte r  th e las t  sequenc e o f  eac h pair ,  a  1  s  paus e 
occurred ,  followe d b y a  promp t  o n th e scree n askin g fo r 
th e participant' s response .  Afte r  th e participan t  mad e a 
response ,  ther e wa s a  2  s  inter-tria l  interva l  befor e th e 
nex t  pai r  began . 

Eac h pai r  wa s presente d si x time s i n rando m orde r 
fo r  a  tota l  o f  7 2 exposures ,  th e entir e trainin g phas e 
lastin g roughl y te n minutes .  A  recordin g o f  whit e nois e 
was playe d durin g trainin g t o mas k th e sound s o f  th e 
vibrators .  I n addition ,  th e participants '  hand s wer e 
covere d b y a  cardboar d bo x s o tha t  the y coul d no t 
visuall y observ e thei r  fingers .  Thes e precaution s wer e 
take n t o ensur e tha t  tactil e informatio n alone ,  withou t 
hel p from  auditor y o r  visua l  senses ,  contribute d t o tas k 
performance .  A s ment ione d previously ,  th e 
experimenta l  g r o u p — b u t  no t  th e contro l 
group—participate d i n th e trainin g phase . 

Befor e th e beginnin g o f  th e testin g phase ,  th e 
experimenta l  participant s wer e tol d tha t  th e vibratio n 
sequence s the y ha d jus t  fel t  ha d bee n generate d b y a 

compute r  progra m that ,  usin g a  comple x se t  o f  rules , 
determine d th e orde r  o f  th e pulses .  The y wer e tol d tha t 
the y woul d n o w b e presente d wit h ne w vibratio n 
sequences .  S o m e o f  thes e woul d b e generate d b y th e 
same progra m whil e other s woul d not .  I t  wa s th e 
participant' s tas k t o classif y eac h n e w sequenc e 
accordingl y (i.e. ,  whethe r  o r  no t  th e sequenc e wa s 
generate d b y th e sam e program )  b y pressin g a  butto n 
marke d eithe r  " Y E S "  o r  "NO. "  Th e contro l  participant s 
receive d th e sam e instruction s an d tas k excep t  tha t  ther e 
was n o referenc e mad e t o a  previou s trainin g phase . 

The twent y tes t  sequence s wer e presente d on e a t  a 
time ,  i n rando m order ,  t o eac h participant .  Th e timin g 
of  th e tes t  sequence s wa s th e sam e a s tha t  use d fo r  th e 
trainin g sequences . 

Results 

Th e trainin g performanc e fo r  eac h experimenta l 
participan t  wa s assesse d b y calculatin g th e m e a n 
percentag e o f  correctl y classifie d pairs .  Thi s calculatio n 
reveale d tha t  participants ,  o n average ,  mad e correc t 
match-mismatc h decision s fo r  7 4 % o f  th e trials . 

Result s fro m th e testin g phas e reveale d tha t  th e 
contro l  grou p correctl y classifie d 4 5 % o f  th e tes t 
sequence s whil e th e experimenta l  grou p correctl y 
classifie d 6 2 % o f  th e tes t  sequences .  Followin g 
Redingto n an d Chater' s (1996 )  suggestions ,  tw o 
analyse s wer e conducte d o n th e data .  Th e firs t  wa s a 
one-wa y analysi s o f  varianc e ( A N O V A ;  experimenta l 
vs .  contro l  group )  t o determin e whethe r  an y difference s 
existe d betwee n th e tw o groups .  Th e secon d compare d 
performanc e fo r  eac h grou p t o chanc e performanc e 
(50% )  usin g singl e grou p t-tests. ^ 

Th e A N O V A reveale d tha t  th e mai n effec t  o f 
grou p wa s significant ,  F( l ,  18 )  =  3.16 ,  p  <  .01 , 
indicatin g tha t  th e experimenta l  grou p performe d 
significantl y bette r  tha n th e contro l  group .  Singl e grou p 
t-test s confirme d th e A N O V A ' s finding .  Th e contro l 
group' s performanc e wa s no t  significantl y differen t 
fro m chance ,  t(9 )  =  -1.43 ,  p  =  .186 ,  wherea s th e 
experimenta l  group' s performanc e wa s significantl y 
abov e chance ,  t(9 )  =  2.97, p <  .05 . 

Th e result s sho w tha t  th e experimenta l  grou p 
significantl y outperforme d th e contro l  group .  Thi s 
suggest s tha t  th e experimenta l  participant s learne d 
aspect s o f  th e adjacen t  elemen t  statistic s inheren t  i n th e 
trainin g sequences ,  allowin g the m t o classif y nove l  tes t 
sequence s appropriately .  Thi s i s th e firs t  empirica l 
evidenc e o f  a  tactil e sequentia l  learnin g syste m o f  suc h 
complexit y t o enabl e participant s t o mak e judgment s 
regardin g th e legalit y o f  artificia l  grammar-generate d 
sequences . 

'i n addition ,  Gomez an d Gerice n (1999 )  matche d th e lega l  an d 
illega l  sequence s i n term s o f  elemen t  frequencie s an d lengt h 
so tha t  thes e factor s coul d no t  influenc e performance . 

*  Ideally ,  th e contro l  grou p shoul d perfor m a t  chanc e level s 
whil e th e experimenta l  grou p shoul d perfor m significantl y 
bette r  tha n bot h chanc e an d th e contro l  group . 
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E x p e r i m e n t  2 :  V isua l  Sequent ia l  L e a r n i n g 

Experimen t  2  assesse d sequentia l  learnin g i n th e vi«ua l 
domain .  Thi s experimen t  wa s identica l  t o Experimen t  I 
i n term s o f  th e genera l  procedur e an d th e timin g o f  th e 
stimuli ;  however ,  instea d o f  vibrotactil e pulses ,  th e 
sequence s consiste d o f  flashin g square s occurrin g a t 
differen t  spatia l  locations .  Th e reaso n fo r  usin g suc h 
stimuli ,  a s oppose d t o letters ,  fo r  example ,  wa s t o 
provid e a s clos e a  matc h a s possibl e t o th e tactil e 
stimul i  use d i n th e firs t  experiment .  Importantly ,  unlik e 
sequence s o f  letters ,  th e vibrotactil e sequence s 
consiste d o f  non-linguistic ,  spatially-distinc t  element s 
tha t  wer e presente d on e a t  a  tim e (sequentially) .  Th e 
visua l  stimul i  use d fo r  thi s secon d experimen t  share d 
thes e sam e characteristics ;  therefore ,  th e resultin g dat a 
shoul d provid e a  meaningfu l  basi s fo r  compariso n wit h 
th e firs t  experiment .  Lik e Experimen t  1 ,  ther e wa s a n 
experimenta l  group ,  undergoin g trainin g an d testin g 
phases ,  an d a  contro l  group ,  undergoin g th e testin g 
phas e only . 

Onl y a  handfu l  o f  statistica l  learnin g studie s hav e 
use d non-linguisti c visua l  stimul i  i n a  trul y sequentia l 
manner  (e.g. ,  Fise r  &  Aslin ,  2002 ;  Kirkha m e t  al , 
2002) .  Th e dat a sugges t  tha t  suc h a  presentatio n doe s 
not  hampe r  sequentia l  learnin g b y vision .  However , 
othe r  studie s (e.g. ,  Hande l  &  Buffardi ,  1969 )  indicat e 
tha t  fo r  certai n tempora l  processin g an d patter n learnin g 
tasks ,  visio n ma y b e inferio r  t o touch .  Thi s experimen t 
aime d t o investigat e whethe r  suc h difference s woul d b e 
observed . 

Method 

Participant s A n additiona l  2 0 undergraduate s (1 0 i n 
eac h condition )  wer e recruite d fro m introductor y 
Psycholog y classe s a t  Cornel l  University .  Subject s 
receive d extr a credi t  fo r  thei r  participation .  Th e dat a 
from  thre e additiona l  participant s wer e exclude d fo r  th e 
followin g reasons :  di d no t  adequatel y follo w th e 
instruction s (n=2) ;  equipmen t  malfimctio n (n=l) . 

Apparatus The apparatus was the same as Experiment 
1,  excep t  fo r  th e exclusio n o f  th e vibratio n devices . 

Materials The sequences were identical to those of 
Experimen t  I  excep t  tha t  instea d o f  vibrotactil e pulses , 
the y wer e compose d o f  flashin g blac k square s 
displaye d o n th e compute r  monito r  ( 1 wa s th e leftmos t 
locatio n an d S  wa s th e rightmost).  Eac h flashin g squar e 
appeare d fo r  25 0 m s an d wa s separate d b y 25 0 ms . 
Thus ,  1-2-5- 5 represent s a  sequenc e consistin g o f  a 
flash  appearin g i n th e firs t  location ,  the n i n th e secon d 
location ,  followe d b y tw o flashes  i n th e fifth  location . 

Procedure The procedure was the same as that of 
Experimen t  1 ,  th e onl y difference s relatin g t o th e natur e 

of  th e stimul i  presentations ,  a s describe d above .  Th e 
timin g o f  th e stimul i  wer e identica l  t o thos e o f 
Experimen t  1 . 

Result§ 

The sam e statistica l  analyse s a s use d i n Experimen t  1 
wer e performed .  Durin g th e trainin g phase ,  th e 
experimenta l  grou p participant s m a d e correc t  match -
mismatc h decision s o n 8 6 % o f  th e trials .  A  compariso n 
of  mean s acros s th e tw o experiment s reveale d a 
significantl y highe r  trainin g performanc e i n Experimen t 
2,F(l,18)=14.21,p<.01 . 

Result s fo r  th e testin g phas e reveale d tha t  th e 
contro l  grou p correctl y classifie d 4 7 % o f  th e tes t 
sequence s whil e th e experimenta l  grou p correctl y 
classifie d 6 3 % o f  th e tes t  sequences .  A n A N O V A 
(experimenta l  vs .  contro l  group )  indicate d tha t  th e mai n 
effec t  o f  grou p wa s significant :  F(l ,  18 )  =  3.15 ,  p  < 
.01 .  Singl e grou p t-test s reveale d tha t  th e contro l 
group' s performanc e wa s no t  significantl y differen t 
fro m chance ,  <(9 )  =  -1.11 ,  / > =  .3 ,  wherea s th e 
experimenta l  group' s performanc e wa s significantl y 
differen t  from  chance ,  <(9 )  =  3.03,/ ;  <  .05 . 

The result s indicat e tha t  th e experimenta l  grou p 
significantl y outperforme d th e contro l  group .  I n 
addition ,  overal l  experimenta l  an d contro l  grou p 
performanc e a t  tes t  wa s ver y simila r  t o tha t  observe d i n 
Experimen t  1 ,  suggestin g commonalitie s betwee n 
tactil e an d visua l  sequentia l  learning . 

Experiment 3: Auditory Sequential 

L e a r n i n g 

Experimen t  3  assesse d sequentia l  learnin g i n th e 
auditor y domain .  Thi s experimen t  wa s identica l  t o 
Experiment s 1  an d 2  excep t  tha t  i t  use d sequence s o f 
auditor y tones .  Lik e th e previou s experiments . 
Experimen t  3  ha d a n experimenta l  group ,  undergoin g 
trainin g an d testin g phases ,  an d a  contro l  group , 
undergoin g th e testin g phas e only .  Althoug h previou s 
researc h ha s foun d simila r  statistica l  learnin g 
performanc e i n visio n an d auditio n (Fise r  &  Aslin , 
2002) ,  othe r  dat a sugges t  tha t  auditio n excel s a t 
sequentia l  processin g task s (Hande l  &  Buffardi ,  1969 ; 
Sherric k &  Cholewiak ,  1986) ;  therefore ,  w e migh t 
expec t  t o se e a  differenc e i n auditor y compare d t o 
visua l  an d tactil e sequentia l  learning . 

Method 

Participant s A n additiona l  2 0 undergraduate s (1 0 i n 
eac h condition )  wer e recruite d fro m introductor y 
Psycholog y classe s a t  Cornel l  University . 

Apparatus The apparatus was the same as Experiment 
2.  Th e auditor y tone s wer e generate d usin g th e 
SoundEdi t  1 6 versio n 2  softwar e fo r  th e Macintosh . 
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Material !  Th e sequence s wer e identica l  t o thos e use d 
i n th e previou s experiment s excep t  tha t  instea d o f 
vibrotactil e pulse s o r  flashing  blac k squares ,  the y 
consiste d o f  musica l  tone s beginnin g a t  middl e C  ( 1 = 
C,  2  =  D  flat, 3  =  F ,  4  =  G  flat,  an d 5  =  B). '  Eac h ton e 
laste d 25 0 m s an d wa s separate d b y 25 0 ms .  Thus ,  th e 
sequenc e 1-2-5- 5 consist s o f  a  C ,  the n a  D  flat,  an d 
lastl y tw o B's . 

Procedure The overall procedure was the same as that 
of  th e previou s experiments . 

Results 

Durin g th e trainin g phase ,  th e experimenta l  grou p 
participant s mad e correc t  match-mismatc h decision s o n 
9 6 % o f  th e trials .  Thi s trainin g performanc e wa s 
significantl y highe r  tha n tha t  o f  Experimen t  2 ,  f(l ,  18 ) 
= 10.20 ,  p < . 0 1 . 

Result s fo r  th e testin g phas e reveale d tha t  th e 
contro l  grou p correctl y classifie d 4 4 % o f  th e tes t 
sequence s whil e th e experimenta l  grou p correctl y 
classifie d 7 5 % o f  th e tes t  sequences .  A n A N O V A 
(experimenta l  vs .  contro l  group )  indicate d tha t  th e mai n 
effec t  o f  grou p wa s significant :  F(l ,  18 )  =  7.08 ,  p  < 
.001 .  Singl e grou p t-test s reveale d tha t  th e contro l 
group' s performanc e w a s marginall y wors e tha n 
chance ,  ̂ 9 )  =  -2.25 ,  / ? =  .051 ,  indicatin g tha t  ou r  tes t 
stimul i  wer e biase d agains t  a  positiv e effec t  o f  learning . 
T h e experimenta l  group' s performanc e w a s 
significantl y differen t  fro m chance ,  f(9 )  =  7.45 ,  p  < 
.001 . 

Lik e th e previou s experiments ,  th e dat a indicat e 
tha t  th e experimenta l  grou p significantl y outperforme d 
th e contro l  group ;  hence ,  participant s appeare d t o lear n 
aspect s o f  th e statistica l  structur e o f  th e input .  I n fact , 
th e experimenta l  grou p tes t  performanc e appear s t o b e 
substantiall y  greate r  compare d t o thos e o f  Experiment s 
1 an d 2  ( 7 5 % vs .  6 2 % an d 6 3 % ) . 

General Discussion 

Assessin g first  th e trainin g results ,  w e foun d tha t 
performanc e wa s significantl y differen t  acros s al l  thre e 
experiment s (auditio n =  9 6 % ;  visio n =  8 6 % ;  touc h = 
7 4 % ) .  Becaus e th e trainin g tas k essentiall y  involve s 
rememberin g an d comparin g sequence s withi n pairs , 
th e result s m a y elucidat e possibl e difference s betwee n 
th e thre e modalitie s i n representin g an d maintainin g 
sequentia l  informatio n (Penney ,  1989) .  I t  i s  als o 
possibl e tha t  thes e result s ar e du e t o factor s suc h a s 
differentia l  discriminabilit y  o r  perceptibilit y  o f 
sequenc e element s i n differen t  sensor y domains . 

Th e testin g result s fo r  al l  thre e experiment s ar e 
summarize d i n Figur e 2 .  Al l  thre e experiment s ar e 
simila r  i n tha t  th e experimenta l  grou p tes t  performance s 
wer e significantl y differen t  fro m bot h chanc e an d thei r 
respectiv e contro l  groups .  Fro m thes e results ,  i t  appear s 
tha t  participant s learne d aspect s o f  th e adjacen t  elemen t 
statistica l  structur e inheren t  i n th e trainin g input , 
allowin g the m t o classif y nove l  stimuli .  I n thi s manner , 
tactile ,  visual ,  an d auditor y sequentia l  learnin g displa y 
commonalities .  I t  i s  especiall y interestin g t o not e tha t 
sequentia l  learnin g i s no t  limite d t o th e visua l  an d 
auditor y modalities ,  bu t  extend s t o touc h a s well . 
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Figur e 2 :  Summar y o f  tes t  result s ( # o f  correc t 
response s ou t  o f  20) . 

Despite this overall similarity across modalities, it 
i s  als o apparen t  tha t  th e Experimen t  3  (auditory )  result s 
ar e somewha t  differen t  fro m th e othe r  tw o experiments . 
Specifically ,  th e auditor y experimenta l  grou p 
performe d bette r  a t  tes t  a s compare d t o th e tactil e an d 
visua l  experimenta l  group s ( 7 5 % vs .  6 2 % an d 6 3 % ) . 
Thi s differenc e i s i n fac t  significan t  [ F (1 ,  54 )  =  6.03 ,  p 
< .05]. *  Thus ,  i t  appear s tha t  i n thi s task ,  auditor y 
sequentia l  learnin g wa s mor e successfu l  tha n bot h 
tactil e an d visua l  learning .  Whil e previou s researc h ha s 
suggeste d tha t  auditio n excel s a t  relativel y low-leve l 
tempora l  processin g task s (Maha r  e t  al. ,  1994 ;  Sherric k 
& Cholewiak ,  1986) ,  ou r  result s appea r  t o b e th e firs t 
evidenc e tha t  suc h a n advantag e extend s t o comple x 
tempora l  processing ,  namel y statistical/sequentia l 
learning .  Thi s auditor y advantag e perhap s i s relate d t o 
th e finding  tha t  adult s proces s ton e sequence s b y 
representin g relative ,  a s oppose d t o absolute ,  pitc h 
(Saffra n &  Griepentrog ,  2001) ;  suc h a  strateg y ma y 
allo w fo r  mor e efficien t  encodin g o f  adjacen t  elemen t 
statistics . 

^  Thi s particula r  se t  o f  note s wa s use d becaus e i t  avoid s 
familia r  melodies . 

*  Thi s wa s compute d b y contrastin g th e mean s o f  th e 
experimenta l  an d contro l  groups ,  a s illustrate d b y th e 
equation :  E3-C 3 =  .5(E1-C1)+.5(E2-C2) ,  wher e E  an d C  refe r 
t o experimenta l  an d contro l  grou p means ,  respectively . 
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C o n c l u s i o n 

I t  ha s bee n argue d tha t  statistica l  learnin g i s subserve d 
by a  single ,  domain-genera l  mechanis m (e.g. ,  Kirkha m 
et  al. ,  2002) .  Althoug h a  single-mechanis m vie w m a y 
be theoreticall y attractive ,  ou r  result s poin t  towar d 
anothe r  possibility :  dia t  sequentia l  learnin g ma y involv e 
multiple ,  modality-constraine d processes .  Thi s ide a i s 
supporte d b y a  recen t  multivariat e meta-analysi s o f  3 5 
P ET experiment s (Lloyd ,  2000) ,  whic h suggeste d tha t 
computation s i n th e differen t  "sensor y streams "  (i.e. , 
representation s o f  tactile ,  visual ,  an d auditor y 
information )  rel y o n entirel y differen t  cortica l  area s 
altogether ,  a t  al l  level s o f  processing .  Additionally , 
neuroimagin g evidenc e specificall y relate d t o 
sequentia l  learnin g i s consisten t  wit h a  multiple -
mechanis m vie w (se e Clegg ,  DiGirolamo ,  &  Keele , 
1998) .  Thus ,  w e propos e tha t  sequentia l  learnin g i s bes t 
understoo d a s a  Ainctiona l  "suite" ,  compose d o f 
multiple ,  modality-constraine d mechanisms .  Eac h 
mechanis m i s instantiate d i n largel y non-overlappin g 
brai n area s bu t  som e degre e o f  interactio n i s likel y t o 
occu r  betwee n them .  W e furthe r  sugges t  tha t  eac h 
modality-constraine d mechanis m share s simila r 
computationa l  propertie s wit h on e another ,  includin g 
th e abilit y  t o extrac t  adjacen t  elemen t  statistic s fro m 
incidenta l  exposur e t o input .  However ,  becaus e eac h 
learnin g mechanis m i s largel y tie d t o specifi c  sensor y 
areas ,  eac h i s constraine d b y th e globa l  propertie s o f 
tha t  sensor y system .  Thes e propertie s presumabl y relat e 
t o th e type s o f  informatio n tha t  eac h sensor y modalit y 
i s specialize d t o process ,  suc h a s temporal , 
spatiotemporal ,  o r  spatia l  configuration s (Maha r  e t  al. , 
1994) .  Ou r  experimenta l  dat a illustrat e on e exampl e o f 
suc h specialization :  th e auditor y syste m encode d 
statistica l  informatio n o f  tempora l  inpu t  m o r e 
effectivel y tha n di d th e othe r  senses .  Importan t  target s 
fo r  futur e researc h includ e furthe r  substantiatin g thi s 
multipl e mechanis m vie w o f  sequentia l  learnin g an d t o 
discove r  h o w suc h modality-constraine d system s migh t 
interac t  wit h eac h other ,  a s wel l  a s h o w eac h relate s t o 
human cognitio n i n general .  W e anticipat e tha t  suc h 
futur e research ,  especiall y tha t  involvin g 
neurophysiologica l  experimentation ,  wil l  furthe r 
elucidat e th e natur e o f  sequentia l  learnin g b y touch , 
vision ,  an d audition . 
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Abstrac t 

Comple x cognitiv e skill s  canno t  b e learne d withou t  feedback . 
Ther e ar e reason s t o believ e tha t  positiv e an d negativ e 
feedbac k functio n differently .  Fo r  skill s  tha t  ar e represente d 
hierarchically ,  feedbac k ca n provid e informatio n locally , 
concernin g individua l  actions ,  o r  mor e globally ,  referrin g t o 
highe r  leve l  goals .  A  2-by- 2 factoria l  experimen t  showe d a n 
interactio n betwee n typ e o f  feedbac k (positiv e o r  negative ) 
and scop e o f  feedbac k (globa l  o r  local) .  Contrar y t o th e wid e 
sprea d belie f  i n th e efTectivenes s o f  positiv e feedback ,  loca l 
negativ e wa s mos t  effective .  Globa l  negativ e feedbac k wa s 
leas t  effective .  Positiv e feedbac k fel l  betwee n thes e tw o 
condition s an d wa s les s affecte d b y scope .  Th e result s ar e 
discusse d i n term s o f  th e informatio n conten t  o f  th e feedback . 

Introduction 

A large part of learning consists of gradually fine-tuning our 
effort s unti l  w e hav e succeede d i n th e tas k a t  hand .  Learner s 
m ay b e abl e t o evaluat e progres s withou t  ai d i n simpl e tasks , 
but  fo r  comple x task s the y rel y o n feedbac k (Kluge r  & 
DeNisi ,  1996) .  Fo r  comple x tasks ,  performanc e wil l  ofte n 
involv e th e executio n o f  m a n y goals ,  eac h involvin g th e 
^jpUcatio n o f  componen t  skill s  (Kotovsk y &  Simon ,  1973) . 

M a ny o f  th e studie s tha t  emplo y feedbac k us e i t  i n th e 
servic e o f  othe r  researc h interest s an d ar e les s concerne d 
wit h comparin g on e feedbac k conditio n t o another . 
Feedbac k i s use d t o establis h th e level s o f  learnin g tha t  th e 
purpos e o f  th e experimen t  requires ,  bu t  i s  no t  itsel f  th e 
objec t  o f  study .  Consequently ,  w e k n o w les s abou t  th e 
cognitiv e functio n o f  feedbac k tha n on e migh t  expect . 
Studie s tha t  d o focu s o n th e feedbac k itsel f  repor t 
contradictor y finding s an d n o curren t  theor y ca n fiilly 
explai n w h y feedbac k i s effective . 

S o me contrar y finding s m a y b e explaine d b y th e fac t  tha t 
studie s tak e on e o f  tw o approaches ,  eithe r  investigatin g th e 
informationa l  o r  th e motivationa l  impac t  o f  feedbac k 
(Kluge r  &  DeNisi ,  1996) .  However ,  inconsistencie s ar e no t 
eliminate d w h e n w e limi t  ou r  surve y t o on e o r  th e othe r 
approach .  I n thi s article ,  w e focu s o n th e informatio n aspec t 
of  feedback . 

Background and Rationale 

It seems obvious that if feedback is helpful, then more 
feedbac k shoul d b e mor e beneficia l  tha n les s feedback . 
M a ny investigation s hav e studie d th e impac t  o f  feedbac k 
rat e (Salmoni ,  Schmidt ,  &  Walter ,  1984) .  I n som e cases , 
increasin g th e rat e improve s performanc e (Kuli k &  Kulik , 
1988 ;  Salmon i  e t  al. ,  1984 ;  Schmid t  e t  al. ,  1989 ;  Thomdike , 

1927) .  I n othe r  shidies ,  increasin g th e feedbac k rat e i s foun d 
t o hinde r  performanc e (Bourne ,  1957 ;  Bourn e &  Bundeson , 
1963 ;  Schroth ,  1997) .  Thi s indicate s tha t  th e effec t  o f 
feedbac k i s strongl y mediate d b y othe r  variables . 

We woul d expec t  th e conten t  o f  th e feedbac k itsel f  t o b e 
one suc h variable .  Studie s i n socia l  psycholog y sugges t  tha t 
feedbac k i s les s effectiv e whe n i t  draw s attentio n t o genera l 
performanc e o r  t o self-efTicac y an d i t  i s mos t  effectiv e whe n 
i t  draw s attentio n t o th e tas k itsel f  (Kluge r  &  DeNisi ,  1998) . 
Anothe r  relevan t  variabl e i s th e typ e o f  tas k th e learne r  i s 
acquirin g knowledg e about .  Fo r  comple x tasks ,  feedbac k 
migh t  foste r  mo r e activ e processing ,  enhancin g 
performance .  Fo r  simpl e tasks ,  constan t  feedbac k m a y 
interfer e wit h deepe r  evaluation ,  reducin g performance . 
(Schmid t  &  Wulf ,  1997) .  A  thir d variabl e tha t  affect s th e 
outcom e reporte d i n a  stud y i s th e manne r  i n whic h 
feedbac k i s  measured .  Th e mos t  effectiv e feedbac k 
conditio n a s measure d durin g trainin g migh t  no t  b e th e mos t 
effectiv e conditio n a s measure d b y transfe r  measure s 
(Schmidt ,  Young ,  Swinne n &  Shapiro ,  1989 ;  Scroth ,  1997) . 

I n th e stud y reporte d i n thi s paper ,  w e focu s o n ye t 
anothe r  dimensio n o f  feedback :  whethe r  i t  provide s 
informatio n abou t  appropriate ,  correc t  an d usefii l  actions , 
whic h w e refe r  t o a s positiv e feedback ,  o r  whethe r  i t 
provide s informatio n abou t  error s an d mistakes ,  whic h w e 
cal l  negativ e feedback .  Empirica l  wor k support s th e notio n 
tha t  negativ e an d positiv e feedbac k hav e qualitativel y 
differen t  effect s (Taylor ,  1991) . 

Ther e i s widesprea d belie f  tha t  positiv e feedbac k i s mor e 
effectiv e tha n negativ e feedback .  A  simpl e argumen t  abou t 
informatio n conten t  support s thi s belie f  W h e n a  learne r 
receive s informatio n tha t  a n actio n i s appropriate ,  correc t  o r 
useful ,  thi s require s neithe r  chang e no r  interpretation .  Th e 
straightforwar d implicatio n i s tha t  h e o r  sh e shoul d repea t 
tha t  actio n w h e n a  simila r  situatio n arise s i n th e future . 
W h en a  learne r  receive s informatio n tha t  hi s o r  he r  actio n 
was a n error ,  h e o r  sh e merel y know s t o avoi d tha t  particula r 
actio n i n th e future ,  bu t  no t  whic h actio n t o perfor m instead . 
Positiv e feedbac k provide s definit e information ,  whil e 
negativ e feedbac k require s interpretatio n o f  th e caus e o f  th e 
erro r  an d th e selectio n o f  a n alternativ e action .  Th e 
interpretatio n proces s fo r  negativ e feedbac k ca n b e quit e 
comple x (Ohlsson ,  1996) . 

The argumen t  from  informatio n conten t  i s eve n stronge r  i f 
we facto r  i n th e scop e o f  th e feedback .  M a n y situation s i n 
rea l  lif e d o no t  provid e feedbac k immediatel y afte r  ever y 
elementar y action .  Th e effect s o f  one' s behavio r  migh t  b e 
delaye d unti l  afte r  a  serie s o f  action s ha s bee n complete d 
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(Salmoni ,  Schmidt ,  &  Walter ,  1984) .  W e cal l  feedbac k tha t 
refer s t o a  singl e actio n a s bein g loca l  i n scope .  Feedbac k 
tha t  refer s bac k t o a  serie s o f  action s i s globa l  i n scope .  Th e 
interpretatio n proble m fo r  globa l  negativ e feedbac k i s eve n 
more difficul t  tha n fo r  loca l  feedback .  I f  a  serie s o f  action s 
ends i n a n undesirabl e outcome ,  whic h par t  o f  th e 
underlyin g cognitiv e skil l  shoul d b e affecte d b y thi s 
feedback ? I f  th e sequenc e o f  action s i s  controlle d b y a 
subgoal ,  whic h i n tur n i s dominate d b y a  superordinat e goal , 
whic h goa l  o r  goal s shoul d b e affecte d b y th e negativ e 
feedback ? Durin g proble m solving ,  a  correc t  highe r  goa l  ca n 
dominat e a n incorrec t  lowe r  goal ,  an d vic e versa .  I n prio r 
wor k wit h a  simulatio n model ,  w e hav e show n tha t 
situation s ca n aris e i n whic h a  hierarchical ,  feedbac k drive n 
syste m fail s t o lear n becaus e a  superordinat e an d correc t 
goal  carmo t  recove r  fro m th e negativ e feedbac k generate d 
by incorrec t  lowe r  leve l  goal s o r  action s (Corrigan-Halpe m 
& Ohlsson ,  2001) .  Ohlsso n &  Halpem ,  1998) .  I n contrast , 
globa l  positiv e feedbac k doe s no t  see m t o pos e a  mor e 
comple x interpretatio n proble m tha n loca l  positiv e 
feedback .  Learnin g tha t  a n entir e sequenc e o f  action s wa s 
correc t  shoul d b e mor e powerfu l  tha n receivin g simila r 
informatio n abou t  a  singl e action . 

However ,  empirica l  an d theoretica l  researc h i s no t  full y  i n 
accor d wit h th e implication s o f  th e argumen t  fro m 
informatio n content .  Som e researcher s hav e indee d foun d 
tha t  positiv e feedbac k i s  mor e effectiv e tha n negativ e 
feedbac k (Greeno ,  1974) .  However ,  i n othe r  cases ,  negativ e 
feedbac k wa s foun d t o produc e bette r  performanc e (Mesch , 
Far h &  Podsakoff ,  1994) .  I n prio r  wor k usin g a  compute r 
simulatio n model ,  w e showe d tha t  som e combination s o f 
learnin g mechanism s impl y tha t  negativ e feedbac k wil l  hav e 
a stronge r  impac t  o n learnin g rat e tha n positiv e feedbac k 
(Ohlsso n &  Jewett ,  1997) .  Th e interactio n wit h scop e 
appear s no t  t o hav e bee n systematicall y investigated . 

Close r  scrutin y o f  th e informatio n conten t  argumen t  itsel f 
shows tha t  i t  overlook s potentia l  interaction s wit h som e o f 
th e factor s mentione d above .  Th e differenc e betwee n 
practicin g a  simpl e tas k -  dril l  -  an d solvin g a n unfamilia r 
proble m migh t  b e important .  Durin g proble m solving ,  man y 
action s ar e take n tentatively ,  wit h littl e o r  n o rationale . 
W h en suc h a n actio n fortuitousl y generate s positiv e 
feedback ,  th e learne r  onl y gain s knowledg e abou t  ho w t o 
solv e tha t  particula r  problem .  T o lear n somethin g tha t 
transfer s t o a  relate d bu t  differen t  problem ,  h e o r  sh e mus t 
figure  ou t  w h y th e actio n worked .  Hence ,  i n thi s case , 
positiv e feedbac k require s interpretation .  O n th e othe r  hand , 
when th e learne r  ha s acquire d a  rational e fo r  hi s o r  he r 
responses ,  the n th e positiv e feedbac k arrive s afte r  learning . 

I n summary ,  a  straightforwar d applicatio n o f  th e 
informatio n conten t  argumen t  suggest s tha t  positiv e 
feedbac k shoul d b e mor e effectiv e tha n negativ e feedbac k 
and tha t  th e advantag e shoul d b e greate r  fo r  larg e tha n fo r 
smal l  scope ,  bu t  thi s argumen t  overlook s potentia l 
complicatin g factors .  I n th e presen t  smdy ,  w e aime d t o 
increas e availabl e informatio n abou t  thes e issue s b y 

systematicall y varyin g bot h feedbac k typ e an d feedbac k 
scope ,  an d b y assessin g th e outcom e durin g learning ,  afte r 
learning ,  an d wit h transfe r  tasks . 

Method 

Participants.  Ninety-four undergraduates participated in 
retur n fo r  clas s credit . 
Task .  Th e subject s mastere d a  versio n o f  th e sequenc e 
extrapolatio n tas k studie d by ,  amon g others ,  Simo n an d 
Kotovsk y (1963) .  Th e subjec t  i s  show n a  serie s o f  letter s 
tha t  follo w a  specifiabl e patter n (e.g. ,  M A B M C DM .. .  ) . 
Then h e o r  sh e i s aske d t o extrapolat e th e patter n t o N 
additiona l  place s (EFMGHM. . . ) .  W e use d a  typ e o f 
extrapolatio n proble m tha t  incorporate d th e hierarchica l 
organizatio n typica l  o f  th e relate d problem s studie d b y 
Resde(1970) . 

To mak e lette r  extrapolatio n int o a  tas k wit h multipl e 
opportunitie s t o receiv e feedback ,  w e presente d th e give n 
sequenc e vi a severa l  shor t  presentation s an d aske d fo r  a 
respons e afte r  eac h one .  Th e subject s viewe d th e give n 
sequenc e fo r  2 0 seconds ,  the n attempte d t o extrapolat e it . 
They wer e aske d t o reproduc e a s muc h o f  th e patter n a s the y 
could ,  guessin g th e letter s fo r  whic h the y wer e uncertain . 
They receive d feedbac k o n thei r  extrapolatio n a s describe d 
i n detai l  below .  The n th e nex t  tria l  (2 0 secon d stud y period , 
plu s extrapolatio n attempt )  began .  Th e subject s wen t 
throug h 1 2 suc h trials . 

To mak e th e proble m mor e difficult ,  a  differen t  sequenc e 
of  letter s wa s presente d o n eac h trial .  Fo r  example ,  suppos e 
a subjec t  smdie d th e sequenc e C A D F F D A C D B E GG 
E B  D .  H e o r  sh e wa s prompte d wit h th e lette r  M an d th e 
correc t  extrapolatio n w a s M K N P P N K M N L O Q QO 
L N .  O n th e followin g trial ,  h e o r  sh e sa w a  ne w 
instantiatio n o f  th e pattern ,  e.g. ,  F D G I I G D F G E H J J 
H E  G.  H e o r  sh e wa s agai n prompte d wit h M an d th e 
correc t  extrapolatio n wa s onc e agai n M K N P P N K M NL 
O Q  Q  O  L  N .  Th e extrapolatio n promp t  (M) ,  an d henc e th e 
correc t  extrapolation ,  wa s th e sam e o n eac h trial . 

The task s wer e presente d o n a  1 S inc h compute r  monito r 
wit h hel p o f  th e PsyScop e experimenta l  contro l  software . 
The give n sequence s wer e presente d i n blac k letter s o n a 
whit e backgroimd .  W h e n th e 2 0 secon d stud y perio d ended , 
th e give n sequenc e wa s erase d an d th e promp t  M appeare d 
on th e scree n t o th e lef t  o f  a  horizonta l  ro w o f  1 5 answe r 
boxes .  Th e subject s gav e thei r  answe r  b y clickin g o n th e 
answer  boxe s i n an y orde r  an d typin g i n a  letter .  W h e n 
done ,  the y clicke d o n a  'Done '  button ,  an d th e nex t  tria l 
commenced. 

Design .  I n a  2-by- 2 between-subject s design ,  w e varie d 
feedbac k wit h respec t  t o typ e (positiv e vs .  negative )  an d 
scop e (loca l  vs .  global) .  Negativ e feedbac k consiste d o f  ± e 
wor d "wrong "  appearin g i n re d tex t  underneat h a n incorrec t 
response .  Positiv e feedbac k consiste d o f  th e wor d "correct " 
appearin g i n gree n tex t  imdemeat h a  correc t  response .  Eac h 
subjec t  sa w onl y on e typ e o f  feedback . 
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Becaus e feedbac k i s intermitten t  i n mos t  rea l  learnin g 
scenarios ,  w e provide d feedbac k probabilistically .  A  subjec t 
i n a  negativ e feedbac k conditio n receive d feedbac k o n a 
rando m selectio n o f  7 5 % o f  hi s o r  he r  enors .  Fo r  th e 
remainin g 2 5 % o f  erroneou s responses ,  plu s al l  hi s o r  he r 
correc t  responses ,  th e subjec t  sa w th e wor d "none "  i n whit e 
letter s o n blac k backgroun d belo w hi s o r  he r  response .  Th e 
instruction s emphasize d tha t  "none "  mean t  tha t  th e respons e 
was eithe r  incorrec t  o r  correct .  Thi s featur e prevente d 
subject s fro m inferrin g tha t  a  respons e tha t  di d no t  receiv e 
negativ e feedbac k wa s correc t  (an d vic e versa) .  Th e 
presentatio n o f  positiv e feedbac k wa s analogous . 

By loca l  feedbac k w e mea n informatio n abou t  th e 
correctnes s o f  a  singl e letter .  I n contrast ,  globa l  feedbac k 
referre d t o th e natura l  chunk s o f  th e extrapolate d sequence . 
Conside r  th e give n sequenc e C A D F F D A C D B E G G E B D.  I t 
consist s o f  tw o parts ,  C A D F F D AC an d D B E G G E B D, 
whic h hav e th e sam e structur e bu t  ar e separate d b y on e 
positio n i n th e alphabet .  Th e firs t  par t  consist s i n tur n o f  tw o 
subparts ,  C A D F an d F D A C ,  whic h ar c mirro r  image s o f 
eac h other ;  similarl y fo r  D B E G G E B D.  Hence ,  th e correc t 
extrapolatio n M K N P P N K M N L O Q Q O LN consist s o f  th e 
fou r  chunk s M K N P,  P N K M,  N L O Q,  an d Q O L N.  I n th e 
globa l  conditions ,  feedbac k wa s give n wit h respec t  t o thes e 
chunk s b y drawin g a  lin e imdemeat h eac h grou p o f  fou r 
answe r  boxes ;  th e wor d "correct" ,  "wrong "  o r  "none " 
appeare d unde r  th e cente r  o f  tha t  line .  Th e instruction s 
emphasize d tha t  th e feedbac k referre d t o th e entir e grou p o f 
fo r  letters .  Thus ,  negativ e feedbac k mean t  tha t  a t  leas t  on e 
of  th e response s i n tha t  grou p wa s wrong .  I n orde r  t o b e ge t 
globa l  positiv e feedback ,  al l  th e response s i n a  chun k ha d t o 
be correct . 

I n bot h th e loca l  an d globa l  conditions ,  th e feedbac k 
remaine d o n th e scree n fo r  4 5 second s befor e th e nex t  tria l 
commenced. 

Procedure .  Th e experimen t  bega n wit h an  Instructio n 
stage ,  i n whic h subject s wer e give n genera l  informatio n 
abou t  th e experiment .  The y wer e als o taugh t  th e thre e 
relevan t  patter n constructio n operation s (displac e a  lette r  o r 
a grou p o f  letter s on e positio n forward s o r  backward s i n th e 
alphabet ;  repea t  a  lette r  o r  grou p o f  letters ,  an d exten d a 
sequenc e wit h it s o w n reversal )  wit h bot h verba l 
description s an d examples .  I n th e Trainin g stage ,  th e 
subject s wen t  throug h twelv e trial s wit h respec t  t o th e targe t 
problem ,  a s describe d above .  I n th e Assessmen t  stage ,  th e 
subjec t  solve d th e targe t  proble m twic e withou t  prio r 
presentatio n o f  th e give n sequenc e an d withou t  feedback . 
That  is ,  th e promp t  lette r  M appeare d togethe r  wit h th e 
answer  boxes ,  an d th e subjec t  attempte d t o fill  the m in ;  the n 
M appeare d agai n an d th e subjec t  fille d i n th e answe r  boxe s 
onc e more .  I n th e Transfe r  stage ,  th e subjec t  trie d t o solv e a 
lette r  sequenc e proble m wit h th e sam e patter n a s th e patter n 
i n th e targe t  problem .  However ,  th e promp t  lette r  wa s T 
instea d o f  M .  I n thi s case ,  th e correc t  extrapolatio n consiste d 
of  a  completel y differen t  sequenc e o f  letters .  N o feedbac k 
was give n o n th e transfe r  problem . 

Result s 

Analysis of Learning Stage 

A Mixe d A N O V A wa s performe d t o asses s performanc e 
durin g th e learnin g sUge .  Al l  1 2 Trainin g trial s wer e 
entere d a s a  within-subject s factor .  Feedbac k Scop e (loca l 
or  global )  an d feedbac k Typ e (positiv e o r  negative )  wer e 
entere d a s between-subject s factor .  Th e dependen t  measur e 
was th e numbe r  o f  letter s conec t  pe r  trial .  Ther e wa s a 
significan t  learnin g effec t  a s show n i n Figur e 1 ,  F  (990 ,  11 ) 
=« 42.21 ,  p  <  .001 .  Ther e wa s n o effec t  o f  feedbac k Scope , 
E (9 0 ,  1 )  =  1.33 ,  p  >  .05 .  Ther e wa s n o effec t  o f  feedbac k 
Type ,  E  (9 0 ,  1 )  -  0.31 ,  E  >  .05 .  Ther e wa s a n interactio n 
betwee n Scop e an d Type ,  F  (9 0 ,  1 )  =  8.45 ,  p  =  .005 , 
indicatin g tha t  th e effectivenes s o f  eithe r  feedbac k typ e i s 
mediate d b y scope . 
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Figure  1. Performance on the training trials. 

We hope d tha t  b y trainin g subject s o n th e thre e 
constructio n rules ,  an d b y providin g problem s wit h a 
chunkin g structure ,  w e woul d maximiz e th e likelihoo d tha t 
the y woul d represen t  th e patter n hierarchically .  T o tes t 
whethe r  thi s manipulatio n worked ,  w e examine d th e inte r 
respons e tim e fo r  eac h position . 

We compute d solutio n time s fo r  eac h o f  th e position s o f 
th e pattern .  Ther e wa s n o tim e fo r  th e first  lette r  o f  th e 
patter n sinc e thi s wa s give n t o subject s i n th e for m o f  th e 
promp t  "M" .  W e analyze d th e las t  fou r  trial s o f  training ,  s o 
tha t  w e coul d captur e th e final  produc t  o f  learning ,  th e poin t 
wher e subject s woul d hav e com e t o represen t  th e patter n 
hierarchically .  Fou r  subject s wer e remove d fro m th e 
analysi s becaus e the y omitte d response s o n on e o r  mor e o f 
th e trials .  Figur e 2  show s th e result . 
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Subject s spen t  th e longes t  time s a t  th e beginnin g o f  th e 
pattern .  Th e first  thre e response s " K "  " N "  an d "P " 
correspon d t o th e first  chunk .  Th e hig h latenc y fo r  th e first 
'K "  probabl y reflecte d initia l  tim e plannin g t o reproduc e th e 
pattern .  Th e nex t  fou r  position s (5-8 )  correspon d t o th e 
secon d chunk ,  " P N K M " .  Sinc e subject s coul d reproduc e 
thes e letter s b y reflectin g th e first  chunk ,  respons e time s 
wer e muc h quicke r  an d ther e wa s a  tren d fo r  thes e position s 
t o for m a  horizonta l  line .  Th e nex t  chun k " N L O Q " 
involve s th e translatio n o f  th e first  chun k b y on e lette r  i n th e 
alphabet .  Thi s require d mor e effor t  a s indicate d b y th e 
increas e i n latenc y fi-om  positio n 8  t o positio n 9 .  Th e las t 
chunk ,  " Q O L N " ,  coul d als o b e complete d b y reflection . 
Latencie s matc h thos e o f  th e secon d chun k an d th e 
horizonta l  tren d i s agai n present . 
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Figur e 2 .  Tim e t o complet e eac h positio n average d acros s 
th e las t  4  learnin g trials . 

Analysis of Assessment and Transfer Stages 

A mixe d within-subject s A N O V A wa s performe d fo r  th e 
Assessmen t  trials .  Bot h trial s o f  th e Assessmen t  stag e wer e 
entere d a s within-subject s measure .  Typ e an d Scop e wer e 
entere d a s between-subject s measures .  Th e dependen t 
measur e wa s th e numbe r  o f  letter s correc t  pe r  trial . 

Ther e wa s n o effec t  o f  feedbac k Type ,  F  (9 0 ,  1 )  =  0.10 ,  2 
> .0 5 an d n o effec t  o f  feedbac k Scop e F  (  9 0 ,  1 )  =  3.23 ,  e  > 
.05 .  Th e interactio n betwee n Typ e an d Scop e wa s onc e 
agai n significant ,  F  (9 0 ,  1 )  =  7.70 ,  p  <  .01 ,  indicatin g tha t 
th e effec t  o f  feedbac k typ e depend s o n scope .  Ther e wer e 
no effect s involvin g th e repeate d measure .  Figur e 3  show s 
th e result s fo r  th e Assessmen t  trials . 

The tw o Transfe r  trial s wer e entere d a s a  within-subject s 
measur e i n a n A N O V A.  Feedbac k Typ e an d Scop e wer e 
entere d a s between-subject s measures .  Th e dependen t 

measur e wa s th e numbe r  o f  letter s correc t  pe r  trial .  Ther e 
was neithe r  a n effec t  o f  Typ e no r  o f  Scope ,  F  (9 0 ,  1 )  =  0.05 , 
E (9 0 ,  0 )  =  2.15 ,  p  >  .05 .  Th e interactio n betwee n Typ e an d 
Scope wa s onc e agai n significant ,  F  (9 0 ,  1 )  =  7.58 ,  p  <  .01 . 
Figur e 4  show s th e result s fo r  th e Transfe r  trials . 
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Figure  3. Accuracy for the two Assessment trials. 
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I n summary ,  w e first  showe d tha t  learnin g occurre d 
durin g th e Trainin g stag e o f  th e experimen t  an d w e verifie d 
tha t  subject s wer e representin g th e patter n hierarchicall y 
We showe d tha t  durin g al l  o f  th e stage s o f  th e experimen t 
ther e wa s a n interactio n betwee n Scop e an d Type .  Thi s 
interactio n i s drive n b y th e fac t  tha t  negativ e feedbac k i s 
maximize d whe n provide d locally ,  £  (9 0 ,  1 )  • = 9.88 ,  p  < 
.005 ,  whil e fo r  positiv e feedback ,  ther e i s n o significan t 
effec t  o f  Scope ,  £  (9 0 ,  1 )  =  1.36 ,  p  >  .05 . 

Discussion 

We presente d dat a t o sho w a n interactio n betwee n feedbac k 
Typ e an d feedbac k Scope .  Loca l  negativ e feedbac k wa s th e 
most  effectiv e condition ,  whil e globa l  negativ e feedbac k 
was th e leas t  effectiv e one .  Positiv e feedbac k fel l  betwee n 
thes e tw o i n effectiveness .  Performanc e wa s simila r  fo r  th e 
tw o positiv e feedbac k conditions ,  suggestin g tha t  fo r  thi s 
typ e o f  feedbac k Scop e play s a  limite d role .  Thi s exac t 
patter n o f  outcome s recurre d durin g trainin g (se e Figur e 1) , 
i n th e assessmen t  task s (se e Figur e 3) ,  an d i n th e transfe r 
task s (se e Figur e 4) . 

Thi s i s no t  th e patter n tha t  i s  predicte d b y a 
straightforwar d formulatio n o f  th e informatio n conten t 
argument ,  sinc e i t  predict s tha t  th e tw o positiv e feedbac k 
condition s shoul d b e best .  Accordin g t o th e latter ,  negativ e 
feedbac k shoul d provid e les s informatio n regardles s o f 
scope ,  bu t  thi s i s no t  wha t  w c found .  Furthermore ,  i t  i s 
unclea r  wha t  th e informatio n conten t  argumen t  predict s wit h 
respec t  t o a  transfe r  tas k i n whic h th e exac t  solutio n 
acquire d durin g trainin g i s n o longe r  sufficient . 
Nevertheless ,  th e sam e patter n wa s observe d i n th e transfe r 
tasks . 

We propos e a n alternativ e t o th e informatio n conten t 
view ,  on e wher e th e informationa l  conten t  play s a  role ,  bu t 
wher e i t  i s no t  th e onl y factor .  I n thi s study ,  negativ e loca l 
feedbac k wa s superio r  t o negativ e global .  Sinc e negativ e 
loca l  feedbac k provide s direc t  informatio n concernin g 
individua l  responses ,  i t  i s  easie r  t o interpre t  an d henc e ca n 
more directl y b e use d t o chang e subsequen t  responses .  Thi s 
explain s wh y loca l  negativ e feedbac k wa s mor e effectiv e 
tfian  global ,  bu t  i t  doe s no t  explai n ou r  fmding s wit h respec t 
t o positiv e feedback . 

Positiv e feedbac k applie s i n eithe r  o f  tw o cases .  Eharin g 
proble m solving ,  response s ar e sometime s mad e tentatively , 
withou t  a  rational e o r  reason .  I n th e cas e o f  suc h fortuitousl y 
correc t  responses ,  positiv e feedbac k require s n o les s 
interpretatio n tha n negativ e feedback :  wh y wa s th e respons e 
correct ? W h e n th e rational e ha s bee n worke d out ,  th e 
feedbac k arrive s afte r  learnin g ha s alread y occurred .  Th e 
argumen t  fro m informatio n conten t  ignore s th e dynamic s o f 
learning .  Negativ e feedbac k i s naturall y receive d befor e 
learnin g occurs ,  an d henc e ca n influenc e an d suppor t 
learning .  I f  th e learne r  alread y know s ho w t o generat e a 

correc t  answer ,  th e informatio n i n th e resultin g positiv e 
feedbac k i s no t  nove l  an d henc e migh t  no t  contribut e 
strongl y t o learning . 

Thi s stud y ha s multipl e limitations .  Th e learnin g phas e 
was short ,  onl y twelv e trials .  Th e feedbac k message s wer e 
limite d t o "correct "  versu s "incorrect "  wit h non e o f  th e 
explanator y conten t  tha t  woul d b e likel y t o accompan y a 
feedbac k messag e i n a  realisti c instructiona l  situation s (bu t 
not  alway s i n realisti c situation s wher e th e feedbac k i s 
'delivered '  b y physica l  realit y itself ,  e.g. ,  i n th e for m o f  a 
malfunctionin g device) .  Th e transfe r  task s wer e onl y 
moderatel y distan t  fro m th e trainin g tasks .  Th e 
generalisabilit y  o f  th e interactio n betwee n scop e an d typ e o f 
feedbac k canno t  b e determine d a t  thi s time .  Futur e wor k 
wil l  addres s thes e limitations . 

What  emerge d clearl y i n thi s cours e o f  thi s stud y i s that , 
contrar y t o th e wid e sprea d impressio n tha t  feedbac k durin g 
proble m solvin g practic e i s a  topi c tha t  ha s bee n studie d t o 
death ,  w e d o not ,  i n fact ,  kno w ver y muc h abou t  th e 
functio n o f  feedback .  I n particular ,  w c d o no t  understan d th e 
spac e o f  relevan t  parameters ,  an d w e d o no t  kno w ho w 
currentl y identifie d parameter s interact .  I t  i s  plausibl e tha t 
th e contradictor y findings  mentione d i n th e introductio n ar e 
due t o aggregatio n ove r  overlooke d interactions .  A 
systemati c experimenta l  attac k o n th e determinant s o f 
feedbac k effectivenes s i s warranted . 
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Abstrac t 

The production of novel noun-noun compounds is a prime 
exanq>l e o f  everyda y linguisti c creativity .  Wha t  cognitiv e 
processe s guid e people d choic e o f  word s whe n the y mak e u p a 
ne w noun-nou n confound ? A n experimen t  examine d people d 
productio n o f  noun-nou n compound s a s name s fo r  nove l  objects . 
The result s showe d tha t  peqjle S choic e o f  word s i n thes e nove l 
compound s wa s influence d b y th e diagnosticit y  o f  propertie s i n 
thos e objects .  B y contrast ,  people d choic e o f  word s di d no t 
see m t o b e influence d b y th e communicativ e precisio n o f  th e 
resultin g conq>ounds .  Thes e result s sugges t  that ,  i n constructin g 
nove l  coD^xxmds ,  peopl e ar e guide d b y conceptua l 
rqjresentatio o rathe r  tha n communicativ e task . 

Introduction 

Th e productio n o f  noun-nou n compound s i s a  prim e exampl e 
of  everyda y linguisti c creativity .  Compound s suc h a s socce r 
m om ( a middle-clas s suburba n moflier )  o r  alph a gee k (th e 
pCTSon i n a  worlq)lac e w h o know s mos t  abou t  computers ) 
conve y a  lo t  o f  informatio n i n a  concis e an d inventiv e way . 
H o w d o peqjl e produc e nove l  compound s suc h a s these ? 
W h at  cognitiv e processe s guid e people' s choic e o f  word s whe n 
the y mak e iq )  a  n e w noun-nou n compound ? Ther e ha s bee n 
m u ch recen t  researd i  o n th e cognitiv e processe s o f  conceptua l 
combination ,  whid i  allo w peopl e t o understan d nove l  noun -
nou n compKxmd s b y combinin g thei r  constituen t  word s i n 
meaningfu l  way s (Costell o &  Kcane ,  2000 ,  2001 ;  Gagn 6 & 
Shoben ,  1997 ;  Hampton ,  1987 ;  Murphy ,  1988 ;  Wisniewsk i  & 
Goitner ,  1991) .  Ther e ha s als o bee n muc h wor k o n th e 
situation s i n whic h noun-nou n compoun d productio n occurs , 
especiall y i n chil d languag e (askin g whethe r  childro i  creat e 
compound s t o fill  gap s i n thei r  lexicon ,  t o mar k contrasts ,  o r  t o 
allo w mor e precis e communicatiMi ;  se e Clark ,  1987 ,  Clar k & 
Berman ,  1984 ,  Windsor ,  1993) .  However ,  ther e ha s bee n littl e 
researc h o n th e specifi c  cognitiv e processe s involve d i n 
people' s creatio n o f  nove l  noun-nou n compounds .  Thi s pape r 
atten:q)t s t o addres s thi s gap . 

Thi s pape r  describe s a n experimen t  examinin g people' s 
choic e o f  word s i n nove l  noun-nou n compounds .  I n thi s 
experimen t  participant s ar e give n a  descriptio n o f  a  nove l 
objec t  an d aske d t o m a k e u p a  noun-nou n compoun d a s a 
n a me fo r  tha t  object .  Th e experimen t  examine d th e influenc e 
of  propat y diagnosticit y o n people' s compoun d productirai . 
Diagnosti c pr(̂ ertie s fo r  a  concep t  ar e thos e \ndiic h serv e t o 
identif y monber s o f  tha t  concept :  a  diagnosti c propert y i s on e 
tha t  mos t  member s o f  a  concep t  have ,  bu t  mos t  non-member s 
do no t  have .  Previou s researc h ha s show n tha t  propert y 
diagnosticit y i s  importan t  i n people' s interpretatio n o f 
compoun d phrase s (Costell o &  Keane ,  2001) .  I n th e curren t 
experiment ,  th e nove l  objec t  description s presente d t o 
participant s ar e controlle d fo r  diagnosticity :  som e containin g 
diagnosti c propertie s fo r  a  give n concept ,  other s containin g 

non-diagnosti c properties .  I f  diagnosticit y als o play s a  rol e i n 
compoun d production ,  the n ther e shoul d b e a  relationshi p 
betwee n th e diagnosticit y o f  propertie s i n a  nove l  objec t 
description ,  an d people' s choic e o f  word s whe n producin g 
compoun d name s fo r  tha t  object . 

Th e curren t  experimen t  use s material s derive d fro m Costell o 
& Keane' s (2001 )  stud y o f  diagnosticit y i n compoun d phras e 
interpretation .  Th e first  par t  o f  thi s pape r  describe s thi s earlie r 
study .  Th e secon d jjar t  describe s th e curren t  experimen t 
examinin g di e productio n o f  nove l  compounds .  T o 
foreshado w th e results ,  thi s experimen t  found  tha t 
diagnosticit y wa s a n accurat e predicto r  o f  compoun d 
productim :  i n th e experimen t  th e mor e diagnosti c th e propert y 
i n a n objec t  descriptio n wa s fo r  a  give n word ,  th e mor e likel y 
tha t  wor d wa s t o b e use d i n generatin g a  compoun d t o nam e 
tha t  object .  A n altemativ e factor ,  tha t  o f  communicativ e 
precisio n (Clark ,  1987 ,  1990) ,  wa s no t  a  reliabl e predicto r  o f 
compoun d production .  Th e fina l  par t  o f  th e pape r  link s thes e 
findings  t o othe r  researc h o n concep t  combinatio n an d 
compoun d production . 

Diagnosticity in the Interpretation of Noun-Noun 

Compounds 

H o w ar e peopl e abl e t o understan d an d gras p th e meanin g o f  a 
noun-nou n compoun d whic h the y hav e neve r  see n before ? 
W h en confi-onte d wit h a  nove l  noun-nou n compound ,  peopl e 
interpre t  tha t  compoun d b y combinin g th e compound' s 
modifie r  concep t  (th e first  wor d i n th e compound )  wit h th e 
compound' s hea d concep t  (th e secon d word) .  Peopl e ca n 
combin e thes e tw o part s i n a  variet y o f  differen t  ways .  Thre e 
mai n combinatio n type s hav e bee n recognised :  conjunctive , 
relational ,  an d property-transfe r  interpretation s (Hampton , 
1987 ;  Murphy ,  1988 ;  Wisniewsk i  &  Gentner ,  1991) .  I n 
conjunctiv e interpretation s peopl e produc e a  combine d 
concep t  tha t  i s  a n instanc e o f  bot h concept s bein g combine d 
(e.g. ,  " a pe t  bir d i s a  bir d whic h i s  als o a  pet") .  I n relationa l 
intrapretation s peopl e asser t  a  relatio n betwee n th e tw o 
concept s bein g combine d ("a n apartmen t  do g i s a  smal l  do g 
whic h live s i n cit y apartments") .  I n property-transfe r 
interpretation s peopl e creat e a  n e w combine d concep t  b y 
transferrin g a  propert y fro m th e modifie r  concep t  t o th e head . 
For  example ,  th e compoun d "elephan t  pig "  migh t  b e 
interprete d a s "  a n elephan t  pi g i s a  pi g tha t  ha s tusks" :  th e 
transfe r  o f  a  propert y fi-om  th e modifie r  concep t  ("elephant" ) 
t o di e hea d concep t  ("pig") .  Thes e property-transfe r 
combination s hav e bee n th e focu s o f  muc h recen t  researc h 
(Costell o &  Keane ,  2001 ;  Gagne ,  2000 ;  Wisniewsk i  & .  Love , 
1998) .  Thi s focu s i n thi s pape r  i s  o n property-transfe r 
combinations . 

Costell o &  Kean e (2001 )  describ e a n experimen t  examinin g 
people' s interpretatio n o f  property-transfe r  combinations .  Th e 
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experimen t  wa s designe d t o tes t  tw o differin g prediction s 
abou t  thes e property-transfe r  combinations .  O n e predictio n 
was tha t  th e transferre d propert y woul d b e a  structurall y 
aligne d differenc e betwee n th e modifie r  an d hea d concepts ; 
tha t  is ,  a  propert y i n th e modifie r  concep t  tha t  structurall y 
correspond s t o a  differen t  propert y i n th e hea d (Wisniewski , 
1996) .  Th e competin g p»-edictio n wa s tha t  th e transferre d 
propert y woul d b e a  diagnosti c propert y o f  th e modifie r 
(source )  concept ;  tha t  is ,  a  propert y tha t  help s identif y 
members o f  tha t  concep t  an d distinguis h i t  from  othe r 
concqjt s (Tversky ,  1977 ;  Costell o &  Keane ,  2000) .  I n thi s 
experiment ,  participant s wer e show n 1 6 nove l  compoun d 
phrases ,  wit h 4  differen t  property-transfe r  intopretation s a s 
possibl e meaning s fo r  eac h phrase .  Usin g tw o pre-tests ,  th e 4 
interpretatJOT S fo r  eac h compoun d wer e controlle d an d crosse d 
fo r  structura l  alignmen t  an d diagnosticity .  Fo r  example ,  fo r 
di e î iras e "elephan t  pig "  th e 4  interpretation s wer e 

Elephant pigs are 
•  pig s dia t  ar e bi g (diagnostic ,  aligned ) 
•  pig s tha t  ar e gre y (non-diagnostic ,  aligned ) 
•  pig s tha t  hav e tusk s (diagnostic ,  non-aligned ) 
•  pig s ftat  ar e a n endangere d specie s 

(non-diagnostic ,  non-aligned ) 

Participants were asked to judge how good or bad they thought 
eac h property-transfe r  interpretatio n wa s a s a  meanin g fo r  th e 
compoun d phras e i n question ,  an d t o rat e th e acceptabilit y  o f 
eac h interpretatio n o n a  scal e goin g from  - 3 t o +3 . 

The result s o f  thi s experimen t  showe d tha t  people' s 
interpretatio n o f  property-transfe r  compoun d phrase s wa s 
strongl y influence d b y th e diagnosticit y o f  th e transferre d 
propert y fo r  th e modifie r  concep t  i n th e combination .  Peopl e 
reliabl y rate d interpretation s usin g diagnosti c propertie s a s 
acceptable ,  an d thos e usin g non-diagnosti c propertie s a s 
unacceptable .  Ther e wa s a  significan t  correlatio n betwee n th e 
acceptabilit y  o f  interpretation s an d th e rate d diagnosticit y o f 
th e propertie s the y contained .  Structura l  alignmen t  ha d n o 
influenc e o n peq)le' s interpretatio n acceptabilit y  rating s i n th e 
experiment .  I n a  subsequen t  tes t  participant s wer e show n th e 
same phrase s an d simpl y aske d t o writ e d o w n thei r  o w n 
intopretations .  Again ,  diagnosticity ,  bu t  no t  structura l 
alignmait ,  influence d people' s interpretatio n o f  th e phrases . 

Costell o &  Keane' s (2001 )  material s provid e th e basi s fo r 
th e curren t  expoimen t  o n rol e o f  diagnosticit y i n people' s 
productio n o f  nove l  compoun d phrases .  Costell o &  Keane' s 
material s wer e constructe d a s follows .  First ,  1 6 participant s i n 
a property-generatio n tas k produce d list s o f  propertie s fo r  th e 
modifie r  an d hea d concept s o f  th e compound s use d i n th e 
experiment .  Fo r  th e modifie r  concep t  i n eac h compound ,  4 
frequently-listed  propertie s wer e selected .  Th e diagnosticit y 
of  thes e 4  propertie s wa s the n obtaine d i n a  diagnosticity -
ratin g task .  Anothe r  se t  o f  participant s wer e show n th e 
selecte d properties ,  eac h propert y bein g paire d wit h th e 
modifie r  concep t  o f  th e relevan t  compound .  Participant s wer e 
aske d t o imagin e the y wer e playin g th e g a m e i n ̂ i c h the y 
had t o hel p th e othe r  playe r  t o gues s th e concep t  shown .  The y 
wer e aske d t o rat e h o w helpfu l  eac h propert y woul d b e i n 
helpin g thei r  partne r  idoitif y  th e concep t  i n question .  Fo r 
example ,  t o asses s th e diagnosticit y o f  propertie s fo r  th e 

concep t  "elephant" ,  participant s wer e aske d t o rat e h o w 
helpfu l  eac h o f  properties : 

• are big 
•  ar e gre y 
•  hav e tusk s 
•  ar e a n endangere d specie s 

would be in allowing their partner in the game to identify die 
concep t  "elephant" .  Participant s rate d th e helpfulnes s o f  th e 
propertie s o n a  7  poin t  scal e goin g from  - 3 (no t  a t  al l  helpfiil ) 
t o + 3 (ver y helpful) .  Diagnosti c propertie s wer e thos e w^os e 
averag e ratin g wa s abov e 0  o n thi s 7-poin t  scale .  T w o 
diagnosti c an d tw o non-diagnosti c propertie s wer e obtaine d 
fo r  eac h modifie r  concept ,  an d thes e propertie s wer e use d t o 
construc t  th e 4  interpretation s fo r  th e compoun d phras e i n 
question .  I n tfie  mai n experiment ,  participant s rate d th e 
acceptabilit y  o f  thes e interpretation s fo r  thos e compoun d 
phrases .  Th e nex t  sectio n describe s h o w thes e material s wer e 
use d t o investigat e th e rol e o f  diagnosticit y i n th e productio n 
of  compoun d phrases . 

Diagnosticity in ttie Production of Noun-Noun 

Compounds 

Th e previou s sectio n describe d a n experimen t  showin g that ,  i n 
intapretin g compoun d phrases ,  th e propert y diagnosticit y 
play s a n importan t  part .  I s diagnosticit y als o importan t  w h e n 
peopl e ar e producing ,  rathe r  tha n interpreting ,  compoun d 
phrases ? Thi s sectio n describe s a n experimen t  addressin g thi s 
question . 

I n thi s compoun d productio n experiment ,  participant s wer e 
show n description s o f  unusua l  object s an d aske d t o generat e 
compoun d name s fo r  thos e objects .  T h e objec t  description s 
use d wer e selecte d from  th e interpretation s use d i n th e 
comprehensio n study .  Eac h o f  th e 1 6 phrase s i n di e earlia ^ 
experimen t  ha d 4  objec t  description s a s interpretations ,  tw o 
usin g diagnosti c propertie s an d tw o usin g non-diagnosti c 
properties .  I n th e curren t  experimen t  on e diagnosti c an d on e 
non-diagnosti c objec t  descriptio n wa s selecte d fo r  eac h phrase . 
Participant s wer e give n th e objec t  description s alon e (an d no t 
give n th e compoun d phrases) .  The y wer e the n b e aske d t o 
generat e a  two-wor d noun-nou n phras e t o n a m e tha t  object . 
For  example ,  som e participant s wer e give n th e objec t 
descriptio n 

• "a special type of pig that has tusks" 

and asked to write down a two-word noun-noun phrase to 
n a me tha t  specia l  typ e o f  pig .  Othe r  participant s wer e give n 
th e objec t  descriptio n 

• " special type of pig that is grey", 

and asked to come up with a noun-noun phrase for that object. 
Th e questi m o f  interes t  wa s whethe r  participant s woul d 
produc e th e {rfuas e whic h corresponde d t o tha t  objec t  i n di e 
earlie r  expoiment ;  tha t  is ,  whethe r  participant s woul d produc e 
th e phras e "elephan t  pig "  a s a  n a m e fo r  "pig s tha t  hav e tusks" . 
Notic e tha t  i n th e objec t  descriptio n th e hea d wor d fo r  th e 
phras e i n questio n i s afread y give n (participant s alread y k n o w 
tha t  th e objec t  describe d i s a  type  o f  pig ,  an d s o woul d mos t 
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likel y us e tha t  wor d a s th e hea d o f  whateve r  phras e the y 
produce) .  Th e focu s o f  analysi s i n th e experimen t  i s therefor e 
on pec l̂e' s choic e o f  modifie r  wor d fo r  th e phrase s the y 
generate .  Wil l  peopl e b e mor e likel y t o produc e th e expecte d 
modifie r  f w objec t  descriptioi s containin g diagnosti c 
prc^ertie s ("pig s dia t  hav e tusks" )  tha n fo r  thos e containin g 
non-diagnosti c propertie s ("pig s tha t  ar e grey") ? 

Method 

Participants. The participants were 18 Dublin City 
Universit y undergraduate s w h o too k par t  fo r  cours e credit . 

Materials. The materials were 16 sets of object descriptions. 
Eac h se t  containe d tw o objec t  description s bot h o f  whic h ha d 
di e sam e targe t  phras e consistin g o f  a  modifie r  an d a  head . 
(Appendi x A  show s al l  1 6 set s o f  objec t  description s an d 
targe t  phrases) .  O n e objec t  descriptio n ccmtaine d a  diagnosti c 
prc^rt y fo r  th e modifie r  concep t  i n tha t  targe t  phrase ;  th e 
othe r  dbjec t  descriptio n containe d a  non-diagnosti c propert y 
fo r  tha t  conc^t .  Participant s i n th e expoimen t  sa w on e objec t 
descriptio n fi-om  eac h set .  Participant s di d no t  se e th e 
modifie r  concq) t  fo r  th e targe t  phras e fo r  tha t  set .  Th e facto r 
o f  interes t  wa s whethe r  participant s woul d produc e a  phras e 
containin g tfie  targe t  modifie r  concept .  Objec t  description s 
wer e take n fi-om  th e material s o f  Costell o &  Keane' s (2001 ) 
experimen t  e n compoun d phras e comprdiaision .  Th e fi-aming 
phras e " a specia l  typ e of. "  wa s adde d t o eac h objec t 
descriptio n (s o diat ,  fo r  example ,  participant s wer e aske d t o 
produc e a  noun-nou n compoun d t o n a m e " a specia l  typ e o f  pi g 
tha t  ha s tusks") . 

Design. All participants saw 16 object descriptions, one fi-om 
eac h o f  th e 1 6 object-descriptio n sets .  Participant s wer e 
randoml y divide d int o tw o groups .  Th e first  grou p o f 
participant s obtaine d th e diagnosti c objec t  description s fi-om 
on e hal f  o f  th e object-descriptio n set s an d th e non-diagnosti c 
descripticxi s fi^om  th e othe r  hal f  Th e secon d grou p o f 
participant s obtaine d non-diagnosti c objec t  description s fi-om 
th e first  hal f  o f  th e object-descriptio n set s an d th e diagnosti c 
objec t  description s fi-om  th e othe r  hal f 

Procedure. Each participant received a booklet consisting of 
an instructio n shee t  followe d b y 1 6 object-descriptio n sheet s 
i n rando m order .  Ead i  objec t  descriptio n shee t  ha d a n objec t 
descriptio n a t  th e to p o f  di e page ,  an d dire e slot s i n whic h 
participant s wer e aske d t o writ e d o w n thre e noun-nou n 
compoun d name s fo r  th e objec t  describe d a t  th e to p o f  th e 
page .  Eac h slo t  provide d spac e fo r  a  modifie r  an d a  hea d 
concep t  Participant s ha d 4 0 minute s t o complet e th e task . 

Th e instructio n shee t  explaine d t o participant s tha t  the y 
woul d b e aske d t o rea d a  se t  o f  objec t  description s an d t o 
respon d b y writin g dow n som e noun-nou n phrase s whic h the y 
though t  woul d b e goo d name s fo r  th e object s described .  Fou r 
example s o f  familia r  noun-nou n phrase s wer e given ,  t o 
illustrat e th e typ e o f  respons e required .  Thes e example s wer e 
marke d wit h a  tick ,  t o sho w tha t  the y wer e th e correc t  typ e o f 
respons e (se e Tabl e 1) .  Thes e example s involve d variou s 
differen t  relationship s betwee n th e noun s i n th e phrase . 

A pre-tes t  showe d that ,  whe n aske d t o produc e compoun d 
phrase s a s name s fo r  objec t  descriptions ,  participant s 

Tabl e I .  Example s o f  correc t  response s i n instructio n sheet . 

Specia l  typ e o f  thin g 

a specia l  be d wit h ho t  lightbulb s 
abov e it ,  givin g th e use r  a  tan . 

a specia l  bik e wit h stron g rugge d 
tyre s an d fi«me. 

a specia l  padde d glov e whic h protect s 
agains t  heat . 

a specia l  lam p containin g movin g 
bubble s o f  hot ,  coloure d oil . 

Correc t  compoun d 

'a^"b5^ ^  y 

a "mountain bike''^ 

an "oven glove" ^ 

a "lava lamp" ^ 

sometime s simpl y reproduce d a  wor d fiom  th e descriptio n 
rathe r  tha n comin g u p wit h a  ne w noun-nou n phras e 
(producin g th e compoun d n a m e "tuske d pig "  fo r  th e objec t 
descriptio n " a specia l  typ e pi g tha t  ha s tusks" ,  fo r  example) . 
T o avoi d uninterestin g response s o f  thi s type ,  instructio n shee t 
stresse d that ,  i n producin g a  compoun d nam e fo r  a n object , 
participant s shoul d no t  simpl y reproduc e th e word s use d i n th e 
descriptio n o f  tha t  object .  Participant s wer e show n fou r 
example s o f  compound s whic h simpl y reproduce d term s fi-om 
an objec t  descriptio n (Tabl e 2 ,  below) .  TTies e wer e marke d b y 
crosse s t o sho w the y wer e incorrec t  responses . 

Results 

Th e noun-nou n phrase s produce d b y participant s fo r  A e 
objec t  description s wer e analyse d b y counting ,  fo r  eac h objec t 
description ,  th e numbe r  o f  participant s w h o produce d tfiat 
description' s targe t  phras e a s a  nam e fo r  tha t  objec t 
description .  Fo r  th e objec t  descriptio n " a specia l  typ e o f  pi g 
tha t  ha s tusks" ,  fo r  example ,  thi s woul d mea n countin g h o w 
m a ny participant s produce d th e targe t  phras e "elephan t  pig " 
fo r  tha t  objec t  description .  Variation s o f  th e targe t  phras e 
wer e allowe d i f  the y clearl y include d th e targe t  modifier ;  fo r 
example ,  i f  a  participan t  (xoduce d a  blendin g suc h a s "ele-pig " 
fo r  " a specia l  typ e o f  pi g tha t  ha s tusks" ,  tha t  woul d b e take n 
as a n occurrenc e o f  th e targe t  phrase . 

For  eac h targe t  phras e ther e wer e tw o objec t  desaipticms ; 
on e usin g a  diagnosti c propert y o f  th e modifie r  concept ,  th e 
othe r  usin g a  non-diagnosti c propert y o f  th e modifier .  Fo r 
eac h targe t  phrase ,  on e grou p o f  9  participant s sa w on e objec t 
description ,  di e othe r  grou p sa w th e othe r  objec t  description ; 
thu s eac h objec t  descriptio n wa s see n b y 9  participants .  Fo r 
th e objec t  description s containin g diagnosti c propertie s o f  th e 
modifie r  concept ,  th e targe t  phras e wa s produce d b y 3  ou t  o f  9 
participants ,  o n average .  Fo r  th e ncxi-diagnosti c objec t 
descriptions ,  th e targe t  phras e wa s neve r  [H-oduced . 

Table 2. Examples of incorrect responses in instruction sheet. 

Specia l  typ e o f  thin g Incorrec t  compoun d 

a "lightbul b bed "  ^ 

a "rugged bike" >^ 

a specia l  be d wit h ho t  li^tbulb s 
abov e it ,  givin g th e use r  a  tan . 

a specia l  bik e wit h stron g rugge d 
tyre s an d fi-ame. 

a specia l  padde d glov e w^ic h protect s a  "protectiv e glove "  ̂  
agains t  heat . 

a specia l  lam p containin g movin g a  "coloure d lamp "  ^ 
bubble s o f  hot ,  coloure d oil . 
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Objec t  description s (diagnosti c propert y object s only ) 

Figur e 1 .  Probabilit y  o f  targe t  phras e productio n fo r 
th e 1 6 diagnostic-propert y objec t  descriptions ,  an d 
diagnosticit y o f  propertie s fo r  modifie r  i n targe t  phras e 
(diagnosticit y mappe d t o probabilit y  scale) . 

Results: diagnosticity. The previous analysis showed that 
participant s wer e clearl y mor e likel y t o produc e th e targe t 
phras e fo r  description s wit h diagnosti c propertie s tha n fo r 
description s wit h non-diagnosti c properties .  A  mor e detaile d 
examinatio n o f  th e rol e o f  diagnosticit y i n compoun d phras e 
productio n wa s performe d b y analysin g th e relationshi p 
betwee n th e diagnosticit y o f  propertie s i n description s an d th e 
rate  o f  targe t  phras e productio n fo r  thos e descriptions .  Thi s 
analysi s wa s carrie d ou t  fo r  diagnostic-propert y description s 
onl y (th e onl y description s fo r  whic h th e targe t  phras e wa s 
produced) .  Ther e wa s a  significan t  correlatio n betwee n th e 
averag e rated  diagnosticit y o f  propertie s i n thes e descripticm s 
fo r  th e modifie r  concep t  (obtaine d fi-om  th e pre-tes t  fo r 
Costell o &  Keane' s (2001 )  experiment) ,  an d th e probabilit y  o f 
targe t  phras e productio n fo r  thos e descriptions .  Th e mor e 
diagnosti c th e propert y i n a n objec t  descriptio n wa s fo r  th e 
modifier ,  th e mor e frequently  participant s produce d th e targe t 
phras e (r = 0.81 ,  p < 0.001 ,  %va r  =  0.66) .  Figur e 1  show s a 
grap h o f  probabilit y  o f  targe t  phras e fwoductio n versu s averag e 
propert y diagnosticit y fo r  th e 1 6 diagnosti c objec t 
descriptions .  (I n thi s grap h propert y diagnosticit y i s mappe d 
from  it s origina l  ratin g scal e of- 3 t o + 3 ont o th e 0  t o 1  interva l 
on whic h probabilit y  o f  targe t  phras e productio n i s  shown) . 

Thi s resul t  suggest s tha t  th e productio n o f  nove l  noun-nou n 
phrase s fo r  property-base d objec t  description s ca n b e 
predicte d from  th e diagnosticit y o f  propertie s i n thos e objec t 
descriptions .  I t  migh t  b e argued ,  however ,  tha t  th e targe t 
phras e productio n i n th e experimen t  wa s no t  influence d b y 
propert y diagnosticit y pe r  se ,  bu t  b y a  mor e genera l 
associatio n betwee n th e propertie s an d concept s i n question . 
For  example ,  i t  coul d b e tha t  th e phras e elephan t  pi g wa s 
produce d frequently  fo r  th e objec t  descriptio n " a specia l  typ e 
of  pi g wit h tusks" ,  no t  becaus e havin g tusk s i s specificall y 
diagnosti c i n identifyin g th e concep t  elephant ,  bu t  becaus e 
ther e i s a  genera l  associatio n betwee n elephant s an d tusks . 
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Figure 2. Probability of target phrase production for 
th e 1 6 diagnostic-propert y objec t  descriptions ,  an d 
acceptabilit y  o f  description s a s interpretation s fo r 
phrase s (acceptabilit y  mappe d t o probabilit y  scale) . 

To address this possibility a general measure of association 
betwee n concept s an d propertie s wa s obtaine d from  Costell o 
& Keane' s (2001 )  origina l  property-generatio n task .  I n tha t 
task ,  1 6 participant s liste d prqjertie s fo r  th e concept s use d i n 
th e experiment .  Fo r  eac h propert y an d concept ,  th e numbe r  o f 
participant s w ^ o liste d tha t  propert y a s belongin g t o tha t 
concep t  wa s obtained .  Thi s numbe r  wa s take n t o b e a  measur e 
of  th e genera l  associatio n betwee n th e propert y an d th e 
concept .  Th e correlatio n betwee n thi s property-concep t 
associatio n an d th e rat e o f  target-phras e productio n di d no t 
reac h significanc e (  r = 0.41 ,  p  >  .1 ,  % v a r  =  0.17) .  Thi s 
suggest s tha t  i t  i s  diagnosticit y specifically ,  ratfiC T tha n a  mor e 
genera l  associatio n betwee n propertie s an d concepts ,  tha t  i s 
importan t  fo r  compoun d producticm . 

Results: Communicative accuracy. In addition to examining 
th e rol e o f  diagnosticit y i n compoun d phras e production ,  th e 
curren t  experimen t  allow s u s t o examin e th e rol e o f 
communicativ e precisio n i n people' s production  o f  c o m p o u n d 
phrases .  O n e vie w o f  compoun d production  i s tha t  peopl e 
produc e nove l  compound s t o allo w the m t o precisel y 
communicat e thei r  intende d meanin g t o th e listene r  (Clark , 
1987 ,  1990 ;  Clar k &  Berman ,  1984) .  I n thi s view ,  c o m p o u n d 
productio n i s a  listener-centere d process :  a  perso n [H-oducin g a 
compoun d a s a  n a m e fo r  a  give n objec t  wil l  choos e a 
compoun d tha t  th e listene r  woul d easil y interpre t  a s referrin g 
t o tha t  object .  I f  communicativ e precisio n i s importan t  i n 
compoun d production ,  ther e shoul d b e a  relationshi p betwee n 
th e rat e a t  whic h peopl e produc e a  give n compoun d phras e a s 
n a me fo r  a  particula r  object ,  an d th e degre e t o w^id i  people , 
w^e n give n tha t  compoun d phrase ,  describ e tha t  objec t  a s th e 
correc t  interpretatio n fo r  th e phrase . 

Th e rol e o f  communicativ e precisio n i n compoun d phras e 
productio n wa s analyse d b y comparin g th e rat e a t  whic h 
peopl e produce d th e targe t  phras e fo r  th e give n objec t 
description s i n th e curren t  experimen t  agains t  th e degre e t o 
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whic h participant s i n Costell o &  Keane' s (2001 )  stud y rate d 
thos e objec t  description s a s goo d interpretation s fo r  thos e 
phrases .  Th e correlatio n betwee n th e phras e productio n fo r  a 
give n descriptio n an d descriptio n acceptabilit y  a s a n 
interpretatio n fo r  dia t  phras e wa s no t  significan t  ( r  =  0.1 ,  p 
>.l ,  %var = 0.01) .  Figur e 2  show s a  grap h o f  th e rate d 
desaiptio n acceptabilit y  a s interpretatio n an d targe t  phras e 
production .  Thi s findin g o f  n o relatio n betwee n targe t  phras e 
productio n an d interpretatio n acceptabilit y  cast s som e doub t 
on th e rol e o f  communicativ e precisio n i n compoun d phras e 
production .  Thi s findin g i s i n lin e wit h othe r  result s (e.g . 
Windsor ,  1993 ;  Elbcrs ,  1988 )  whic h als o cal l  int o questio n th e 
communicativ e precisio n vie w o f  compoun d production . 

Conclusion 

Thi s pape r  ha s examine d people' s productio n o f  nove l  noun -
nou n compounds .  Compoun d {xoductio n i s quit e a  creativ e 
linguisti c task ,  wid i  compound s ofte n conveyin g a  lo t  o f 
informatio n i n a n inventiv e wa y (a s i n th e origina l  socce r  m o m 
and alph a gee k examples) .  Th e experimen t  reporte d her e 
foun d tfiat  compoun d productio n i s influence d b y th e 
diagnosticit y o f  propertie s fo r  concept s i n compounds ,  bu t  no t 
by th e communicativ e precisio n o f  thos e compounds .  Thi s i s 
i n lin e w i A othe r  finding s (Windsor ,  1993 ;  Eberts ,  1988) , 
suggestin g tha t  people' s productio n o f  nove l  compound s i s 
influence d mor e b y thei r  conceptua l  representation s tha n b y 
di e communicativ e tas k tha t  die y ar e carryin g out . 

W hy shoul d diagnosticit y pla y a  rol e i n people' s nove l 
compoun d production ? Diagnosti c propertie s ar e propertie s 
wliic h hel p identif y item s an d classif y the m a s member s o f 
particula r  categraies .  Perhap s diagnosticit y i s importan t  i n 
compoun d productio n becaus e i n compoun d productio n th e 
choic e o f  word s depend s o n judgement s o f  categor y 
membership .  Accordin g t o dii s suggestion ,  wlie n producin g 
th e phras e "elephan t  pig "  a s a  nam e fo r  th e objec t  descriptio n 
" a specia l  typ e o f  pi g wit h tusks" ,  peopl e us e th e diagnosti c 
propert y "tusks "  t o classif y th e objec t  describe d a s t o som e 
exten t  foiling  int o th e categOT y "elephant" ,  thu s allowin g th e 
modifie r  "elephant "  t o b e use d i n formin g tfie  phrase .  Thi s i s 
i n lin e wit h Costell o &  Keane' s (2000 ,  2001 )  proposa l  o n th e 
rol e o f  diagnosticif y i n compoun d interpretation .  Accordin g t o 
dii s  proposal ,  whe n peopl e interpre t  th e phras e "elephan t  pig " 
as " a pi g wit h tusks "  the y ar e assertin g th e diagnosti c propert y 
"tusks "  becaus e i t  allow s th e newl y describe d objec t  t o b e 
classifie d unde r  th e categor y "elephant" ,  henc e justifyin g th e 
C(Mnpoun d (se e Costell o &  Keane ,  2000 ,  fo r  a  computationa l 
model  o f  implementin g thi s approach) . 

H o w d o th e result s reporte d her e fit  wit h othe r  wor k o n 
languag e production ? Th e mai n strea m o f  researc h o n 
languag e productio n tend s t o us e a  "picture-naming "  tas k t o 
focu s o n people' s productio n o f  word s i n respons e t o a  singl e 
concept .  I n tfiis  tas k peopl e ar e presente d wit h a  pictur e o f  a 
singl e COTcret e objec t  (e.g .  a  pictur e o f  a  rabbit )  an d ar e aske d 
t o n a m e tha t  object .  Model s o f  languag e productio n i n thi s 
fi-amework  typicall y hav e 5  stages :  (i )  Preliminar y Analysis , 

(ii )  Featur e Recognition ,  (iii )  Categorisation ,  (iv )  Lexica l 
Access ,  an d (v )  Decisio n (Boc k &  Griffin ,  2000) .  Th e 
suggestio n tha t  diagnosticif y i s importan t  i n compoun d 
productio n becaus e i t  relate d t o judgement s o f  categor y 
membership ,  fits  nicel y int o th e thir d Categorisatio n stag e i n 
thi s framework.  Indeed ,  th e findings  o f  th e curren t  experimen t 
sugges t  tha t  propert y diagnosticif y m a y pla y a n importan t  rol e 
i n th e Categorisatio n stag e i n thi s languag e productio n 
fi-amework. 
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A P P E N D IX 1 .  Objec t  deicrlpdon i  an d targe t  phrase s fro m Experimen t 

DeKriptio n Objec t  deKriptio n 

Set 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

Propert y i s diagnosti c fo r  modifie r 

A specia l  typ e o f  chai r  tha t  ha s blanket s 

A specia l  typ e o f  mot h tha t  sting s 

A specia l  typ e o f  oa k tha t  store s wate r 

A specia l  typ e o f  pi g tha t  ha s tusk s 

A specia l  typ e o f  beetl e tha t  jump s 

A specia l  typ e o f  antelop e tha t  ha s a  lon g 
nec k 

A specia l  typ e o f  airplan e fliat  ha s 
horizonta l  rotcH- s 

A specia l  typ e o f  monke y tha t  ha s a  pouc h t o 
cair y youn g 

A specia l  typ e o f  lobste r  tha t  ha s eigh t  limb s 

A specia l  typ e o f  robi n tha t  ca n tal k 

A specia l  typ e o f  hors e tha t  ha s a  h w n 

A specia l  typ e o f  squirre l  tha t  smell s ba d 

A specia l  typ e o f  spide r  tha t  ha s a  shel l 

A specia l  typ e o f  iguan a tha t  slither s 

A specia l  typ e o f  slu g tha t  i s  poisonou s 

A specia l  typ e o f  sea l  tha t  ha s a  blowhol e 

Propert y i s no t  diagnosti c fo r  modifie r 

A specia l  typ e o f  chai r  tha t  ha s wheel s 

A specia l  typ e o f  mot h tha t  fertilise s plant s 

A specia l  typ e o f  oa k dia t  i s  completel y gree n 

A specia l  typ e o f  pi g tha t  i s  gre y 

A specia l  typ e o f  beetl e tha t  eat s insect s 

A specia l  typ e o f  antelop e tha t  ha s a  lon g 
tongu e 

A specia l  typ e o f  airplan e tha t  i s  manuverabl e 

A specia l  typ e o f  monke y tha t  doesn' t 
clim b tree s 

A specia l  typ e o f  lobste r  foun d i n w a r m water i 

A specia l  typ e o f  robi n tha t  ca n b e a  pe t 

A specia l  typ e o f  hors e tha t  i s  ver y dangerou s 

A specia l  typ e o f  squirre l  tha t  live s o n th e 
groun d 

A specia l  typ e o f  spide r  tha t  eat s plant s 

A specia l  typ e o f  iguan a fliat  i s  use d t o m a k e 
handbag s 

A specia l  typ e o f  slu g tha t  i s  fas t 

A specia l  typ e o f  sea l  tha t  i s  a n endangere d 
specie s 

Targe t  phras e 
(modifie r  head ) 

Bed chai r 

Bumblebe e 
mot h 

Cactu s oa k 

Elephan t  pi g 

Fro g beetl e 

Giraff e 
antelop e 

Helicopte r 
airplan e 

Kangaro o 
monkey 

Octopu s lobste r 

Parro t  robi n 

Rhinocero s 
hors e 

Skun k squirre l 

Snai l  spide r 

Snak e iguan a 

Vipe r  slu g 

Whal e sea l 
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Abstrac t 

Rjecent work has shown that expression recogni-
tio n show s holisti c processin g effect s muc h lik e fac e 
recognitio n (Calde r  e t  al. ,  ress) .  W e exten d ou r  pre -
viou s mode l  o f  fecial  expressio n recognitio n (D^e y 
et  al. ,  2000 )  t o accoun t  fo r  thes e results .  W e sho w 
tha t  ou r  model ,  wit h smal l  modification s t o th e 
trainin g procedure ,  ca n accoim t  fo r  th e systemati c 
biase s betwee n uppe r  an d lowe r  facia l  expressio n 
recognition ,  an d th e holistic/configura l  processin g 
effect .  Finally ,  w e sho w tha t  result s tha t  see m t o 
suppor t  th e ide a tha t  separat e representation s ar e 
necessar y fo r  emotio n an d identit y processin g ca n 
be accounte d fo r  b y a  singl e representatio n model . 
Thi s latte r  effec t  i s  demonstrate d i n subject s b v 
constructin g chimeri c face s b y takin g th e to p hal f 
of  on e fac e an d th e botto m hal f  o f  another . 

Backg roun d 

In recent years a consenstis has emerged that face 
processin g i s "holistic "  i n natur e (Tanak a an d Farah , 
1993 ;  Fara h e t  al. ,  1998) .  Her e "holistic "  mean s 
"configural" :  tha t  is ,  ther e i s a n effec t  o f  th e whol e 
i n recognitio n o f  th e part s o f  a  face .  On e wa y t o 
sho w thi s i s  t o construc t  composit e face s b y com -
binin g th e uppe r  an d lowe r  halve s o f  differen t  faces . 
I f  th e subject' s tas k i s t o recogniz e th e identit y o f 
th e uppe r  hal f  o f  th e face ,  ther e i s interferenc e i f  th e 
lowe r  hal f  o f  th e fac e i s fro m a  differen t  person .  How -
ever ,  i f  th e lowe r  hal f  o f  th e fac e i s misaligne d wit h 
th e uppe r  half ,  ther e i s n o differenc e i n subjects '  re -
sponse s whe n th e lowe r  hal f  i s  th e sam e perso n o r  a 
differen t  perso n (Youn g e t  al. ,  1987) . 

Recently ,  i t  ha s bee n show n tha t  thi s effec t  ex -
tend s t o f^a l  expressio n recognitio n (Calde r  e t  al. , 
ress) .  Calde r  etal .  firs t  replicat e a  well-know n effec t 
tha t  certai n expression s air e mor e easil y recognize d 
fro m thei r  to p o r  botto m halves .  A  summar y o f  th e 
dat a i s show n i n Tabl e 1 .  Base d o n thi s data ,  Calde r 
et  al .  constructe d composit e face s fro m th e sam e 
subjec t  usin g a  toi>-biase d emotio n i n th e to p haJ f 
and a  bottom-biase d emotio n i n th e botto m half . 
W h en subject s wer e aske d t o identif y th e emotio n 
i n on e half ,  thei r  reactio n time s wer e slowe r  whe n 
th e tw o halve s wer e eJigne d versu s whe n the y wer e 
misaligned . 

I n furthe r  experiments ,  Calde r  e t  ai .  presen t  dat a 
tha t  the y interpre t  a s showin g tha t  ther e mus t  b e 
separat e representation s fo r  facia l  identit y an d facia l 
expressio n processing .  Th e experimen t  i n thi s cas e 
was t o sho w severa l  kind s o f  composit e image s t o th e 
subjects ,  an d t o giv e the m tw o tasks :  identit y judge -
ment s (afte r  trainin g o n th e identitie s o f  th e sub -
jects) ,  an d expressio n judgements .  Ther e wer e thre e 
kind s o f  composit e images :  1 )  sam e identity ,  differ -
ent  emotion ;  2 )  differen t  identity ,  sam e emotion ;  an d 
3)  differen t  identity ,  differen t  emotion .  Conside r  th e 
cas e o f  identit y judgements .  Th e subject s ar e aske d 
t o judg e th e identit y o f  th e subjec t  i n th e botto m 
hal f  o f  th e image .  I f  th e to p o f  th e imag e i s th e 
same subject ,  bu t  a  differen t  emotion ,  th e reactio n 
time s ar e faste r  tha n i f  th e to p hal f  o f  th e imag e 
i s a  differen t  subject .  Thi s i s  expecte d base d o n 
th e abov e result s o n configura l  processing .  However , 
when th e to p wa s a  differen t  subject ,  thei r  reactio n 
time s di d no t  diffe r  betwee n th e cas e wher e th e ex -
pressio n o f  th e differen t  subjec t  wa s th e sam e o r  dif -
ferent .  Th e interpretatio n i s tha t  identit y processin g 
i s no t  affecte d b y affec t  processing .  Identica l  result s 
i n th e emotio n identificatio n tas k suppor t  th e ide a 
tha t  expressio n processin g i s no t  affecte d b y identit y 
processing .  Th e conclusio n tha t  tw o representation s 
must  therefor e b e i n pla y make s intuitiv e sense ,  bu t 
shoul d b e teste d i n a  model .  I n th e following ,  w e 
sho w tha t  a  singl e representatio n suffice s t o obtai n 
thes e resiilts . 

The Model 
We performe d thre e experiment s tha t  parallele d a s 
closel y a s possibl y thre e o f  th e experiment s reporte d 
i n (Calde r  e t  al. ,  ress) .  I n eac h experiment ,  w e 
use d th e sam e image s from  th e Picture s o f  Facia l 
Affec t  (POFA )  datase t  (Ekma n an d FViesen ,  1976) , 
althoug h normalize d a s describe d below .  Also , 
we constructe d ou r  ow n version s o f  Calder' s hcind -
constructe d spli t  images .  Al l  experiment s use d a 
simila r  mode l  an d data .  Th e detail s o f  thes e exper -
iment s ar e describe d i n thi s section . 

Classification Model 

I n al l  experiments ,  ou r  classificatio n mode l  em -
ploy s imag e filtering ,  principa l  component s analysi s 
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Expressio n 
Happy 

Sad 
Afrai d 
Angr y 

Surprise d 
Disguste d 

H u m an To p 
0.2 0 (.09 ) 
0.1 9 (.05 ) 

0.3 3 (.08 ) 
0.2 8 (.06 ) 
0.0 6 (.21 ) 

0.6 2 (.10 ) 

H u m an Botto m 
0.0 1 (.01 ) 
0.3 4 (.08 ) 

0.5 6 (.09 ) 
0.4 9 (.09 ) 
0.3 3 (.07 ) 
0.0 4 (.14 ) 

Net  To p 
0.4 0 

0.2 8 
0.2 8 
0.2 9 
0.0 0 

0.2 0 

Net  Botto m 
0.0 0 
0.4 0 

0.7 0 
0.6 5 
0.2 1 

0.0 0 

Tabl e 1 :  Fractio n o f  tes t  example s incorrectl y identifie d fo r  eac h expression .  Th e H u m a n To p an d H u m a n 
Botto m result s correspon d t o th e result s reporte d fo r  expressio n recognitio n b y (Calde r  e t  al. ,  ress) .  T h e 
Net  To p an d Ne t  Botto m result s correspon d t o th e result s achieve d b y ou r  classificatio n model .  T h e numbe r 
i n parenthese s i s th e standar d erro r  fo r  th e humams . 

(PCA) ,  an d a  single-laye r  neura l  networ k t o classif y 
th e expressio n an d identit y o f  a n inpu t  pixe l  imag e 
of  a n acto r  posin g a n expressio n (Daile y e t  al. ,  2000) . 

Preprocessin g o f  thes e image s begin s b y alignin g 
th e image s s o tha t  th e eye s an d mout h o f  al l  im -
ages ar e i n th e sam e location ,  the n croppin g th e im -
ages t o eliminat e th e background .  Afte r  eac h im -
age i s aligned ,  i t  i s  convolve d wit h a  gri d o f  two -
dimensiona l  Gabo r  jets .  Eac h je t  i s  compose d o f  4 0 
Gabor  filters  o f  five  differen t  size s an d eigh t  differen t 
orientations .  Eac h je t  i s  centere d o n a  pixe l  o f  th e 
aligne d image .  Thi s imag e filtering  wa s chose n be -
caus e i t  i s simila r  t o filtering  don e i n th e striat e cor -
te x o f  cat s an d ha s previousl y bee n show n t o improv e 
expressio n recognitio n i n neura l  network s (Daile y 
et  al. ,  2000) .  Applyin g Gabo r  filter s t o a  sub -
sample d 24 0 X  29 2 pixe l  imag e result s i n a  40,60 0 
componen t  vector .  Thes e vector s ar e the n z-score d 
(transforme d t o 0  mean ,  uni t  std .  dev. )  o n a n indi -
vidua l  filter  basis ,  resultin g i n th e Gabo r  pattern . 

As ou r  experiment s require d a  metho d o f  directin g 
th e classificatio n model' s attentio n t o jus t  on e hal f 
(botto m o r  top )  o f  th e fac e stimulus ,  th e othe r  hal f 
of  th e fac e stimulu s i s attenuated .  Eac h componen t 
i n th e hal f  o f  th e Gabo r  patter n t o b e attenuate d i s 
multiplie d b y 0.125 .  Th e facto r  0.12 5 wa s chose n af -
te r  comparin g th e result s  o f  attenuatin g b y differen t 
fractions.  A n attenuatio n facto r  o f  0.12 5 resulte d i n 
th e erro r  o f  th e model' s recognitio n o f  expressio n 
i n hal f  fac e trainin g dat a (describe d below )  mos t 
closel y resembUn g th e erro r  o f  th e human' s recog -
nitio n o f  expressio n i n lial i  fac e images .  However , 
we foun d littl e vari«inc e i n th e model' s erro r  wit h at -
tenuatio n factor s betwee n 0. 5 an d 0.125 .  W e defin e 
a Gabo r  filter  a s bein g withi n th e hal f  th e imag e t o 
be attenuate d i f  th e pixe l  i t  i s centere d o n i s i n tha t 
half ,  o r  i f  i t  i s  withi n tw o time s th e standar d devia ^ 
tio n o f  th e Gaussia n o f  th e Gabo r  filter.  Thi s way , 
eve n filters  i n th e attende d hal f  wil l  b e attenuate d 
i f  thei r  receptiv e field  overlap s th e othe r  hal f  o f  th e 
image . 

50 principa l  component s o f  eac h Gabo r  patter n 
ar e extracte d from  th e trainin g data .  Thes e ar e als o 

"-UTi** -

(b ) 

Figur e 1 :  Whol e an d Hal f  Fac e Ti'ainin g Data :  (a ) 
Aligne d an d croppe d pixe l  image ;  (b )  Pixel s corre -
spondin g t o th e to p half ;  (c )  Pixel s correspondin g t o 
th e botto m half . 

z-scored .  Finally ,  a  soft-maxe d single-laye r  neura l 
networ k i s traine d usin g th e cross-entrop y erro r  cri -
terion . 

Training Data 

Al l  stimul i  ar e derive d from  pixe l  image s from  th e 
P O FA database .  Thi s dat a se t  include s image s o f 
14 actor s posin g 6  expressions :  happiness ,  sadness , 
fear ,  anger ,  surprise ,  an d disgust . 

I n al l  experiments ,  th e principa l  component s o f 
th e Gabo r  pattern s ar e extracte d from  whol e fac e 
an d hal f  fac e Gabo r  patterns ,  an d th e neura l  net -
wor k i s traine d upo n those .  W e assum e tha t  durin g 
th e learnin g o f  th e emotions ,  subject s als o atten d t o 
jus t  on e hal f  o f  th e fac e a t  differen t  times .  W e ca n 
thin k o f  thi s a s eithe r  a n attentiona l  proces s o r  a s 
a crud e simulatio n o f  ey e movements .  I n addition , 
splittin g th e image s betwee n th e to p hal f  an d bot -
to m half ,  a s define d b y Calder ,  resiilte d i n th e to p 
hal f  o f  th e imag e bein g smalle r  i n £ure a tha n th e bot -
to m hal f  o f  th e image .  Extractin g principa l  compo -
nent s whil e attenuatin g on e hal f  o f  th e imag e allowe d 
mor e equa l  representatio n o f  eac h hal f  i n th e prin -
cipa l  components .  Whol e fac e Gabo r  pattern s ar e 
create d b y convolvin g th e originj J pixe l  imag e wit h 
th e Gabo r  filters,  a s describe d above ,  the n z-scorin g 
thes e patterns .  Hal f  fac e Gabo r  pattern s ar e cre -
ate d i n a  simila r  manner :  th e origina l  pixe l  imag e i s 
convolve d wit h th e Gabo r  filters  an d z-scored ,  the n 
one hcd f  o f  th e patter n i s attenuate d t o a  fraction  o f 
0.125 .  Thus ,  whe n creatin g a  to p hal f  fac e Gabo r 
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pattern ,  component s correspondin g t o th e botto m 
hal f  o f  th e fac e ax e multiplie d b y th e fractio n 0.125 . 
An alternativ e metho d woul d hav e bee n t o star t  wit h 
a pixe l  imag e o f  jus t  on e hal f  o f  th e face ,  an d the n 
convolv e th e imag e wit h Gabo r  filters.  W e di d no t 
do thi s becaus e th e Gabo r  filters  woul d hav e give n 
a stron g respons e a t  th e edg e i n th e imag e betwee n 
th e zeroe d hal f  an d th e non-zeroe d half ,  an d w e wer e 
concerne d tha t  thi s signa l  migh t  confus e th e networ k 
(thi s ma y hav e bee n a n unnecessar y worry) .  A n ex -
ampl e o f  a n aligne d an d croppe d pixe l  imag e an d 
botto m eui d to p hal f  image s ar e show n i n Figxur e 1 . 

Experiments 

Experiment 1 

The goal of the first experiment was to determine 
whethe r  ou r  networ k gav e th e sam e result s a s Calde r 
et  al.' s  subject s i n term s o f  whic h expression s ar e 
top-biase d an d whic h ar e bottom-biased .  A n expres -
sio n i s top-hiase d i f  i t  i s  mor e accuratel y identifie d 
by ou r  mode l  from  th e to p hal f  o f  th e fac e tha n th e 
bottom .  A n expressio n i s bottom-biaae d i f  th e oppo -
sit e i s  true .  Calde r  e t  al .  use d 1 0 o f  th e P O F A actor s 
fo r  thi s experiment .  W e use d th e sam e 1 0 actors . 

The genera l  procedur e fo r  thi s experimen t  wa s t o 
classif y hal f  fac e example s usin g th e classificatio n 
model  describe d above ,  the n compar e th e classifica r 
tio n erro r  fo r  to p an d botto m tes t  hal f  fac e example s 
fo r  eac h expression .  W e use d "hol d on e acto r  out " 
cros s validation ,  s o w e traine d o n nin e an d teste d 
on th e tenth .  Eac h o f  thes e wer e repeate d te n time s 
usin g differen t  initia l  ramdo m weights .  Th e tes t  half -
fac e example s classifie d b y th e networ k ar e th e resul t 
of  convolvin g a  whol e fac e imag e wit h th e Gabo r  fil-
ters ,  z-scoring ,  attenuatin g on e hal f  usin g th e multi -
plie r  0. 0 (thu s ther e i s n o outpu t  from  tha t  half) ,  an d 
projectin g ont o th e principa l  components .  TVain -
in g i s stoppe d whe n erro r  o n th e trainin g se t  mos t 
closel y correspond s t o th e huma n confusio n matri x 
reporte d b y Ekman . 

Results :  Th e averag e result s o f  classifyin g eac h 
tes t  exampl e 1 0 time s ar e show n i n Tabl e 1 .  Th e 
networ k response s d o no t  var y muc h ove r  networks . 
Thes e result s sho w tha t  fo r  ou r  classificatio n model , 
happ y an d disguste d ar e bottom-biase d whil e sad , 
afraid ,  angr y an d surprise d ar e top-biased .  Thes e 
result s ar e ver y simila r  t o th e huma n results :  happ y 
and disguste d ar e bottom-biase d an d sad ,  afraid , 
and angr y ar e topnbiased .  Th e onl y differenc e i s tha t 
our  classificatio n mode l  finds  siuprise d t o b e top -
biase d whil e th e huma n result s find  surprise d t o b e 
unbiased ,  du e t o subjec t  variance .  I n addition ,  larg e 
difference s betwee n th e network' s classificatio n erro r 
fractions  o f  th e top -  an d bottom-hal f  stimul i  corre -
spon d t o larg e difference s betwee n humans '  classi -
fication  erro r  fractions  o f  th e to p an d bottom-hal f 
images . 

E x p e r i m e n t  2 

The goa l  o f  th e secon d experimen t  wa s t o deter -
min e i f  incorrec t  configura l  informatio n disrupt s th e 
model' s expressio n recognition .  Thi s involve s com -
parin g th e model' s accurac y o n identifyin g th e ex -
pressio n i n on e hal f  o f  tw o differen t  type s o f  stimuli : 
composit e an d noncomposite .  A  composit e exam -
pl e i s th e resul t  o f  alignin g th e to p hal f  o f  on e fac e 
wit h th e botto m hal f  o f  anothe r  (Figur e 2(a)) .  A 
noncomposit e exampl e i s th e resul t  o f  misalignin g 
th e to p hal f  o f  on e fac e wit h th e botto m hal f  o f  an -
other .  W h e n performanc e degrade s o n composit e 
face s compare d t o non-composites ,  thi s i s take n t o b e 
an indicato r  o f  configura l  processin g (Youn g e t  al. , 
1987) .  Tha t  is ,  whe n th e tw o halve s ar e aligned , 
subject s ar e unabl e t o ignor e th e informatio n i n th e 
othe r  hal f  o f  th e face ,  eve n thoug h the y ar e judgin g 
onl y on e half . 

I n thi s experiment ,  bot h halve s o f  th e composit e 
and noncomposit e example s correspon d t o th e sam e 
acto r  bu t  differen t  expressions .  I n Calde r  e t  al.' s 
experiment ,  reactio n time s wer e slowe r  fo r  composit e 
image s th« m fo r  non-composite .  Composit e image s 
ar e create d b y alignin g th e botto m hal f  o f  on e happy , 
surprised ,  o r  disguste d fac e imag e wit h th e to p hal f 
of  on e sad ,  afraid ,  o r  angr y fac e image .  Followin g 
Calde r  e t  al. ,  image s from  onl y fou r  o f  th e actor s 
ar e used . 

Composit e Gabo r  pattern s ar e th e resul t  o f  con -
volvin g thes e composit e image s wit h Gabo r  filters 
and z-scoring .  A s th e mode l  mus t  identif y th e ex -
pressio n i n on e hal f  o f  th e example ,  on e hal f  o f  th e 
composit e Gabo r  patter n i s attenuate d b y a  fraction 
of  0.125 .  Noncomposit e Gabo r  pattern s ar e create d 
from  th e composit e Gabo r  patterns .  Th e hal f  o f  th e 
patter n tha t  i s attenuate d i s misaligne d wit h th e 
othe r  hal f  b y replacin g th e component s o f  th e at -
tenuate d haf f  correspondin g t o th e righ t  sid e o f  th e 
fac e wit h th e component s correspondin g t o th e lef t 
sid e an d zeroin g th e component s correspondin g t o 
th e lef t  side .  Thes e ar e projecte d ont o th e principa l 
component s o f  th e sam e trainin g se t  a s th e first  ex -
periment .  Th e networ k i s traine d a s i n th e previou s 
experiment ,  an d teste d o n identifyin g th e expressio n 
i n on e hal f  o f  bot h composit e an d noncomposit e ex -
amples . 

Results :  Th e result s  ar e show n i n Figru' e 3 .  Thes e 
result s indicat e tha t  ou r  classificatio n perform s bet -
te r  o n noncomposit e tes t  example s tha n composit e 
tes t  examples .  A s th e to p an d botto m fac e halve s ar e 
aligne d i n th e composit e examples ,  ther e i s incorrec t 
configura l  informatio n i n thes e example s tha t  i s no t 
presen t  i n th e noncomposit e examples .  Therefore , 
thi s resul t  indicate s tha t  incorrec t  configura l  infor -
matio n disrupt s ou r  model' s expressio n recognition . 
The tren d i n classificatio n erro r  fo r  thes e tw o type s 
of  tes t  example s i s simila r  t o th e tren d reporte d fo r 
himia n respons e tim e fo r  thes e tw o type s o f  exam -
ples ,  a s show n i n Figur e 3 . 
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Figur e 2 :  Diflferen t  stimul i  types ,  (a )  Composite/Non-composit e images ;  composite s wit h (b )  sam e iden -
tity/differen t  expression ;  (c )  differen t  identity/sam e expression ;  an d (d )  differen t  identity/differen t  expres -

sion . 

Nttwor k Erro r  f w OKTiwn l  Typa a o f  SUmul l RMponft *  Tim e o n Otffaren l  Typ« « o f  Stimul i 

6 12S 0 

Figur e 3 :  Experimen t  2  results ,  (a )  Averag e erro r  proportio n fo r  composite ,  noncomposite ,  an d hal f  fac e tes t 
examples .  Vertica l  bar s indicat e standar d deviations ,  (b )  H u m a n respons e time s fo r  expressio n classificatio n 
of  composit e an d noncomposit e tes t  example s 

E x p e r i m e n t  3 

In Calder et al.'s Experiment 4, they investigated 
th e interferenc e betwee n identit y an d expressio n pro -
cessing .  The y notice d tha t  whe n tw o happ y expres -
sion s wer e combine d from  differen t  individuals ,  th e 
ne w imag e looke d lik e a  happ y perso n w h o wa s a 
ne w individujd ,  differen t  from  th e tw o sourc e indi -
vidual s (se e Figur e 2(b)) .  The y hypothesize d from 
thi s tha t  "th e configura l  informatio n use d t o en -
cod e facia l  identit y m a y b e differen t  from  tha t  use d 
t o cod e facia l  expression. "  The y suggeste d tha t  i f 
th e tw o kind s o f  processin g coul d b e selectivel y dis -
rupted ,  the n tha t  woul d b e suppor t  fo r  thi s two -
representatio n model .  Not e tha t  ou r  mode l  ha s on e 
representation ,  correspondin g t o th e principa l  com -
ponent s layer .  I f  w e ca n obtai n th e sam e results , 
the n w e wil l  sho w tha t  thei r  conclusion ,  tha t  ther e 
ar e tw o representations ,  i s  unwarranted . 

Thi s experimen t  involve d thre e type s o f  compos -
it e stimuli .  Sam e identit y wit h differen t  expressio n 
(SID/DE )  composit e example s requir e tha t  th e iden -
tit y o f  th e acto r  i n bot h halve s b e th e sam e bu t  th e 
expressio n i n eac h hal f  b e different .  Differen t  iden -
tit y wit h sam e expressio n (DID/SE )  composit e ex -
ample s requir e tha t  th e identit y o f  th e acto r  i n eac h 
hal f  b e differen t  bu t  th e expressio n i n eac h hal f  b e 
th e same .  Differen t  identit y wit h differen t  expres -
sio n (D ID/DE )  composit e example s requir e tha t  th e 
identit y o f  th e acto r  i n eac h hal f  b e differen t  bu t  th e 
expressio n i n eac h hal f  b e th e same .  Figur e 2(b-d ) 

shows example s o f  al l  thre e types . 

Th e mode l  i s traine d o n al l  th e whol e an d hal f 
fac e example s fo r  te n actors .  Followin g Calde r  e t  al. , 
th e mode l  mus t  classif y th e expressio n an d identit y 
i n th e botto m hal f  o f  th e composit e tes t  example s 
constructe d from  thre e o f  th e actors .  I n orde r  t o 
tes t  fo r  identit y performance ,  Calde r  e t  al .  traine d 
thei r  subject s o n bot h identit y ein d expressio n fo r 
th e thre e actor s the y use d t o creat e th e composit e 
tes t  stimuU .  Henc e thes e stimul i  wer e include d i n 
th e trainin g set .  Thre e additiona l  localis t  output s 
wer e include d t o lear n th e identit y o f  thes e thre e ac -
tors .  Th e seve n remainin g actor s wer e traine d t o 
produc e al l  O' s o n thes e units .  Followin g Calde r  e t 
al. ,  fo r  th e thre e tes t  subjects ,  th e composit e ex -
ample s constructe d from  the m fo r  testin g purpose s 
onl y us e th e happy ,  Surprised ,  an d disguste d expres -
sions .  W e stoppe d trainin g b y usin g a  holdou t  se t 
compose d o f  th e remanin g fou r  actor s from  P O F A 
tha t  wer e no t  use d i n an y o f  th e Calde r  e t  al .  ex -
periments .  Th e networ k wa s traine d imti l  erro r  o n 
th e holdou t  se t  wa s minimal ,  an d teste d o n al l  thre e 
type s o f  composit e examples . 

Results :  Th e result s ar e show n i n Figur e 4 .  Whil e 
bot h expressio n an d identit y wer e classifie d withou t 
erro r  o n al l  type s o f  composites ,  ther e wa s a  signif -
ican t  differenc e i n a  standar d measur e o f  reactio n 
tim e from  feed-forwaur d networks :  1  -  th e m a x i m u m 
output .  Figur e 4(a )  show s th e reactio n tim e o f  ou r 
networ k o n th e relevan t  stimuli . 
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Figur e 4 :  Experimen t  3  results .  Pane l  (a )  show s th e effec t  o f  composit e typ e o n ou r  networ k reactio n tim e 
fo r  identit y an d expressio n recognition .  Pane l  (b )  i s derive d from  (Calde r  e t  al. ,  ress) . 

W h en classifyin g expressio n (dashe d line) ,  th e 
model  resp>ond s mor e quickl y whe n th e expressio n 
i s th e sam e i n bot h halve s o f  th e composit e exam -
ple .  Crucially ,  th e mode l  i s no t  slowe d mor e i n th e 
D I D / D E cas e tha n th e S I D / D E case .  Th e sam e re -
sul t  i s  tru e fo r  identit y classification .  W h e n classi -
fying  identity ,  th e mode l  i s faste r  whe n th e identit y 
i s th e sam e i n bot h halve s o f  th e composit e exam -
ple .  Crucially ,  th e mode l  i s no t  slowe d mor e i n th e 
D I D / D E cas e tha n th e D I D / S E case .  I n fact ,  i t 
i s  slightl y faster .  Th e patter n o f  thes e result s ar e 
equivalen t  t o th e patter n o f  th e respons e time s i n 
th e h u m a n experiment s (  Figur e 4(b)) . 

Analysis 

I n thi s sectio n w e examin e th e kin d o f  representa -
tio n tha t  th e networ k i s usin g fo r  thi s task .  I n par -
ticular ,  w e examin e th e principa l  component s o f  th e 
Gabor  filters.  Calde r  e t  al .  showe d tha t  th e princi -
pal  component s o f  gra y scal e image s take n from  th e 
P O FA databas e sho w a  sepaj°atio n i n term s o f  iden -
tit y an d expression .  Tha t  is ,  ther e ar e component s 
tha t  bes t  sepju-at e expressions ,  an d differen t  compo -
nent s tha t  bes t  separat e th e identitie s o f  th e model s 
i n th e P O F A . 

Th e principa J component s tha t  bes t  discriminat e 
a dat a set ,  assumin g th e dat a sample s ar e normall y 
distributed ,  ar e thos e tha t  minimiz e th e varianc e o f 
th e sample s withi n eac h class ,  whil e maximizin g th e 
tota l  varianc e o f  al l  th e samples .  Therefore ,  w e ca n 
ran k th e approximat e discriminatin g powe r  o f  eac h 
principa l  componen t  b y th e Wilk' s A  value :  th e 
within-clas s scatte r  divide d b y th e tota l  scatte r  o f 
th e samples .  Th e smalle r  th e Wilk' s A ,  th e greaite r 
th e discriminatin g power . 

T h e tw o Wilk' s A  value s fo r  eac h principa l  com -
ponen t  wer e compute d fo r  th e tw o fac e recognitio n 
task s compare d i n thi s paper :  expressio n recognitio n 
£ui d identit y recognition .  Onl y tw o component s ou t 
of  th e highes t  1 0 ranke d principa l  component s fo r 
eac h tas k overlapped .  Th e 5t h an d th e 19t h princi -
pal  component s wer e ranke d i n th e to p 1 0 fo r  bot h 

expressio n an d identit y recognition ,  bu t  othe r  tha n 
tha t  th e to p te n component s fo r  th e tw o task s wer e 
disjoint . 

Thi s suggest s tha t  th e principa l  component s use d 
t o encod e expressio n ar e separat e fro m thos e use d t o 
encod e identity .  Figur e 5(a )  an d (b )  sho w th e pro -
jection s o f  th e identit y classe s an d expressio n classe s 
on th e mos t  discriminatin g expressio n principa l  com -
ponents .  I t  i s  apparen t  tha t  thes e component s sep -
arat e expressio n bette r  tha n identity .  Figiur e 5(c ) 
shows th e identit y Wilk' s A  valu e plotte d agains t  th e 
expressio n Wilk' s A  value ,  fo r  correspondin g princi -
pal  components . 

Discussion 

Our  result s sugges t  tha t  ou r  simpl e neura l  networ k 
model  ca n explai n a  variet y o f  effect s i n psycholog -
ica l  researc h i n expressio n recognition .  W e foun d 
tha t  ou r  mode l  showe d nearl y th e sam e patter n o f 
result s i n discriminabilit y  o f  expression s from  hal f 
faces .  I n orde r  t o obtai n thi s result ,  w e ha d t o 
chang e ou r  mode l  i n tw o ways .  First ,  w e modele d 
th e attentiona l  proces s a s a n inhibitio n o f  irrelevan t 
information ,  a n approac h tha t  i s wel l  supporte d i n 
th e literature .  Second ,  w e ha d t o ad d trjiinin g o n 
hal f  face s t o ou r  model .  W e sugges t  tha t  thi s modi -
fication  i s independentl y motivate d b y th e fac t  tha t 
peopl e foveat e o n differen t  part s o f  th e fac e whe n 
performin g suc h tasks .  Futur e researc h shoul d con -
centrat e o n actuall y implementin g a n ey e movemen t 
mechanis m tha t  i s modulate d b y th e task .  Ou r  pre -
viou s mode l  o f  sca n path s (Yamad a an d Cottrell , 
1995 )  onl y use d botto m u p information .  To p down , 
task-relate d informatio n ca n b e incorporate d b y us -
in g th e mutua l  informatio n betwee n th e feature s an d 
th e categorie s -  essentially ,  featur e selection . 

Second ,  w e showe d tha t  ou r  model' s erro r  pat -
tern s whe n show n composit e versu s non-composit e 
face s follo w th e reactio n tim e patter n i n th e huma n 
subject s data .  Tha t  is ,  wher e ou r  mode l  make s mor e 
errors ,  th e human s hav e longe r  reactio n times .  I n a n 
unreporte d experiment ,  w e foun d th e correc t  patter n 
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Figur e 5 :  P C Analysis :  (a )  Plot s o f  eac h clas s o f  expressio n o n th e tw o mos t  discriminatin g expressio n 
principa l  components ;  (b )  Plot s o f  eac h clas s o f  identit y o n th e tw o mos t  discriminatin g expressio n principa l 
components ;  (c )  Identit y an d expressio n Wilk' s A  value s fo r  correspondin g principa l  components . 

of  reactio n time s whe n th e networ k i s onl y show n 
a hal f  fac e versu s a  composit e faice .  Thi s suggest s 
tha t  eithe r  th e hume m subject s d o no t  loo k a t  th e 
othe r  hal f  o f  th e fac e a t  al l  whe n the y ar e misaligned , 
or  tha t  a  greate r  degre e o f  attenuatio n o f  th e mis -
aligne d hal i  shoul d lea d t o result s mor e i n keepin g 
wit h th e R T data . 

Third ,  ou r  mode l  showe d tha t  i t  i s  no t  necessar y 
t o posi t  tw o independen t  representation s fo r  identit y 
and expressio n processing .  Sinc e th e representatio n 
at  th e principa l  component s laye r  i s a  se t  o f  orthog -
onal  vectors ,  an d th e categorize r  i s a  singl e laye r 
perceptron ,  thi s suggest s tha t  eac h outpu t  imi t  i s 
simpl y cuttin g of f  a  differen t  corne r  o f  th e featur e 
hypercube ,  am d th e learne d hyperplan e i s simpl y or -
thogona l  t o th e non-informativ e direction s o f  varia -
tion .  Thi s i s exactl y wha t  on e woul d expec t  give n 
thi s typ e o f  model ,  an d s o ther e i s n o myster y i n ou r 
results . 

Thi s resul t  migh t  als o hav e bee n expecte d give n 
previou s result s examinin g th e principa l  compo -
nent s o f  gra y scal e image s o f  facia l  expression s di -
rectl y (Calde r  e t  al. ,  2001) ,  wher e i t  wa s foim d tha t 
expressio n an d identit y tende d t o loa d o n differen t 
principa l  components .  Th e mai n differenc e her e i s 
tha t  ou r  principa l  component s ar e performe d o n a 
mor e biologicall y plausibl e representatio n o f  face s 
tha n gra y scal e images .  However ,  w e fin d tha t  whe n 
we d o a  simila r  analysi s t o tha t  carrie d ou t  b y Calde r 
et  al .  (2001) ,  w e als o find  tha t  th e representatio n 
load s expressio n an d identit y o n orthogona l  compo -
nents .  Doe s thi s mea n tha t  w e hav e tw o represen -
tations ? I f  on e think s o f  eac h principa l  componen t 
as a  Unea r  "neuron, "  an d th e projectio n o f  £i n inpu t 
on tha t  componen t  a s it s activation ,  the n observ -
in g thes e activitie s wil l  appea r  t o sho w unit s tha t 
respon d t o identity ,  an d othe r  unit s tha t  respon d 
t o expression .  On e coul d argu e tha t  thes e ax e the n 
separat e representations . 

However ,  w e argu e tha t  whe n viewe d ontologicall y 
thes e representation s wer e develope d t o b e orthogo -
nal  wit h respec t  t o on e another .  Tha t  is ,  du e t o th e 

constrai n tha t  th e principa l  component s mus t  b e or -
thogonal ,  th e representatio n o f  emotio n i s m a d e i n 
th e contex t  o f  an d i n competitio n wit h th e represen -
tatio n o f  identity ,  a s thes e ar e th e majo r  direction s 
i n whic h th e dat a vary .  O n th e othe r  hand ,  on e ca n 
say tha t  thi s i s a  functiona l  sep^atio n o f  th e repre -
sentations ,  an d indeed ,  i t  is . 
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Abstrac t 

This study examined the ability of cognitive factors (i.e., prior 
domai n knowledge ,  readin g ability ,  an d metacognitiv e 
readin g strategies )  t o predic t  students '  comprehensio n o f 
scienc e text s an d students '  performanc e i n a n introductor y 
psycholog y course .  Bot h prio r  knowledg e an d readin g abilit y 
reliabl y predicte d comprehensio n o f  th e scienc e tex t  (abou t 
sensor y memory) .  Prio r  knowledg e wa s th e bes t  predicto r  fo r 
exa m performance .  However ,  greate r  knowledg e provide d n o 
benefi t  fo r  student s wh o di d no t  us e certai n type s o f 
metacognitiv e readin g strategies .  Also ,  th e tendenc y t o us e 
previewin g strategie s onl y benefite d smdent s i f  the y 
possesse d sufficien t  prio r  knowledge . 

Introduction 

W h at  cognitiv e abilitie s ar e mos t  importan t  t o a  studen t 
enterin g a  colleg e leve l  scienc e course ? I f  w e assum e tha t 
scienc e cours e performanc e relie s o n factor s relate d t o 
scienc e comprehension ,  the n cognitiv e factor s suc h a s th e 
students '  leve l  o f  readin g ability ,  thei r  prio r  knowledg e o f 
th e domai n area ,  an d students '  knowledg e an d us e o f 
metacognitiv e readin g strategie s shoul d pla y ke y role s i n 
students '  cours e jjerformance .  Hence ,  th e purpos e o f  thi s 
researc h wa s t o establis h whethe r  thes e cognitiv e factor s 
wer e predictiv e o f  students '  comprehensio n o f  scienc e text s 
as wel l  a s thei r  performanc e i n a  scienc e cours e (i n thi s 
case ,  introductor y psychology) . 

Ther e i s n o doub t  tha t  bette r  reader s bette r  comprehen d 
tex t  (Perfetti ,  1985 )  -  because ,  o f  course ,  tha t  i s  th e 
underlyin g definitio n o f  readin g skill .  Skille d reader s als o 
ten d t o experienc e th e readin g proces s a s mor e automati c 
and effortles s tha n les s skille d reader s (Underwood ,  1997) . 
Skille d reader s ten d t o ntak e readin g proces s decision s 
belo w th e leve l  o f  consciousness ,  particularl y whe n readin g 
familia r  material .  Thus ,  skille d reader s unconsciously ,  o r 
wit h ver y littl e consciou s effort ,  understan d th e thought s 
comraimicate d throug h th e text s an d ar e reminde d o f  th e 
knowledg e die y hav e regardin g th e topi c covere d withi n a 
tex t  (Underwood ,  1997) .  Furthermore ,  skille d reader s 
approac h confusin g sentence s o r  passage s b y incorporatin g 
thei r  prio r  domai n knowledg e t o hel p the m bette r 
understan d th e tex t  (Collins ,  1994) .  Thus ,  i t  woul d b e 
expecte d tha t  no t  onl y readin g skill ,  bu t  als o prio r 
knowledg e woul d provid e considerabl e benefit s t o scienc e 
tex t  comprehensio n an d b y consequenc e t o students '  cours e 
performance . 

Researcher s hav e establishe d tha t  prio r  domai n 
knowledg e ha s a  stron g effec t  o n tex t  comprehensio n an d 
memory.  Bransfor d an d Johnso n (1972 )  firs t  establishe d tha t 
prio r  knowledg e improve s readers '  m e m o r y fo r  writte n 
information .  The y showe d tha t  whe n reader s wer e provide d 
wit h a  prio r  schem a vi a a  passag e titl e o r  a  picture ,  reader s 
recalle d twic e a s muc h fro m th e passag e compare d t o thos e 
w ho wer e no t  provide d wit h prio r  schemati c information . 
Essentially ,  th e passag e titl e activate d th e appropriat e prio r 
knowledge ,  o r  schema ,  tha t  allow s th e reade r  t o understan d 
and thu s remembe r  th e passage .  Chiesi ,  Spilich ,  an d Voss , 
(1979 )  demonstrate d tha t  reader s wit h greate r  prio r 
knowledg e o f  basebal l  bette r  understoo d an d remembere d a 
passag e concernin g baseball ,  regardles s o f  th e participants ' 
age o r  readin g ability .  Furthe r  researc h ha s demonstrate d 
tha t  prio r  knowledg e ha s a  pronounce d effec t  o n 
comprehensio n o f  difficul t  expositor y texts ,  suc h a s thos e 
foun d i n scienc e textbooks .  Reader s wit h greate r  prio r 
knowledg e exhibi t  superio r  comprehensio n an d thu s 
enhance d learnin g compare d t o dios e wit h les s prio r 
knowledg e (Alexander ,  Kulikowich ,  &  Schuize ,  1994 ; 
Chies i  e t  al. ,  1979 ;  M c N a m a r a ,  2001 ;  M c N a m a r a & 
Kintsch ,  1996 ;  M c N a m a r a ,  Kintsch ,  Songer ,  &  Kintsch , 
1996) .  Therefore ,  w e ca n expec t  tha t  prio r  knowledg e wil l 
hav e a  substantia l  effec t  o n scienc e cours e performance , 
perhap s mor e s o tha n readin g skill . 

Wherea s prio r  knowledg e i s  certainl y critica l  fo r 
successfu l  tex t  comprehensio n an d cours e performance , 
students '  metacognitiv e knowledge ,  suc h a s thei r  knowledg e 
of  metacognitiv e readin g strategies ,  m a y als o pla y a n 
importan t  role .  Generally ,  metacognitio n refer s t o a n 
individual' s abilit y t o thin k abou t  thinking .  Mor e 
specifically ,  metacognitio n ca n b e define d a s a n individuals ' 
abilit y  t o self-monitor ,  self-assess ,  an d self-evaluate .  Thes e 
processe s hel p a  learne r  determin e w h y a  proces s suc h a s 
readin g a  scienc e textboo k i s difficult ,  an d the n potentiall y 
overcom e th e difficulty . 

Metacognitio n whe n applie d t o readin g refer s t o th e 
proces s o f  monitorin g comprehensio n an d th e us e o f 
strategie s t o improv e comprehensio n (Forge t  &  Morgan , 
1997) .  Readin g strategie s suc h a s summarization ,  menta l 
imagery ,  mnemoni c imagery ,  questio n generation , 
answerin g self-generate d questions ,  an d look-back s hav e al l 
bee n show n t o enhanc e tex t  comprehensio n (Pressle y & 
Woloshyn ,  1995) .  Ch i  an d Basso k (1989 )  foun d tha t 
successfu l  student s tende d t o emplo y readin g strategie s suc h 
as generatin g elaboration s an d paraphrases ,  monitorin g an d 
creatin g statements ,  an d producin g self-explanations .  I n 
turn ,  thes e strategie s enhance d thei r  understandin g o f  th e 

244 

mailto:kcottrel@odu.edu
mailto:dmcnamar@odu.edu


text  materia l  (se e also ,  Chi ,  DeLeeuw ,  Chiu ,  &  LaVandchcr , 
1994) .  Ch i  an d Basso k als o foun d tha t  th e student s wer e 
more likel y t o generat e explanation s o f  th e materia l  covere d 
withi n a  tex t  whe n the y monitore d an d detecte d th e point s 
tha t  the y di d no t  successfull y understand .  I n addition ,  mor e 
successfu l  students '  self-explanation s tende d t o includ e 
additiona l  knowledg e compare d t o les s successfu l  student s 
who wer e mor e likel y t o simpl y par^hras e th e tex t 
material . 

Chi ,  Bassok ,  Lewis ,  Reimann ,  an d Glase r  (1989 )  foun d 
tha t  successfu l  student s showe d a  tendenc y t o us e strategie s 
suc h a s explainin g an d justifyin g example-exercise s i n a 
scienc e textboo k t o themselve s wherea s les s successfu l 
student s wer e no t  a s likel y t o sho w thi s tendency.  W h e n th e 
les s successfu l  student s explaine d th e exercis e t o 
themselves ,  the y di d no t  see m t o connec t  thei r  prio r 
knowledg e wit h th e informatio n covere d withi n th e scienc e 
textbook.  Th e stud y als o foun d a  tendenc y fo r  th e successfu l 
student s t o accuratel y monito r  an d detec t  whe n the y 
understoo d a  concep t  a s wel l  a s whe n the y di d no t  full y 
comprehen d o r  understan d a  concept .  Th e les s successfu l 
student s di d no t  sho w thi s tendency  whe n attemptin g t o 
detec t  comprehensio n failure s o f  concept s covere d withi n a 
scienc e text. 

Readin g strateg y instructio n als o improve s readin g 
comprehension .  Bereite r  an d Bir d (1985 )  foun d tha t  whe n 
reader s wer e taugh t  strategie s suc h a s restatement , 
backtrackin g an d proble m solving ,  ther e wa s a  significan t 
increas e i n readin g comprehension .  McNamar a an d Scot t 
(1999 )  foun d tha t  whe n student s i n a  colleg e leve l  scienc e 
cours e wer e traine d t o us e readin g strategie s t o improv e 
self-explanation ,  the y ha d superio r  cours e grade s compare d 
t o thei r  counterpart s w h o di d no t  receiv e thi s training . 
Moreover ,  thi s trainin g wa s mor e beneficia l  t o student s wit h 
les s prio r  knowledg e tha n fo r  thos e w h o ha d greate r  prio r 
knowledge .  I n essence ,  th e trainin g helpe d th e student s t o 
overcom e thei r  knowledg e deficits . 

Collin s (1994 )  als o note s tha t  metacognitio n affect s a n 
individual' s abilit y  t o integrat e prio r  knowledg e wit h 
incomin g nove l  informatio n fro m a  textbook,  suc h a s thos e 
textbook s use d i n scienc e courses .  A s indicate d earlier ,  prio r 
knowledg e assist s a n individual' s abilit y  t o comprehen d 
incomin g information .  Thus ,  a n individual' s metacognitiv e 
skill s  ma y assis t  hi m o r  he r  i n incorporatin g thei r  prio r 
knowledg e wit h th e ne w informatio n fro m th e textbook . 

I n summary ,  th e literatur e indicate s tha t  readin g skill , 
prio r  knowledge ,  an d th e knowledg e an d us e o f 
metacognitiv e readin g strategie s ar e importan t  tool s i n 
scienc e comprehension .  Thus ,  th e curren t  stud y examine s 
whethe r  readin g ability ,  prio r  domai n knowledge ,  an d 
metacognitiv e readin g strategie s ar e relate d t o cours e 
performanc e i n a n introductor y psycholog y cours e a t  Ol d 
Dominio n University .  Thes e factor s wer e assesse d a t  th e 
beginnin g o f  a  semeste r  t o determin e thei r  abilit y  t o predic t 
students '  comprehensio n o f  a  scienc e tex t  an d students ' 
cours e performance .  Ou r  secondar y goa l  wa s t o revea l 
whethe r  specifi c  metacognitiv e readin g strategie s wer e mor e 
or  les s associate d wit h readin g ability ,  scienc e tex t 
comprehension ,  an d prio r  knowledge . 

Readin g abilit y  wa s expecte d t o facilitat e readers ' 
comprehensio n o f  tex t  materia l  an d thu s improv e cours e 
performance .  Additionally ,  i t  wa s expecte d tha t  prio r 
knowledg e woul d hav e a  profoun d effec t  o n scienc e cours e 
performanc e a s wel l  a s comprehensio n o f  a  scienc e text. 
Thos e student s w h o hav e prio r  knowledg e o f  th e domai n o f 
a text  shoul d perfor m bette r  o n comprehensio n measure s o f 
tha t  materia l  becaus e the y hav e th e opportunit y t o 
incorporat e tha t  prio r  knowledg e wit h th e tex t  material . 
However ,  knowledg e an d us e o f  metacognitiv e readin g 
strategie s shoul d enhanc e tha t  abilit y  b y th e reade r 
strategicall y incorporatin g hi s o r  he r  prio r  knowledg e wit h 
th e nove l  materia l  fro m th e text.  However ,  fo r  thos e 
student s w h o lac k th e adequat e knowledg e neede d t o 
comprehen d difficul t  texts ,  suc h a s scienc e textbooks,  th e 
use o f  metacognitiv e readin g skill s  m a y compensat e fo r  th e 
lac k o f  prio r  knowledg e (se e e.g. ,  O'Reill y  an d McNamara , 
2002) .  Metacognitiv e readin g strategie s m a y assis t  th e 
learne r  t o monito r  thei r  comprehensio n o f  th e text  materia l 
and thu s activel y attemp t  t o understan d th e material . 

Method 

Participant s 

The sampl e consiste d o f  14 4 undergraduate s enrolle d i n 
Introductio n t o Psycholog y a t  Ol d Dominio n University . 
The participant s include d 5 7 male s an d 8 7 female s wit h a 
mean ag e o f  1 9 years .  Th e majorit y o f  th e participant s wer e 
freshma n (n=lll) .  Th e remainin g sampl e consiste d o f  2 1 
sophomores ,  8  juniors ,  an d 4  seniors .  The y wer e give n extr a 
credit s point s i n th e psycholog y cours e o f  thei r  choic e fo r 
thei r  participation . 

Procedure 

The experimen t  involve d tw o sessions ,  whic h too k plac e 
durin g th e regularl y schedule d clas s periods .  I n th e firs t 
session ,  participant s wer e invite d t o participat e an d give n 
th e Metacognitiv e Strategie s Inde x (MSI )  t o con:q)let e a t 
home.  (Ther e wa s n o instructio n o f  metacognitiv e readin g 
strategies. )  I n th e secon d session ,  participant s wer e 
administere d th e prio r  knowledg e test  (1 9 min) ,  th e Nelso n 
Denny readin g tes t  (1 5 min) ,  an d th e sensor y memor y text 
wit h di e comprehensio n question s ( 8 min) .  Students '  grade s 
wer e provide d b y th e instructo r  a t  th e en d o f  th e semester . 

Materials 

Metacognitiv e Readin g Strategie s Knowledg e an d us e o f 
metacognitiv e readin g strategie s wa s assesse d usin g th e 
Metacognitiv e Strategie s Inde x (MSI ;  Forget ,  1999) .  Thi s 
was a  25-ite m multiple-choic e questionnaire .  Studie s 
conducte d b y Forge t  i n conten t  area s a t  th e high-schoo l 
leve l  foun d validit y an d test-retes t  reliabilit y  t o b e hig h 
(Forget ,  1991 ;  Forge t  &  Morgan ,  1997 ;  Forget ,  1999) .  Th e 
question s determin e wha t  th e studen t  doe s before ,  during , 
and afte r  readin g a  text .  Fo r  th e purpos e o f  thi s study ,  fou r 
sub-factor s wer e examine d (1 )  predictin g an d verifyin g 
(predictin g th e conten t  an d evaluatin g prediction s an d 
creatin g ne w ones) ,  (2 )  previewin g th e text ,  purpos e setting , 
and self-questioning ,  (3 )  drawin g from  backgroun d 
knowledg e (activatin g an d incorporatin g informatio n from 
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backgroun d knowledge) ,  an d (4 )  summarizin g th e content . 
The reliabiUty  o f  th e M S I  compute d b y Cronbach' s Alph a 
was .66 .  Reliabilit y  o f  sub-facto r  (1 )  predictin g an d 
verifyin g wa s .30 ,  o f  sub-facto r  (2 )  previewing ,  purpos e 
setting ,  an d self-questionin g wa s .38 ,  o f  sub-facto r  (3 ) 
drawin g from  backgroun d knowledg e wa s .46 ,  an d fo r  sub -
facto r  (4 )  summarizin g an d applyin g fix-u p strategie s wa s 
.29 . 

Demographics Demographics, motivation, effort, and 
educatio n wer e assesse d usin g a  questionnair e consistin g o f 
15 questions .  Th e question s asses s h o w muc h tim e an d 
effor t  th e student s devot e t o th e cours e a s compare d t o h o w 
much tim e an d effor t  the y devot e t o othe r  course s (i.e. , 
" H o w man y hour s pe r  wee k d o yo u pla n t o devot e t o 
readin g an d studyin g fo r  thi s course?") .  Th e question s als o 
determin e h o w man y scienc e course s th e participant s hav e 
complete d an d h o w muc h the y enjo y readin g an d learnin g 
scientifi c  materia l  a s wel l  a s non-scientifi c  material . 
Example s are :  " H o w muc h d o yo u enjo y reading? "  an d 
" H o w m u c h d o yo u enjo y learnin g informatio n abou t 
science? " 

Prior Knowledge Prior knowledge was assessed using an 
unpublishe d prerequisit e knowledg e tes t  develope d i n 
collaboratio n writ h Lind a Buye r  a t  Governor s Stat e 
Universit y i n Illinois .  Th e 4 8 multiple-choic e question s 
wer e develope d base d o n th e concept s covere d withi n thre e 
textbook s use d fo r  introductor y psycholog y course s tha t 
wer e assume d know n t o th e reade r  b y th e textboo k authors . 
The question s include d psycholog y sp>ecifi c  question s (i.e. , 
"Whic h perso n i s mos t  closel y associate d wit h th e concep t 
of  th e unconscious?") ,  genera l  knowledg e question s (i.e. , 
"Whic h o f  th e followin g i s a  logarithmi c scale?") ,  an d 
researc h methodolog y question s (i.e. ,  " H o w i s sampl e siz e 
relate d t o th e accurac y o f  populatio n estimate s derive d fro m 
sampl e data?") -  Th e question s wer e presente d i n rando m 
order .  Reliabilit y  o f  th e prio r  knowledg e tes t  compute d b y 
Cronbach' s Alph a wa s .67 . 

Reading Ability Reading ability was evaluated using form 
G o f  th e Nelso n Denn y adul t  readin g comprehensio n tes t 
(Brown ,  Fishco ,  &  Hanna ,  1993) .  Th e measur e consist s o f 
seve n passage s an d 3 8 questions .  Th e participant s wer e 
instructe d t o rea d a  passag e an d the n answe r  th e 
comprehensio n question s regardin g tha t  particula r  passage . 
The y wer e permitte d t o loo k bac k o n th e passage s t o answe r 
th e comprehensio n questions .  Reliabilit y  compute d b y 

Cronbach' s Alph a wa s a=.88 . 

Science Comprehension The text consisted of a 307-word 
passag e o n th e topi c o f  sensor y memor y adapte d fro m 
Leflo n (pp .  195-196 ;  2000) .  Th e readin g eas e wa s 31. 3 an d 
th e Flesch-Kincai d Grad e leve l  wa s 12 .  Twelv e open-ende d 
comprehensio n question s wer e use d t o measur e 
comprehensio n o f  th e passage .  Si x o f  th e 1 2 question s wer e 
bridgin g questions ,  whic h requir e th e reade r  t o mak e 
inference s fro m tw o o r  mor e sentence s i n th e tex t  (i.e. , 
"What  wa s th e dependen t  variabl e i n Sperling' s experiment ? 

That  i s wha t  di d h e measure" )  an d th e remainin g 6  wer e 
text-base d question s whic h requir e th e reade r  t o us e onl y 
one sentenc e i n orde r  t o successfull y answe r  th e questio n 
(i.e. ,  "Wha t  i s sensor y memory?") .  Th e student s wer e 
allotte d 8  minute s t o rea d th e passag e an d answe r  th e 
questions ,  bu t  wer e allowe d t o refe r  bac k t o th e passag e t o 
answe r  th e questions .  Therefore ,  performanc e o n th e 
question s assesse s comprehension ,  bu t  doe s no t  necessaril y 
asses s memor y o r  learning .  Th e participant s wer e allotte d 8 
minute s t o complet e th e exercise .  Reliabilit y  o f  th e scienc e 
tex t  comprehensio n question s compute d b y Cronbach' s 
Alph a wa s .33 . 

Results 

The alph a leve l  wa s se t  a t  .05 ;  hence ,  probabilit y  value s ar e 
onl y reporte d fo r  margina l  results .  A s migh t  b e expected , 
knowledg e an d readin g skil l  wer e highl y correlate d (R=.63) , 
but  wer e no t  reliabl y correlate d wit h performanc e o n th e 
M S I .  Tex t  comprehensio n performanc e wa s measure d i n 
term s o f  proportio n correc t  o n th e open-ende d questions . 
T wo rater s score d th e comprehensio n question s an d 
discrepancie s ( 1 2 % o f  th e scores )  wer e resolve d vi a 
discussion ,  yieldin g a  final  se t  o f  scores . 

Demographics 

A standar d multipl e regressio n wa s compute d t o determin e 
whethe r  variable s suc h a s th e students '  amoun t  o f  effor t  i n 
th e class ,  motivation ,  enjoymen t  fo r  leanin g scienc e an d 
non-scienc e materia l  a s wel l  a s th e numbe r  o f  previou s 
scienc e course s take n b y th e studen t  wer e associate d wit h 
comprehensio n o f  th e sensor y memor y tex t  a s wel l  a s 
cours e performance .  Fo r  comprehensio n o f  th e sensor y 
m e m o ry passage ,  th e overal l  regressio n mode l  wa s 
significant ,  F(15,121)=2.2 9 accountin g fo r  1 2 % o f  tfie 
variance .  Tota l  point s o n th e S A T i n hig h schoo l  wa s th e 
onl y significan t  predictor ,  P=.35 ,  sr,̂ =.09 .  Fo r  averag e exa m 
performance ,  th e overal l  regressio n mode l  wa s reliable , 
F(15,121)=1.9 3 accountin g fo r  9 % o f  th e variance .  Th e onl y 
reliabl e predicto r  wa s hig h schoo l  grad e poin t  average , 
P=.33 ,  sr,̂ =.08 .  Hence ,  neithe r  cours e effor t  no r  readin g 
enjoymen t  wer e significan t  predictor s o f  performanc e i n thi s 
study . 

Predicting Comprehension and Exam Performance 

Oiu -  first  questio n regarde d th e abilit y  o f  prio r  knowledge , 
readin g ability ,  an d th e M S I  t o predic t  scienc e tex t 
comprehensio n an d cours e performance .  Regressio n 
analyse s wer e performe d fo r  eac h dependen t  measur e 
includin g prio r  knowledge ,  readin g ability ,  an d 
metacognitiv e readin g strategie s a s predicto r  variables . 

Science Text Comprehension For science text 
comprehetuion ,  th e overal l  regressio n mode l  wa s reliable , 
F(3,140)=30.70 ,  accountin g fo r  3 8 % o f  th e variance . 
Performanc e o n th e M S I  di d no t  predic t  performance, 
wherea s bot h prio r  knowledge ,  F(l,140)=9.54 ;  P=.27 , 
srî =.04 ,  an d readin g ability ,  F(l,140)=23.68 ;  P=.4I , 
srî =.10 ,  reliabl y predicte d comprehension .  High-knowledg e 
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student s score d significantl y highe r  o n th e comprehensio n 
question s Q ^ = 4 9 % correct )  tha n low-knowledg e student s 
^ = 3 3 % correct) ;  an d similarly ,  skille d readers  showe d 
bette r  comprehensio n ( M = 5 0 % correct )  tha n less-skille d 
reader s ( M = 3 1 % correct) .  Separat e analyse s di d no t  revea l 
any interdependencie s betwee n prio r  knowledg e an d reading 
ability . 

Average Exam Performance Average Exam performance 
i n thi s cours e wa s base d o n th e to p five  o f  si x exams . 
Analyse s include d student s w h o complete d a t  leas t  fou r  o f 
th e si x exam s (n=136) .  I n term s o f  averag e exa m 
performance ,  th e overal l  regressio n mode l  wa s reliable , 
F(3,132) = 13.46 ,  accountin g fo r  2 5 % o f  th e variance . 
Neithe r  readin g ability ,  F(l,132)=2.38 ,  no r  performanc e o n 
th e M S I ,  F(l,132)=3.24 ,  reliabl y predicte d exa m 
performance .  Prio r  knowledge ,  i n contrast ,  accounte d fo r 
2 1 % o f  th e variance ,  F(l,132)=30.85 ;  p=.48 ,  sr,̂ =.14 . 
Student s wit h greate r  prio r  knowledg e abou t  concept s 
relate d t o psycholog y whe n beginnin g th e cours e score d 
significantl y highe r  o n th e exam s (M=0.80 )  tha n di d low -
knowledg e student s (M=0.72) .  I n addition ,  th e effec t  o f 
knowledg e o n exa m performanc e remaine d stabl e acros s 
exams,  thus ,  prio r  knowledg e affecte d performanc e 
equivalentl y acros s al l  o f  th e exams . 

Metacognitive Reading Strategies 

Our  secon d questio n regarde d whethe r  th e sub-factor s o f  th e 
M SI  differentiall y  predicte d readin g skill ,  scienc e tex t 
comprehension ,  an d cours e performance .  Th e sub-factor s 
include d (1 )  predictin g an d verifying ,  (2 )  previewing , 
purpos e setting ,  an d self-questioning ,  (3 )  drawin g fro m 
backgroun d knowledge ,  an d (4 )  summarizin g an d applyin g 
fix-up  strategies . 

Reading Ability None of the four metacognitive sub-factors 
reliably  predicte d score s o n th e Nelso n Denn y readin g test . 

Science Comprehension Performance on the science text 
comprehensio n question s wa s reliabl y predicte d b y sub -
facto r  3  (drawin g fro m backgroun d knowledge) , 
F(l,140)=4.37 ;  P=.21 ,  srî =.03 .  Th e student s w h o wer e mor e 
likel y t o us e prio r  knowledg e whil e readin g score d 
significantl y highe r  o n th e comprehensio n o f  th e scienc e 
tex t  ( M = 4 2 % ) ,  tha n tiiose  student s w h o wer e les s likel y t o 
us e knowledg e ( M = 3 7 % ) .  Thi s relationshi p remaine d 
significan t  whe n prio r  knowledg e an d readin g abilit y  wer e 
include d i n th e regressio n equation .  Although ,  on e migh t 
expec t  tha t  drawin g o n backgroun d knowledg e woul d 
depen d o n th e student' s prio r  knowledge ,  thi s interactio n 
was no t  reliable . 

O— Lo w Summary /  Lo w Previe w 
• — Lo w Summary /  Hig h Previe w 
a — Hig h Summary /  Lo w Previe w 
•—Hig h Surrmar y /  Hig h Previe w 

Low Hig h 

Prio r  Knowledg e 

Figur e 1 .  E x a m Performanc e a s a  Functio n o f  Prio r 
Knowledge ,  Summarizatio n Readin g Strategies ,  an d 

Previewin g Readin g Strategie s 

E x a m Performanc e Performanc e o n exam s w a s reliabl y 
predicte d b y sub-facto r  2  (previewing ,  purpos e setting ,  an d 
self-questioning) ,  F(l,131)=4.16 ;  p=.19 ,  srĵ =.0 3 (Hig h 
M=0.77 ;  L o w M=0.73 )  an d b y sub-facto r  4  (summarizin g 
and J^plyin g fix-up  strategies) ,  F(l,131)=4.33 ;  P=.19 , 
srî =.0 3 (Hig h M=0.77 ;  L o w M=0.73) .  However ,  thes e 
effect s wer e no t  reliabl e whe n prio r  knowledg e wa s als o 
include d i n th e regressio n mode l  indicatin g tha t  prio r 
knowledg e i s mor e predictiv e o f  exa m performance . 
Moreover ,  furthe r  analyse s reveale d tha t  thes e factor s wer e 
interdependent .  A n interactio n betwee n knowledg e an d 
previewin g indicate d tha t  student s w h o wer e mor e likel y t o 
us e previewin g strategie s (i.e. ,  sub-facto r  2 )  onl y benefite d 
fro m thes e strategie s o n th e exam s i f  the y possesse d 
sufficien t  knowledge ,  F(l,128)=7.95 .  I n addition ,  ther e wa s 
a three-wa y interactio n betwee n knowledge ,  previewing , 
and summarization ,  F(l,128)=4.6 5 (se e Figur e 1) .  Student s 
w ho wer e les s likel y t o us e previewin g strategie s bu t  mor e 
likel y t o us e summarizatio n strategie s showe d a  margina l 
effec t  o f  prio r  knowledge ,  F(l,36)=3.31 ,  p=.08 .  Student s 
w ho wer e mor e likel y t o us e previewin g strategies , 
regardles s o f  th e exten t  o f  thei r  us e o f  summarizin g 
strategie s significantl y benefite d fro m thei r  prio r  knowledg e 
on exam s (Hig h S u m m a r y F(l,46)=14.33 ;  L o w Sununar y 
F(l,19)=21.36) .  Finally ,  greate r  knowledg e provide d n o 
benefi t  fo r  student s w h o di d no t  us e eithe r  typ e o f  reading 
strategies ,  F<2 .  Lookin g a t  th e interactio n fro m a  differen t 
angle ,  th e effect s o f  strateg y us e wer e no t  reliabl e fo r  low -
knowledg e students .  I n contras t  fo r  high-knowledg e 
students ,  ther e wa s a  reliabl e effec t  o f  previewing , 
F(l,47)=7.84 ,  an d margina l  interactio n o f  previewin g an d 
summarizing ,  F(l,47)=3.61 ,  p=.06 . 
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Discuss io n 

Th e purpos e o f  thi s stud y wa s t o determin e whic h cognitiv e 
abilitie s wer e precursor s t o scienc e comprehension ,  an d b y 
consequenc e t o students '  performanc e i n a  scienc e cours e 
(i n thi s case ,  introductor y psychology) .  Hence ,  w e examine d 
students '  prio r  knowledge ,  readin g ability ,  an d 
metacognitiv e readin g strategie s a t  th e beginnin g o f  a 
semeste r  an d relate d performanc e o n thes e measure s t o 
students '  abilit y  t o comprehen d a  scienc e tex t  (abou t 
sensor y memory )  an d students '  averag e exa m scores .  I n 
addition ,  w e determine d whethe r  specifi c  metacognitiv e 
readin g strategie s differentiall y  predicte d readin g ability , 
scienc e tex t  con^)rehension ,  an d cours e performance . 

As hypothesized ,  prio r  knowledg e strongl y predicte d 
students '  comprehensio n o f  th e sensor y m e m o r y passag e a s 
wel l  a s thei r  exa m performance .  High-knowledg e student s 
showe d a  1 6 percen t  advantag e o n comprehensio n question s 
i n compariso n t o low-knowledg e students .  Similarly , 
student s wit h greate r  prio r  knowledg e abou t  basi c 
psychologica l  concept s performe d abou t  8  percen t  bette r  o n 
th e cours e exam s tha n low-knowledg e students .  Indeed , 
prio r  knowledg e wa s th e onl y reliabl e predicto r  o f  exa m 
performance ,  accountin g fo r  2 1 percen t  o f  th e variance . 
Moreover ,  ther e wa s no t  a  declin e i n th e effec t  o f  prio r 
knowledg e throughou t  th e semester .  Hence ,  student s di d no t 
overcom e thei r  knowledg e deficit s a s th e cours e proceeded . 

Readin g abilit y  wa s a  stron g predicto r  o f  tex t 
comprehension ,  eve n mor e s o tha n prio r  knowledge .  Th e 
fac t  tha t  readin g abilit y  di d no t  predic t  exa m performanc e 
coul d inq)l y tha t  th e exam s di d no t  includ e informatio n 
covere d solel y widii n textbook s rathe r  wa s primaril y base d 
o n informatio n covere d withi n th e lectures ;  thu s readin g 
comprehensio n woul d no t  b e necessar y t o succee d i n th e 
course .  I n addition ,  thi s woul d mea n tha t  ou r  readin g abilit y 
measur e woul d b e a  poo r  predicto r  o f  lectur e 
comprehension .  Alternatively ,  th e typ e o f  readin g abilit y 
measur e coul d b e a t  fault .  Tha t  is ,  perh^ s th e Nelso n 
Denny readin g tes t  doe s no t  ta p int o th e sam e processe s 
involve d i n comprehendin g a  cours e textbook .  T o contradic t 
tha t  argument ,  however ,  i t  wa s foun d tha t  readin g abilit y 
was th e stronges t  predicto r  o f  comprehensio n o f  th e scienc e 
text ,  whic h wa s derive d from  a n introductor y psycholog y 
textbook . 

I n addition ,  i t  wa s foun d tha t  neithe r  th e overal l  scor e no r 
th e fou r  metacognitiv e sub-factor s predicte d readin g ability . 
Thi s resul t  indicate s tha t  th e Nelso n Denn y readin g tes t  doe s 
not  rel y heavil y o n strateg y use .  Thi s resul t  m a y b e expecte d 
becaus e th e Nelso n Denn y readin g tes t  primaril y cover s 
relativel y familia r  material ,  wherea s metacognitiv e readin g 
strategie s m a y b e mos t  helpfu l  fo r  les s familia r  o r  difficul t 
material . 

Students '  overal l  scor e o n th e Metacognitiv e Strategie s 
Inde x (MSI )  di d no t  reliabl y predic t  eithe r  exa m score s o r 
scienc e tex t  comprehension .  However ,  whe n th e sub-factor s 
wer e considered ,  i t  wa s foun d tha t  drawin g fro m 
backgroun d knowledg e wa s predictiv e o f  scienc e tex t 
comprehension .  Th e influenc e o f  thi s typ e o f  readin g 
strateg y wa s positiv e regardles s o f  students '  prio r 
knowledg e an d readin g ability .  Thi s resul t  furthe r  support s 

th e importanc e o f  teachin g bot h high -  an d low-knowledg e 
student s t o integrat e prio r  knowledg e wit h ne w informatio n 
when readin g difficul t  text s suc h a s scienc e textbook s (e.g. , 
M c N a m a ra &  Scott ,  1999) . 

Th e tw o sub-factors ,  previewing ,  purpos e settin g an d self -
questionin g a s wel l  a s summarizin g an d applyin g fix-u p 
strategie s predicte d exa m performance ;  however ,  thi s wa s 
dependen t  o n th e amoun t  o f  knowledg e th e students ' 
possessed .  Th e students '  us e o f  previewin g strategie s wa s 
onl y beneficia l  o n th e exam s whe n the y possesse d sufficien t 
prio r  knowledge .  Th e purpos e o f  previewin g i s t o activat e 
knowledg e schemas .  Thes e schema s presumabl y hel p th e 
studen t  t o prepar e fo r  th e learnin g proces s -  jus t  a s a  stor y 
titl e help s th e reade r  understan d a  passag e (Bransfor d & 
Johnson ,  1972) .  However ,  withou t  th e necessar y knowledg e 
abou t  th e topic ,  previewin g i s o f  littl e utility . 

I n addition ,  i t  wa s foun d tha t  student s wid i  low -
knowledg e di d no t  benefi t  reliabl y from  strateg y us e o n 
exams (cf ,  O'Reill y  &  McNamara ,  2002) .  Thus ,  i n contras t 
t o th e result s fo r  tex t  comprehension ,  i t  wa s foun d fo r 
exams tha t  strateg y us e di d no t  hel p t o compensat e fo r 
knowledg e deficits .  High-knowledg e participant s benefite d 
from  strategies ,  an d mos t  importantly ,  havin g mor e prio r 
knowledg e di d no t  benefi t  student s w h o di d no t  us e eithe r  o f 
th e metacognitiv e readin g strategies .  Hence ,  knowledg e an d 
strateg y us e ar e criticall y intertwined . 

Ther e ar e severa l  limitation s t o thi s study .  First ,  thi s stud y 
was correlational ,  an d thu s causa l  relationship s caimo t  b e 
assumed .  Clearly ,  additiona l  experimenta l  studie s ar e 
necessar y t o mor e completel y understan d thes e issue s (cf , 
M c N a m a ra &  Scott ,  1999) .  Second ,  th e sampl e wa s colleg e 
student s al l  enrolle d i n th e sam e introductor y psycholog y 
cours e an d mos t  o f  th e student s wer e freshmen  i n thei r 
secon d semeste r  o f  college .  Thus ,  th e result s o f  thi s stud y 
m ay no t  generaliz e t o othe r  populations .  Additionally ,  thi s 
stud y m a y no t  adequatel y ta p int o scienc e comprehensio n 
per  s e sinc e th e student s ar e enrolle d i n a  psycholog y cours e 
and th e sensor y memor y tex t  wa s derive d from  a n 
introductor y psycholog y textbook .  Th e predictor s o f 
comprehensio n o f  passage s withi n a  psycholog y textboo k 
m ay diffe r  from  thos e predictor s o f  comprehensio n o f  a 
biolog y textboo k o r  textbook s use d i n othe r  har d sciences . 
Futur e researc h i n thi s are a coul d b e t o examin e wha t 
factor s predic t  comprehensio n o f  text s an d cours e 
performanc e i n othe r  scienc e course s suc h a s biolog y o r 
chemistr y (e.g. ,  se e O'Reill y  &  McNamara ,  2002) .  Finally , 
i t  m a y b e beneficia l  t o examin e predictiv e factor s o f  scienc e 
comprehensio n fo r  colleg e student s compare d t o younge r 
student s suc h a s thos e i n hig h school . 

I n conclusion ,  thes e result s underlin e th e notio n tha t 
student s shoul d b e taugh t  t o utiliz e strategie s whe n readin g 
texts ,  particularl y thos e foun d i n scienc e courses .  I t  i s 
important ,  though ,  t o understan d whic h strategie s m a y b e 
mor e o r  les s helpfu l  unde r  differen t  circumstances .  Thi s 
stud y i s a  smal l  ste p towar d bette r  understandin g wha t  thes e 
circumstance s m a y be . 
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A c k n o w l e d g m e n t s 

We woul d lik e t o than k Lind a Buye r  wh o develope d th e 
prio r  knowledg e tes t  fo r  thi s study .  W e woul d als o lik e t o 
than k th e O D U Strateg y La b fo r  helpin g u s administe r  th e 
test s t o th e students ,  an d Eri n McSberr y fo r  helpin g t o scor e 
th e comprehensio n questions .  Thi s projec t  wa s partiall y 
supporte d b y a n N S F lER I  gran t  (REC-0089271 )  t o th e 
secon d author .  Fo r  furthe r  informatio n abou t  thi s study , 
contac t  Daniell e McNamar a a t  th e Universit y o f  Memphi s 
Psycholog y Department . 
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Abstrac t 

We argue that problem solvers can, in certain cases, 
solv e targe t  problem s b y transformin g perceptua l 
simulation s o f  solution s t o analogou s sourc e problems . 
We furthe r  argu e tha t  sourc e diagram s ma y facilitat e th e 
process ,  bu t  onl y i f  the y conve y physica l  affordance s 
consisten t  wit h th e necessar y transformations .  W e 
conducte d a n explorator y stud y i n whic h participant s 
wer e aske d t o solv e a  sourc e an d a  targe t  problem .  W e 
identifie d tw o propertie s o f  extemporaneousl y draw n 
sourc e diagram s -  vie w an d configuratio n -  tha t  wer e 
h i ^ y correlate d wit h th e productio n o f  analogou s 
solution s t o th e targe t  problem .  W e speculate d tha t  vie w 
and configuratio n influence d th e eas e wit h whic h certai n 
simulate d transformation s wer e performed .  Th e result s 
of  tw o additiona l  experiment s i n whic h th e vie w an d 
configuratio n o f  sourc e diagram s wer e independentl y 
controlle d furthe r  suppor t  th e claim . 

Introduction 
I n thi s pape r  w e explor e th e functionin g o f  diagram s 

i n analogica l  proble m solving .  Specifically ,  w e 
investigat e h o w contextua l  aspect s o f  diagram s -  thing s 
rangin g from  depicte d physica l  detail s t o intrinsi c 
propertie s lik e perspective ,  orientatio n an d scal e -
migh t  affor d th e lan d o f  simulate d physica l 
transformation s neede d t o conver t  a  solutio n t o on e 
proble m int o a  solutio n t o another .  I n th e nex t  tw o 
section s w e briefl y outlin e ou r  claim s concernin g 
diagrams ,  simulation s an d affordances ,  an d h o w the y 
migh t  relat e t o analogy .  I n th e remainin g section s w e 
presen t  th e finding s o f  thre e experiment s designe d t o 
bot h illustrat e an d tes t  thos e claims . 

Diagrams, Simulations and Affordances 

O ne w a y externa l  diagram s ca n fiinctic m i n proble m 
solvin g i s  b y scaffoldin g perceptual ,  o r  analog , 
simulation s i n th e perc^tua l  an d moto r  cortice s o f  th e 
brai n (Barsalou ,  1999 ;  Glenberg ,  1997) .  Perceptua l 
simulation s hav e bee n foun d t o facilitat e spatia l 
reasonin g (e.g. ,  Kosslyn ,  1994 )  a s wel l  a s variou s form s 
of  concqjtua l  reasonin g (e.g. ,  Barsalou ,  Solomo n & 
W u,  1999 ;  Glenber g &  Robertson ,  2000 ;  Sunfiel d & 

Zwaan,  2001 ;  Fincher-Keifer ,  2001) .  The y coul d 
potentiall y  benefi t  proble m solvin g b y facilitatin g th e 
testin g an d genera l  exploratio n o f  candidat e solutions . 

We argu e tha t  th e w a y a  diagra m i s draw n affect s no t 
onl y wha t  i s perceptuall y simulate d bu t  als o h o w th e 
resultin g simidatio n ca n b e perceptuall y transformed .  A 
lon g histor y o f  findings ,  datin g bac k t o Coope r  an d 
Shepard' s (1973 )  chronometri c studie s o f  menta l 
rotation ,  suppor t  di e basi c premis e tha t  simulation s ar e 
transforme d throug h simulate d moto r  activity .  Mor e 
recently ,  researcher s hav e foun d tha t  simulate d 
transformation s ar e motoricall y structure d an d 
constrained .  T h e eas e wit h \̂ iiic h imagine d bod y part s 
ar e mentall y rotated ,  fo r  example ,  parallel s th e eas e 
wit h whic h thos e part s ca n b e rotate d i n actualit y 
(Parsons ,  1987) .  I n addition ,  concurren t  moto r  activit y 
consisten t  wit h simulate d transformation s o f  imagine d 
object s tend s t o m a k e thos e transformation s fester  an d 
mcx- e accurate ,  wiiil e inconsisten t  activitie s produc e 
interfwenc e (Wexler ,  Kossly n &  Berthoz ,  1998) . 
Generall y speaking ,  simulate d transformaticHi s appea r 
t o b e ccxistraine d i n th e sam e w a y rea l  interactio n wit h 
th e physica l  worl d i s constrained .  Insofe r  a s contextua l 
aspect s o f  diagram s woul d hel p determin e th e physica l 
propertie s o f  simulate d object s (e.g. ,  texture ,  shape , 
mass,  etc. )  an d th e contex t  i n whic h the y ar e perceive d 
(e.g. ,  perspective ,  orientation ,  scale ,  etc.) ,  thos e aspect s 
act  a s transformationa l  affordance s b y fecilitating 
certai n simulate d transformation s an d inhibitin g others . 

A findin g dia t  illustrate s th e ide a tha t  diagram s 
conve y transformationa l  affordance s come s from  a 
stud y b y Schwart z an d Blac k ( 1 9 % )  i n wliic h peopl e 
wer e show n a  diagra m o f  tw o gear s meshe d together , 
on e large r  tha n th e other ,  an d aske d wiiethe r  tw o marks , 
on e o n th e circumferenc e o f  eac h gear ,  woul d 
eventuall y lin e u p i f  th e gear s wer e rotated .  B y 
comparin g respons e time s agains t  th e initia l  angula r 
disparit y o f  th e marks ,  Schwart z an d Blac k wer e abl e t o 
identif y differen t  strategie s use d t o complet e th e task , 
on e o f  whic h appeare d t o b e perceptuall y simulatin g th e 
tw o gear s rotatin g together .  Ultimately ,  Schwart z an d 
Blac k wer e abl e t o constrai n th e strateg y peqjl e use d 
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by manipulatin g th e gea r  diagrams .  I n particula r  the y 
foun d tha t  th e simulated-rotatio n strateg y wa s mos t 
likel y t o b e use d whe n th e contactin g surfiice s o f  th e 
gear s wer e dq)iae d a s roug h rathe r  tha n smooth ,  a s i f 
roughnes s m a d e i t  easie r  t o imagin e on e gea r  drivin g 
th e other .  I n thi s cas e a  physica l  propert y depicte d i n 
th e diagra m appear s t o hav e affecte d th e eas e wit h 
whic h associate d perceptua l  simulation s wer e 
subsequentl y transformed . 

Analogical Problem Solving 

I n analogica l  proble m solving ,  proble m solver s star t 
wit h a  solve d "source "  proble m tha t  i s simila r  i n som e 
way t o a n unsolve d "target "  problem .  I f  a  proble m 
solve r  i s awar e tha t  th e tw o ar e related ,  h e o r  sh e wil l 
nee d t o m a p th e sourc e proble m ont o th e target ,  thu s 
identifyin g whic h proble m element s an d constraint s ar e 
identical ,  whic h ar e comparable ,  an d w^ic h ar e 
irrelevant .  Ideally ,  a  mappin g wil l  b e forme d tha t 
allow s th e proble m solve r  t o transfe r  additiona l  aspect s 
of  th e sourc e t o th e target ,  producin g a  targe t  solution . 
Althoug h mos t  account s o f  analog y ar e base d o n 
perceptuall y neutra l  representation s (e.g. ,  Gentner , 
1983 ;  Gic k an d Holyoak ,  1983) ,  w e argu e tha t  peopl e 
can ,  i n certai n situations ,  perceptuall y simulat e sourc e 
solution s an d transfor m th e simulation s int o solution s t o 
targe t  problems .  Followin g th e hypothesi s presente d i n 
th e previou s section ,  w e furthe r  argu e tha t  affordance s 
associate d wit h sourc e diagram s migh t  influenc e th e 
likelihoo d tha t  a n analogica l  solutio n i s produce d b y 
constrainin g wha t  transformation s ca n b e executed . 

Experiment 1 

T o explor e h o w diagram s influenc e analogica l 
proble m solvin g w e devise d a n qjen-ende d experimen t 
i n whic h participant s wer e give n tw o superficiall y 
dissimila r  bu t  analogou s problem s an d aske d t o 1 ) 
conside r  possibl e link s betwee n them ,  2 )  lis t  whateve r 
similaritie s the y found ,  an d 3 )  tr y t o solv e them .  Th e 
first  proble m wa s writte n t o b e easie r  tha n th e second , 
th e hop e bein g tha t  participant s woul d solv e i t  an d thu s 
hav e a  sourc e the y coul d appl y t o th e secon d problem . 
No independen t  variable s wer e controlled .  Instead , 
variation s i n solution s t o th e easie r  proble m -  i n 
particula r  variation s i n th e ccxitextua l  aspect s o f 
spontaneousl y produce d sketche s -  wer e analyze d afte r 
th e fact .  Correlation s betwee n variou s contextua l 
propertie s an d th e productio n o f  analogou s solution s t o 
th e harde r  proble m wer e the n sought . 

Th e easie r  o f  th e tw o problem s -  th e on e writte n t o 
be a  potentia l  sourc e fo r  th e harde r  proble m -  involve d 
designin g a  doo r  syste m fo r  a  laborator y tha t  woul d 
giv e worker s fi-ee  acces s t o th e la b spac e whil e keepin g 
th e ai r  outsid e th e la b fi-om  contaminatin g th e ai r  inside . 
I t  wa s assume d tha t  mos t  participant s woul d com e u p 
wit h a  redundant-doo r  solution ,  on e tha t  involve d eithe r 
tw o set s o f  door s o n eithe r  sid e o f  a  vestibul e o r  a 
revolvin g door .  Th e harde r  proble m -  th e on e writte n t o 

be th e targe t  -  involve d designin g a  pol e tha t  suspende d 
a devic e severa l  fee t  of f  th e sid e o f  a  truck .  Th e pol e 
was describe d a s stickin g ou t  i n suc h a  wa y tha t  i t  ra n 
int o signpost s o n th e sid e th e o f  th e roa d (Figur e 1) .  T h e 
proble m wa s t o desig n th e pol e s o tha t  i t  coul d pas s 
throug h signpost s a t  a  righ t  angle .  Ideally ,  i f 
participant s cam e u p wit h a  redundant-doo r  solutio n t o 
th e doo r  proble m the y woul d us e i t  t o com e u p wit h a 
redundant-pol e solutio n t o th e pol e problem .  The y 
might ,  fo r  example ,  specif y tw o poles ,  on e tha t  move d 
out  o f  th e w a y wdiil e th e othe r  staye d i n plac e an d vic e 
versa . 

T o fcHi n a n analog y betwee n th e d o w proble m an d 
th e pol e proble m require s overcomin g no t  onl y 
superficia l  difference s (e.g. ,  difference s i n object s an d 
objec t  attributes )  bu t  als o a  ke y structura l  differenc e i n 
thei r  respectiv e perceptua l  contexts .  I n th e doo r 
problem ,  passin g throug h th e doo r  i s natural ;  th e 
proble m i s tha t  i t  let s ba d ai r  i n an d goo d ai r  out .  I n th e 
pol e problem ,  b y contrast ,  passin g on e objec t  throug h 
th e othe r  i s no t  natural ,  an d th e proble m i s t o m a k e i t 
so.  Furthermore ,  th e pol e proble m involve s modifyin g 
th e thin g i n motion ,  w^il e th e doo r  proble m involve s 
modifyin g th e thin g bein g passe d through .  Thus ,  t o m a p 
a simulate d redundant-doo r  solutio n ont o th e pol e 
proble m ultimatel y require s a  shif t  i n one' s physica l 
fi-ame  o f  reference .  O n e mus t  eithe r  1 )  imagin e tha t  th e 
sig n pos t  i n th e pol e proble m i s th e la b worke r  i n th e 
doo r  problem ,  o r  2 )  imagin e tha t  th e la b boundar y i n 
th e doo r  proble m i s th e pol e i n th e pol e problem .  T h e 
latte r  mean s imaginin g a n otherwis e roote d la b 
boundar y i n motion ,  whil e th e forme r  mean s imaginin g 
an otherwis e roote d sig n pos t  i n motion . 

Figur e 1  T h e pol e problem :  Participant s ar e aske d t o 
desig n a  pol e tha t  ca n pas s throug h a  signpost . 

Transformin g th e motiona l  contex t  o f  a  simulate d 
redundant-doo r  solutio n m a y no t  b e easy .  Suc h a  shif t 
migh t  depen d o n wha t  sor t  o f  transformationa l 
affordance s ar e present ,  whic h might ,  i n turn ,  depen d 
on th e contextua l  pTopertie s o f  a n externa l  diagram .  W e 
argu e tha t  a  diagra m o f  a  redundant-doo r  solutio n 
might ,  b y scaffoldin g a  perceptua l  simulation ,  facilitat e 
th e us e o f  suc h a  solutio n i n solvin g th e pol e problem , 
but  onl y i f  th e contextua l  propertie s o f  th e diagra m 
affor d th e shif t  i n motiona l  contex t  require d t o alig n th e 
tw o problems . 

Materials and Procedure 
The experimen t  wa s administere d i n bookle t  form .  T h e 
doo r  proble m wa s printe d a t  th e to p o f  th e first  pag e 
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an d th e pol e proble m jus t  belo w it .  Instruction s o n th e 
first  pag e aske d participant s t o writ e dow n a s m a n y 
similaritie s betwee n th e tw o problem s a s the y coul d i n 
4 minutes .  Th e secon d pag e o f  th e bookle t  wa s divide d 
vertically ,  th e to p containin g instruction s askin g 
participant s t o writ e dow n a  solutio n t o th e doo r 
problem ,  th e botto m containin g instruction s askin g 
participant s t o writ e dow n a  solutio n t o th e pol e 
problem .  Th e instruction s specifie d tha t  the y woul d 
hav e 5  minute s total .  A s participant s wer e le d throug h 
th e bookle t  the y wer e reminde d t o carefull y rea d th e 
instruction s befor e startin g eac h task .  W h e n the y turne d 
t o th e secon d pag e the y wer e verball y tol d the y coul d 
dra w picture s i f  i t  helpe d the m articulat e thei r  solutions . 

Participants 
T wo hundre d an d nin e participant s wer e recruite d fi^om 
an introductor y psycholog y clas s a t  Georgi a Tec h t o 
participwt e i n exchang e for  clas s credit .  Th e experimen t 
was administere d i n on e larg e grou p durin g a  regularl y 
schedule d clas s session . 

Results and Discussion 
We first  analyze d similaritie s participant s reporte d prio r 
t o solvin g di e problems .  Mos t  participant s reporte d 
superficia l  similarities ,  suc h a s tha t  bot h problem s 
involve d engineers .  A  fe w als o reporte d highl y abstrac t 
similarities ,  suc h a s tha t  bot h problem s involve d a n 
obstacl e tha t  prevente d a  devic e fi-om  working .  Mor e 
interestingly ,  som e participant s reporte d tha t  bot h 
problem s involve d somethin g passin g throug h a  soli d 
barrier .  Althoug h th e requiremen t  tha t  somethin g pas s 
throug h a  barrie r  i s  clearl y state d i n th e pol e problem ,  i t 
i s  no t  state d a t  al l  i n th e doo r  problem .  Th e objectiv e i n 
th e doo r  proble m is ,  i n fact ,  opposit e tha t  o f  th e pol e 
problem :  Somethin g wit h a  penetrabl e (a s oppose d t o 
solid )  boundar y need s t o b e redesigne d t o preven t 
somethin g fi-om  gettin g throug h (a s oppose d t o allo w 
somethin g through) .  Despit e th e implici t  natur e o f  th e 
pass-throug h similarity ,  6 0 o f  th e 20 9 participant s 
(29% )  reporte d it . 

We nex t  analyze d solution s produce d fo r  th e tw o 
problems .  Solution s t o th e doo r  proble m wer e classifie d 
as eithe r  redundant-doo r  solution s o r  non-redundant -
doo r  solutions ,  th e forme r  bein g thos e tha t  include d on e 
or  m w e o f  th e following :  1 )  a  verba l  referenc e t o tw o 
doorways ,  2 )  a  verba l  referenc e t o a n airlock ,  3 )  a 
verba l  refermc e t o a  revolvin g door ,  4 )  a  diagra m 
showin g tw o doorways ,  5 )  a  diagra m showin g a n 
airlock ,  o r  6 )  a  diagra m showin g a  revolvin g door .  A s 
expecte d mos t  participant s (184 ,  o r  8 8 % )  produce d 
some kin d o f  redundant-doo r  solution . 

Fewer  students ,  b y contrast ,  wer e successfu l  i n 
solvin g th e pol e problem .  Solution s t o th e pol e proble m 
wer e first  classifie d a s eithe r  analogou s t o th e doo r 
proble m o r  non-analogous .  Analogou s solution s wer e 
thos e tha t  m a d e us e o f  redundancy .  Specifically ,  a 
solutio n wa s deeme d analogou s i f  on e par t  remaine d i n 
plac e whil e anothe r  par t  move d ou t  o f  th e wa y an d vic e 
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versa .  Suc h solution s include d thos e wit h multipl e 
latche s (wit h on e latc h openin g a t  a  time) ,  multipl e 
pole s (wit h on e pol e retractin g a t  a  time) ,  o r  rotatin g 
device s (wit h on e en d swingin g ou t  o f  th e wa y a s th e 
othe r  en d swun g int o place) .  O f  th e 20 9 participants ,  3 3 
(16% )  produce d analogou s solution s t o th e pol e 
problem .  A n exampl e o f  a n analogou s solutio n i s 
show n alongsid e a  non-analogou s solutio n i n Figur e 2 

Not  surprisingly ,  participant s wer e mor e likel y t o 
generat e a n analogou s solutio n t o th e pol e proble m i f 
the y generate d a  redundant-doo r  solutio n t o th e doo r 
problem .  O f  th e 18 4 participant s w h o generate d 
redundant-doo r  solutions ,  3 1 (17% )  produce d 
analogou s solution s t o th e pol e problem ,  whil e onl y 2 
of  th e othe r  2 5 participant s (8% )  produce d them . 
Analogou s solution s t o th e pol e proble m wer e als o 
correlate d wit h th e reportin g o f  pass-throug h 
similarities .  O f  th e 6 0 participant s w h o reporte d pass -
throug h similarities ,  1 7 (28% )  produce d analogou s 
solution s t o th e pol e problem ,  compare d t o 1 6 o f  th e 
149(ll%)wiiodidnot . 

^ p-vJ^-^ 

Figure 2 A solution to the pole problem that is 
analogou s t o a  redundant-doo r  solutio n t o th e doo r 

proble m (left )  an d on e tha t  i s  no t  (right) . 

Th e remainin g analyse s concer n th e diagram s 
participant s dre w t o illustrat e thei r  solution s t o th e doo r 
problem .  O f  th e 18 4 participant s w h o produce d 
redundant-doo r  solutions ,  13 1 dre w a t  leas t  on e 
diagram .  Diagram s alon e wer e no t  correlate d wit h 
analogou s solution s t o th e pol e problem .  O f  th e 13 1 
wii o dre w diagrams ,  2 2 (17% )  produce d analogou s 
solution s t o th e pol e problem ,  whil e 9  o f  th e remainin g 
53 participant s (17% )  als o produce d them .  Thi s i s no t 
inconsisten t  wit h th e argumen t  m a d e earlie r  abou t  th e 
rol e o f  diagram s i n proble m solving .  O f  interes t  i s  no t 
\̂ ^ethe r  diagram s i n genera l  hel p bu t  whethe r  certai n 
type s o f  diagram s ar e mor e highl y correlate d wit h th e 
productio n o f  analogou s solutio n tha n others . 

T o roughl y classif y diagram s accordin g t o 
transformationa l  affordance s w e looke d a t  tw o diagra m 
properties :  vie w an d craifiguration .  V ie w wa s code d a s 
eithe r  pla n (viewe d fro m above) ,  elevatio n (viewe d 
fi-om  th e side) ,  perspective ,  o r  ambiguou s (eithe r  pla n 
or  elevation) .  Configuratio n wa s mor e varied .  AAc t 
reviewin g al l  redundant-doo r  diagrams ,  1 7 distinc t 
configuratio n type s wer e identifie d base d o n th e space s 
tha t  wer e depicte d an d thei r  organization .  F ro m thes e 
17 types ,  tw o higher-leve l  categorie s wer e defined :  1 ) 
single-spac e diagrams ,  o r  thos e i n whic h th e onl y spac e 
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depicte d wa s th e spac e betwee n th e redundan t  dixv s 
and 2 )  multiple-spac e diagrams ,  o r  thos e i n whic h 
additiona l  space s wer e depicted .  A  space ,  i n thi s case , 
was define d a s an y conve x are a bounde d b y a t  leas t 
thre e walls .  A n exampl e o f  eac h typ e i s show n i n 
Figur e 3 . 
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Figur e 3  A  multiple-spac e diagra m o f  a  redundant-doo r 
solutio n (left )  an d a  single-spac e diagra m (right) . 

Participant s w h o dre w single-spac e diagram s wer e 
significantl y mor e likel y t o produc e analogou s solution s 
t o th e pol e proble m tha n thos e w h o dre w multiple-spac e 
diagrams .  O f  th e 13 1 participant s drawin g redundant -
doOT diagram s 2 6 dre w single-spac e diagrams ,  an d o f 
thos e 1 2 (46% )  produce d analogou s solution s t o th e 
pol e problem .  B y contrast ,  onl y 1 0 o f  th e 10 5 (10% ) 
participant s w h o dre w multiple-spac e diagram s 
produce d analogou s solutions .  Th e percentag e o f 
participant s w h o produce d analogou s solution s t o th e 
pol e proble m i n eac h o f  th e tw o mai n configuratio n 
type s i s liste d i n Tabl e 1 . 

Participant s w h o dre w diagram s i n pla n wer e als o 
much mor e likel y t o produc e analogou s solution s t o th e 
pol e proble m tha n thos e w h o dre w diagram s fi-om  othe r 
views .  O f  th e 13 1 participant s w h o dre w redundant -
door  diagrams ,  5 8 dre w diagram s i n plan ,  1 4 (24% )  o f 
w h o m wen t  o n t o produc e a n analogou s solutio n t o th e 
pol e problem .  O f  th e 7 3 w h o dre w redundant-doo r 
diagram s fr«n  othe r  views ,  onl y 8  (11% )  produce d 
analogou s solutions .  Th e percentag e o f  participant s 
who produce d analogou s solution s t o th e pol e proble m 
i n eac h vie w i s liste d i n Tabl e 2 . 

Table 1 Number of redundant-door diagrams drawn in 
eac h configuratio n type ,  an d th e percentag e o f  thos e 

followe d b y a n analogou s solutio n t o th e pol e problem . 

N 
Single-ipac e 2 6 

Multiple-spac e 10 5 
N 13 1 

Analogou i  aolution s 
46 % 
10 % 
17 % 

Tabl e 2  Numbe r  o f  redundant-doo r  diagram s draw n i n 
eac h view ,  an d th e percentag e o f  thos e followe d b y a n 

analogou s solutio n t o th e p>ol e problem . 

Pla n 
Elevatio n 

Perspectiv e 
Ambiguou s 

N 

N 
58 
42 
22 
9 

131 

Analogou s solution s 
24% 
10% 
9% 
22% 
17% 

Ther e ar e a t  leas t  tw o explanation s fo r  w h y 
participant s wer e les s likel y t o produc e analogou s 
solution s t o th e pol e proble m whe n drawin g multiple -
spac e diagram s tha n whe n drawin g single-spac e 
diagrams .  O n e i s tha t  additiona l  space s mean t  tha t  ther e 
wer e additiona l  unalignabl e feature s i n th e sourc e tha t 
coul d hav e interfere d wit h a  successfu l  mapping . 
Althoug h thi s possibilit y  i s  har d t o assess ,  i t  shoul d b e 
note d tha t  ther e wer e a  numbe r  o f  othe r  randoml y 
distribute d unalignabl e feature s i n th e diagram s tha t 
coul d hav e countervaile d thos e associate d wit h multipl e 
spaces . 

A secon d explanation ,  an d on e tha t  i s mor e i n lin e 
wit h ou r  origina l  hypothesis ,  i s  tha t  additiona l  space s 
made i t  mor e difficul t  t o transfor m a  perceptua l 
simulatio n o f  a  redimdant-doo r  solutio n int o a 
perceptua l  simulatio n o f  a  redundant-pol e solution .  Thi s 
explanatio n rest s o n thre e assumptions :  first,  tha t  th e 
diagram s scaffolde d simulation s o f  physica l  object s 
wit h particula r  transformationa l  affordances ;  second , 
tha t  usin g a  redundant-doo r  solutio n t o solv e th e pol e 
proble m require d imaginin g th e doo r  syste m i n motion ; 
an d third ,  tha t  a  simulate d doo r  syste m migh t  hav e bee n 
roote d vi a a  kinestheti c sens e o f  inerti a tha t  woul d 
make i t  difficul t  t o imagin e motion .  I f  so ,  whethe r  a 
redundant-doo r  diagra m facilitate d th e productio n o f  a n 
analog y woul d hav e depende d o n th e diagram' s 
affordances .  Specifically ,  th e depictio n o f  additiona l 
space s coul d hav e cause d th e doo r  syste m t o see m mor e 
physicall y encumbere d an d henc e harde r  t o simulat e i n 
motio n a s require d fo r  a  successfu l  mapping . 

Th e fac t  tha t  vie w wa s als o correlate d wit h th e 
productio n o f  analogou s solution s t o th e pol e proble m 
furthe r  support s th e ide a tha t  diagram s bot h scaffolde d 
an d constraine d perceptua l  simulations .  Participants ,  fo r 
example ,  woul d hav e likel y bee n abl e t o visualiz e door s 
swingin g ope n mor e easil y i n pla n tha n i n othe r  view s 
(th e motio n bein g orthogona l  t o suc h a  view) ,  makin g i t 
easie r  t o simulat e th e action s neede d t o solv e th e pol e 
problem .  I n addition ,  plan-vie w simulation s m a y hav e 
bee n mcM- e easil y transforme d becaus e the y wer e no t 
constraine d b y gravitationa l  affordances ,  gravit y bein g 
(xthogona l  t o spatia l  relation s depicte d i n pla n vie w 
(Frankli n an d Tversky ,  1990 ;  Rock ,  1973) .  Th e ide a 
tha t  vie w an d configuratio n m a y hav e influence d 
perceptuall y simulate d transformation s is ,  o f  course , 
speculative .  Th e nex t  tw o experiment s attemp t  t o 
provid e mor e suppor t  fo r  th e claim . 
Experiment 2 

One o f  th e finding s fro m Experimen t  1  wa s tha t  th e 
configuratio n o f  sourc e diagram s wa s correlate d wit h 
th e productio n o f  analogou s solution s t o a  targe t 
problem .  W e argue d tha t  th e diagram s scaffolde d 
perceptua l  simulations ,  whic h coul d hav e the n bee n 
transforme d t o fit  th e physica l  contex t  o f  th e targe t 
proble m i f  th e diagram s afforde d thos e transformations . 
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Althoug h Experimen t  1  helpe d illustrat e thi s argument , 
th e analysi s wa s primaril y pos t  hoc .  Th e experimen t 
discusse d i n thi s sectio n i s designe d t o tes t  th e clai m i n 
a mor e controlle d way . 

A two-conditio n variatio n o f  Experimen t  1  wa s 
designed .  Participant s i n bot h condition s wer e give n th e 
doo r  proble m wit h a  redundant-doo r  solutio n alread y 
specifie d an d a  diagra m illustratin g it .  The y wer e the n 
give n th e pol e proble m an d aske d t o solv e it ,  alon g wit h 
th e hin t  tha t  th e solutio n t o th e doo r  proble m migh t  hel p 
them .  Th e independen t  variabl e wa s th e typ e o f 
diagra m show n wit h th e doo r  problem ,  whil e th e 
dependen t  variabl e wa s th e typ e o f  solutio n participant s 
produce d for  th e pol e problem . 

I n on e conditio n (th e afforde d condition )  participant s 
wer e give n a  redundant-doo r  diagra m showin g a  doo r 
vestibul e bisectin g a  wal l  boundin g th e lab .  I n th e othe r 
conditio n (th e unaffbrde d condition )  participant s wer e 
give n a  diagra m showin g th e sam e doo r  vestibul e 
abuttin g th e wal l  (Figur e 4) .  Th e numbe r  an d typ e o f 
element s wer e th e sam e i n bot h diagrams ,  ensurin g tha t 
diffo-ence s i n performanc e coul d no t  b e attribute d t o 
difference s i n th e numbe r  o r  typ e o f  unalignabl e 
objects .  Althoug h bot h diagram s ar e single-spac e 
configuration s accordin g t o th e codin g schem e use d i n 
Experimen t  1 ,  the y diffe r  i n thei r  physica l  affordances , 
particularl y i n h o w th e vestibul e i s perceive d i n relatio n 
t o th e wall .  I n th e afforde d condition ,  th e wal l  an d th e 
vestibul e ar e mean t  t o b e perceive d a s overlapping , 
followin g th e Gesta h la w o f  continuation .  I n th e 
unafforde d condition ,  b y contrast ,  th e vestibul e i s 
meant  t o b e see n a s restin g u p against ,  o r  attache d to , 
th e wall .  Th e diagra m i n th e unafforde d conditio n 
shoul d thu s b e harde r  t o imagin e movin g becaus e i t  i s 
encumbere d b y (o r  anchore d to )  th e la b space ,  i n tur n 
makin g i t  harde r  t o alig n wit h th e pol e problem . 
Followin g thi s reasoning ,  w e predicte d tha t  participant s 
i n th e unafforde d conditio n woul d b e les s likel y t o 
produc e a n analogou s solutio i  t o th e pol e proble m tha n 
thos e i n th e afforde d condition . 
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Figur e 4  Diagram s use d i n th e affca-de d conditio n (left ) 
an d th e unafforde d ccmditio n (right )  o f  Experimen t  2 . 

Material s an d Procedur e 
Th e doo r  proble m an d th e pol e proble m use d i n 
Experimen t  1  wer e printe d o n a  singl e shee t  o f  paper . 
Jus t  belo w th e doo r  proble m wa s written ,  "Hav e 
WOTkers ente r  a  vestibul e spac e befor e enterin g th e lab, " 
alon g wit h on e o f  th e tw o diagram s show n i n Figur e 4 , 

dependin g o n th e condition .  Instruction s printe d a t  th e 
to p o f  th e pag e an d jus t  belo w th e tw o problem s aske d 
participant s t o carefijll y  rea d the m an d writ e d o w n a 
solutio n t o th e secon d one .  Participant s wer e give n 7 
minute s t o complet e th e task . 

Participants 
Twenty-eigh t  student s enrolle d i n undergraduat e 
psycholog y classe s a t  Georgi a Tec h participate d i n 
group s o f  2  t o 6  each ,  1 4 i n th e afforde d conditio n an d 
14 i n th e unafforde d condition .  Al l  receive d clas s credi t 
fo r  participating . 

Results and Discussion 
Solution s t o th e pol e proble m wer e categorize d a s eithe r 
analogou s o r  non-analogou s t o th e doo r  proble m usin g 
th e criteri a estoblishe d i n Experimen t  1 .  O f  th e 1 4 
participant s i n th e afforde d condition ,  1 0 (71% ) 
produce d analogou s solutions ,  compare d t o onl y 5  o f  1 4 
participant s (36% )  i n th e imafforde d condition .  A s 
predicted ,  configuratio n wa s a  significan t  predicto r  o f 
^̂ ilethe r  participant s produce d analogou s solution s 
01^=3.82 ,  fX.05) .  Th e result s ar e show n i n Tabl e 3 . 

Table 3 Participants producing analogous solutions to 
th e pol e proble m i n Experimen t  2 . 

Analogous solutions N 
Afforde d diagra m 

Unafforde d diagra m 
71 % 
36 % 

14 
14 

E x p e r i m e n t  3 

Anothe r  notabl e findin g i n Experimen t  I  wa s tha t 
participant s wii o dre w pla n diagram s wer e mor e likel y 
tha n thos e w h o dre w diagram s from  othe r  view s t o 
produc e analogou s solution s t o th e pol e problem .  W e 
argue d tha t  i t  wa s easie r  t o perceptuall y simulat e door s 
openin g i n pla n an d henc e easie r  t o simulat e th e actio n 
require d t o solv e th e pol e problem .  W e als o argue d tha t 
i t  migh t  b e easie r  t o transfor m a  simulatio n o f  a 
redundant-doo r  solutio n i f  th e simulatio n wa s no t 
perceptuall y structure d i n relatio n t o gravity ,  or ,  i n 
othe r  words ,  i f  al l  spatia l  relation s wer e orthogona l  t o 
gravity .  T o tes t  thi s claim ,  w e repeate d Experimen t  2 
wit h tw o n e w redundantndoo r  diagrams :  on e draw n 
from  th e sid e (unafforde d condition )  an d on e draw n 
from  abov e (afforde d condition )  (Figur e 5) .  Consisten t 
wit h th e argument s pu t  fcMt h i n Experimen t  1 ,  w e 
predicte d tha t  participant s i n th e afforde d conditio n 
woul d b e mor e likel y t o produc e a n analogou s solutio n 
t o th e pol e problem . 

^^* , 

Figur e S  Diagram s use d i n th e afforde d conditio n (left ) 
and unafforde d conditio n (right )  o f  Experimen t  3 . 
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Material s an d Procedur e 
The sam e material s an d procedur e use d i n Experimen t  2 
wer e use d excep t  tha t  th e diagram s accompanyin g th e 
redundant-doo r  solutio n wer e eithe r  elevatio n o r  pla n 
diagrams ,  dependin g o n th e conditio n (Figur e 5) . 

Participants 
Twenty-tw o student s enrolle d i n undergraduat e 
psycholog y classe s a t  Georgi a Tec h participate d i n 
group s o f  2  t o 6  each ,  1 1 i n th e aiTcx-de d conditio n an d 
11 i n th e unafforde d condition .  Al l  receive d clas s credi t 
fa -  participating . 

Results and Discussion 
SoluticHi s t o th e pol e proble m wer e categorize d a s eithe r 
analogou s o r  non-analogou s t o th e doo r  problem ,  usin g 
th e criteri a establishe d i n Experimen t  1 .  O f  th e 1 1 
participant s i n th e afforde d condition ,  7  (64% ) 
produce d analogou s solutions ,  compare d t o onl y 2  o f 
th e 1 1 participant s (18% )  i n th e unafforde d condition . 
Consisten t  wit h ou r  prediction ,  diagra m vie w wa s thu s 
a significan t  predicto r  o f  whethe r  participant s produce d 
analogou s solution s (;}f'=5.43 ,  p<.05) .  Th e result s ar e 
shown i n Tabl e 4 . 

Table 4 Participants producing analogous solutions to 
th e pol e proble m i n Experimen t  3 . 

Analogous solutions N 
Afforde d diagra m 

Unafforde d diagra m 
64 % 
18V. 

11 
11 

Conclus ion s 

The studie s reporte d her e begi n t o she d ligh t  o n wha t 
migh t  mak e a  diagra m usefu l  fo r  constructin g a n 
analogy .  The y result s strongl y sugges t  tha t  aspect s o f 
diagram s lik e vie w an d configxiratio n ca n influenc e th e 
ease wit h whic h diagramme d solution s ca n b e use d t o 
solv e analogou s problems ,  possibl y b y regulatin g 
simulate d transformations .  Th e studie s als o len d 
suppor t  t o th e mor e genera l  ide a tha t  analogie s ca n b e 
constructe d vi a perceptua l  simulations ,  a s oppose d t o 
predicate-based ,  o r  otherwis e perceptuall y neutral , 
representations .  An d finally,  althoug h jus t  a  start ,  th e 
result s reporte d her e hel p illustrat e a n expande d rol e fo r 
drawing s a s cognitiv e tools .  Drawing s migh t  n o w b e 
seen no t  onl y a s a  mean s fo r  recordin g idea s fo r  futur e 
referenc e bu t  als o a s a  mean s fo r  explorin g th e 
transformationa l  affordance s o f  proble m space s i n 
searc h fo r  thos e tha t  wil l  ultimatel y lea d t o mor e 
promisin g solutio n paths .  Proble m solver s might ,  fro m 
thi s poin t  o f  view ,  actuall y lear n t o manipulat e proble m 
space s vi a diagrammati c affordance s jus t  a s the y migh t 
lear n t o navigat e proble m space s usin g conventiona l 
reasonin g strategies . 

Reference s 

Barsalou ,  L .  W .  (1999) .  Perceptua l  symbo l  systems . 
Behaviora l  an d Brai n Sciences ,  22 ,  577-609 . 

Barsalou ,  L .  W. ,  Solomon ,  K .  O. ,  &  W u ,  L .  L .  (1999) . 
Perceptua l  simulatio n i n conceptua l  tasks .  I n M .  K . 
Hiraga ,  C .  Sinha ,  &  S .  Wilco x (Eds.) ,  Cultural . 
typological ,  an d psychologica l  perspective s i n 
cognitiv e linguistics :  Th e proceeding s o f  th e 4t h 
conferenc e o f  th e Internationa l  Cognitiv e Linguistic s 
Association ,  (209-228) .  Amsterdam :  Joh n Benjamins . 

Cooper ,  L  A. ,  &  Shepard ,  R .  N .  (1973) .  Th e tim e 
require d t o prepar e fo r  a  rotate d stimulus .  Memor y & 
Cognition ,  1 ,  246-250 . 

Fincher-Kiefer ,  R .  (2001) .  Perceptua l  component s o f 
situatio n models .  Memor y &  Cognition ,  29 ,  336-343 . 

Franklin ,  N. ,  &  Tvasky ,  B .  (1990) .  Searchin g imagine d 
environments .  Journa l  o f  Experimenta l  Psychology : 
General ,  119,63-76 . 

Centner ,  D .  (1983) .  Structure-mapping :  A  theoretica l 
firamewOTk  fo r  analogy .  Cognitiv e Science ,  7 ,  155 -
170. 

Gick ,  M .  L. ,  &  Holyoak ,  K .  J .  (1983) .  Schem a 
inductio n an d analogica l  transfer .  Cognitiv e 
Psychology ,  15 ,  1-38 . 

Glenberg ,  A .  M .  (1997) .  Wha t  memor y i s for . 
Behaviora l  an d Brai n Sciences ,  20 ,  1-19 . 

Glenberg ,  A .  M. ,  &  Robertson ,  D .  A .  (2000) .  Symbo l 
groundin g an d meaning :  A  compariso n o f  high -
dimensiona l  an d embodie d theorie s o f  meaning . 
Journa l  o f  Memor y <&.  Language ,  43 ,  379-401 . 

Kosslyn ,  S .  M .  (1994 )  Imag e an d Brain .  Cambridge , 
M A:  M I T Press . 

Parsons ,  L .  M .  (1987) .  Imagine d spatia l  transformatio n 
of  one' s body .  Journa l  o f  Experimenta l  Psychology : 
General ,  116 ,  172-191 . 

Rock ,  I .  (1973) .  Orientatio n an d Form .  N e w York : 
Academi c Press . 

Schwartz ,  D .  L. ,  &  Black ,  J .  B .  (1996) .  Analo g imager y 
i n menta l  mode l  reasoning :  Depictiv e models . 
Cognitiv e Psychology ,  30 ,  154-219 . 

Stanfield ,  R .  A. ,  &  Zwaan ,  R .  A .  (2001) .  Th e effec t  o f 
implie d orientatio n derive d fro m verba l  contex t  o n 
pictur e recognhioii .  Psychologica l  Science ,  121,153 -
156. 

Wexler ,  M. ,  Kosslyn ,  S .  M. ,  &  Berthoz ,  A .  (1998) . 
Moto r  processe s i n menta l  rotation .  Cognition ,  68 , 
77-94 . 

255 



A Classificatio n o f  C o g n i t i v e A g e n t s 

Mehdi Dastani (mehdi®c8.uu.nl) 
Institut e o f  Informatio n an d Compute r  Science s 

P.O.Bo x 80.08 9 
3508 T B Utrecht ,  Th e Netherland s 

Leendert van der Torre (torre(S)cs.vu.nl) 
Departmen t  o f  Artificia l  Intelligence ,  Vrij e Universitei t  Amste rda m 

De Boelelaa n 1081 a 
1081 H V Amsterdam ,  T h e Netherland s 

Abst rac t 

In this paper we discuss a generic component of 
a cognitiv e agen t  architectur e tha t  merge s beliefe , 
obligations ,  intention s an d desire s int o goals .  Th e 
outpu t  o f  bchef ,  obligation ,  intentio n an d desir e 
component s ma y conflic t  an d th e wa y th e conflict s 
ar e resolve d determine s th e typ e o f  th e agent .  Fo r 
componen t  base d cognitiv e agents ,  w e introduc e a n 
alternativ e classificatio n o f  agen t  type s base d o n 
th e orde r  o f  outpu t  generatio n amon g components . 
Thi s orderin g determine s th e typ e o f  agents .  Give n 
fou r  components ,  ther e ar e 2 4 distinc t  tota l  order s 
and 14 4 distinc t  partia l  order s o f  outpu t  genera -
tion .  Thes e order s o f  outpu t  generatio n provid e th e 
spac e o f  possibl e type s fo r  th e suggeste d componen t 
base d cognitiv e agents .  Som e ofthes e agen t  type s 
correspon d t o weU-know n agen t  type s suc h a s real -
istic ,  social ,  an d selfish ,  bu t  mos t  o f  the m ar e ne w 
characterizin g specifi c  type s o f  cognitiv e agents . I n t r o d u c t i o n 

Imagin e a n agen t  w h o i s oblige d t o settl e hi s debt , 
desire s t o g o o n holiday ,  an d intend s t o atten d a 
conference .  Suppos e tha t  h e believe s h e ca n onl y af -
for d t o finance  on e o f  thes e activitie s an d decide s t o 
pa y hi s check s t o settl e hi s debt .  Unfortunately ,  ou r 
agen t  doe s no t  ear n m u c h mone y an d i s i n th e habi t 
of  buyin g expensiv e books .  Therefore ,  h e run s agai n 
int o deb t  afte r  a  shor t  while .  Despit e th e fac t  tha t 
he stil l  ha s th e sam e obligation ,  desire ,  an d inten -
tio n an d believe s tha t  h e ca n onl y affor d t o financ e 
on e o f  thes e activities ,  h e decide s thi s tim e t o atten d 
th e conference .  Directl y afte r  thi s decision ,  h e hear s 
tha t  th e conferenc e i s cancelle d an d h e receive s a 
telephon e cal l  from  hi s mothe r  tellin g hi m tha t  sh e 
i s willin g t o pa y hi s check s fo r  thi s time .  T h e agen t  i s 
n o w happ y an d decide s t o g o o n hohday .  O u r  agen t 
has a  friend  w h o ha s th e sam e obligation ,  desire ,  an d 
intention ,  an d likewis e believe s tha t  h e ca n onl y af -
for d t o finance  on e o f  thes e activities .  I n contras t  t o 
our  agent ,  thi s friend  decide s t o g o o n holiday .  H o w -
ever ,  h e i s lat e wit h arrangin g hi s holiday ;  al l  trave l 
agencie s ar e sol d out .  Therefore ,  h e decide s t o at -
ten d th e conference .  I n a  differen t  situatio n wher e 
thes e tw o agent s ar e oblige d t o visi t  thei r  mothers , 
desir e t o g o t o cinema ,  em d believ e the y canno t  d o 
bot h simultaneously ,  th e first  agen t  decide s t o visi t 

hi s mothe r  whil e hi s frien d goe s t o cinema .  Ye t  i n 
anothe r  situatio n wher e thes e agent s inten d t o clea n 
u p thei r  houses ,  ar e oblige d t o hel p thei r  friends,  an d 
believ e the y canno t  d o both ,  the y decid e t o clea n u p 
thei r  houses .  Althoug h thes e agent s behav e differ -
ently ,  eac h o f  the m seem s t o follo w a  certai n be -
havio r  patter n unde r  differen t  situations .  Th e first 
agen t  seem s t o b e mor e sensitiv e t o hi s intention s 
an d obligation s tha n t o hi s desire s whil e th e secon d 
agen t  seem s t o prefe r  hi s desire s mor e tha n hi s in -
tention s an d obligations .  Moreover ,  th e first  agen t 
seems t o b e indifferen t  toward s hi s intention s an d 
obligation s whil e th e secon d agen t  seem s t o prefe r 
hi s intention s abov e hi s obligations .  Thes e charac -
teristic s an d principle s tha t  gover n agent' s action s 
an d behavio r  determin e th e typ e o f  cognitiv e agent s 
an d ca n b e use d a s th e basi s fo r  a  classificatio n o f 
cognitiv e agents . 

We ar e motivate d b y th e studie s o f  cognitiv e 
agent s wher e th e behavio r  o f  a n agen t  i s define d i n 
term s o f  rationa l  balanc e betwee n it s menta l  atti -
tude s [1 ,  9 ,  5] .  A  classificatio n o f  cognitiv e agen t 
type s specifie s possibl e way s t o defin e th e rationa l 
balance .  Besid e th e scientifi c  nee d t o stud y possibl e 
definition s o f  rationa l  balanc e i n a  systemati c way , 
a classificatio n o f  cognitiv e agen t  type s i s importan t 
fo r  m a n y application s wher e i t  i s  impossibl e t o spec -
if y agen t  behavio r  i n specifi c  an d usuall y unknow n 
situations .  I n suc h applications ,  i t  i s  importan t  t o 
specif y th e behavio r  o f  agent s i n strategi c term s an d 
by mean s o f  type s o f  behavior . 

I n [2 ]  w e investigat e th e desig n an d implemen -
tatio n issue s o f  generi c component-base d cognitiv e 
agents .  I n th e presen t  paper ,  w e propos e a n alter -
nativ e classificatio n o f  cognitiv e agen t  types .  Ther e 
has bee n m a n y forma l  an d informa l  studie s propos -
in g agen t  type s [1 ,  8 ,  4] .  I n thes e studies ,  ther e i s a 
trade-of f  betwee n th e spac e o f  possibl e agen t  type s 
an d thei r  precis e an d forma l  definitions .  I n partic -
ular ,  informa l  studie s provid e a  ric h spac e o f  possi -
bl e type s o f  cognitiv e agent s an d ignor e thei r  precis e 
definitions ,  whil e forma l  studie s provid e precis e def -
initio n o f  agen t  type s bu t  ignor e th e richnes s o f  th e 
spac e o f  possibl e types .  T h e propose d classificatio n 
of  cognitiv e agen t  type s i n thi s pape r  i s forma l  an d 
i n term s o f  a  generi c componen t  base d architecture . 

256 

http://uu.nl


Thi s classificatio n i s systemati c an d provide s a  larg e 
spac e o f  possibl e type s fo r  cognitiv e agents .  Som e o f 
thes e agen t  type s suc h a s realistic ,  social ,  an d selfis h 
ar e well-known .  However ,  mos t  o f  thes e agen t  type s 
ar e ne w an d characteriz e specifi c  type s o f  behavior . 

Th e layou t  o f  thi s pape r  i s a s follows .  First , 
we discus s differen t  way s o f  classifyin g agen t  types . 
Sinc e ou r  classificatio n i s base d o n generi c compo -
nen t  base d agen t  architecture ,  w e briefl y discus s thi s 
architectur e an d explai n som e o f  it s  propertie s tha t 
ar e relevan t  fo r  th e agen t  typ e classification .  Pos -
sibl e agen t  type s withi n thi s architectur e ai e dis -
cussed .  A n exampl e o f  a  conflic t  situatio n i s formal -
ize d an d i t  i s  show n ho w differen t  agen t  type s behav e 
differentl y i n thi s situation .  Finally ,  w e conclud e th e 
pape r  an d indicat e futur e researc h directions . 

Classification based on Agent 

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

Various frameworks with corresponding type classi-
fications  fo r  cognitiv e agent s ar e propose d [9 ,  5 ,  3] . 
Considerin g differen t  phase s i n agen t  oriente d soft -
war e developmen t  proces s suc h a s analysis ,  design , 
an d implementatio n phases ,  mos t  propose d cogni -
tiv e agen t  framework s wit h correspondin g typ e clas -
sification s ar e provide d fo r  th e analysi s phase .  Fo r 
example ,  Ra o an d Georgeff' s  B D I  framewor k wit h 
realis m an d commitmen t  strategie s a s agent s tjnpe s 
[9 ]  hav e bee n develope d a s forma l  specificatio n tool s 
fo r  th e analysi s phase .  I n thi s framework,  th e singl e 
minde d agen t  typ e i s though t  t o b e th e on e whic h 
maintain s it s commitment s unti l  eithe r  i t  believe s i t 
has fulfille d it s commitment s o r  i t  doe s no t  believ e 
i t  ca n eve r  fulfil l  it s  commitments . 

Althoug h thes e forma l  tool s an d concept s ar e ver y 
usefu l  t o specif y variou s type s o f  cognitiv e agents , 
the y ar e specificsill y  develope d fo r  th e ansdysi s phas e 
whic h make s the m to o abstrac t  fo r  othe r  phases . 
I n fact ,  t o desig n an d t o implemen t  variou s type s 
of  cognitiv e agents ,  w e nee d t o defin e agen t  type s 
i n term s o f  tool s an d concept s availabl e a t  th e de -
sig n an d th e implementatio n phase s suc h tha t  the y 
ca n b e translate d int o agen t  architecture s an d agen t 
implementations .  A  close r  loo k a t  th e specificatio n 
formalism s suc h a s Ra o an d Georgeff' s  B D I C T L for -
malis m show s tha t  th e spac e o f  theoreticall y possibl e 
cognitiv e agen t  type s i s determine d b y th e expressiv e 
power  o f  tha t  formalism .  Obviously ,  othe r  phase s o f 
agen t  developmen t  proces s restric t  an d narro w dow n 
th e spac e o f  possibl e agen t  type s sinc e availabl e con -
cept s an d tool s a t  thos e phase s shoul d satisf y con -
dition s suc h a s realizabilit y  an d computability .  Thi s 
implie s tha t  eac h agen t  architectur e allow s onl y a 
subse t  o f  possibl e agen t  type s tha t  ca n b e specifie d 
at  th e analysi s phase .  Therefore ,  i t  i s  essentia l  fo r 
eac h agen t  architectur e t o indicat e whic h type s o f 
agent s ca n b e designe d i n tha t  architecture .  Th e 
classificatio n o f  cognitiv e agen t  type s i n thi s pape r 

i s propose d fo r  th e desig n phas e an d i t  i s  thu s i n 
term s o f  agen t  architecture . 

Agent Architecture 

I n general ,  agen t  architecture s ar e define d i n term s 
of  knowledg e representatio n (i.e .  data )  an d reason -
in g mechanis m (i.e .  control) .  T h e agen t  typ e clas -
sification ,  whic h w e introduc e i n th e nex t  section ,  i s 
define d i n term s o f  propertie s o f  generi c componen t 
base d architectur e calle d B O I D ( B O I D stand s fo r 
Beliefs ,  Obligations ,  Intention ,  an d Desire) .  There -
fore ,  w e first  briefl y explai n thi s architecture ,  whic h 
ca n b e see n a s a  blac k bo x wit h observation s a s in -
pu t  an d intende d action s a s output .  Th e architec -
tur e an d th e logi c o f  B O I D ar e discusse d i n mor e 
detai l  elsewher e [2] . 

A B O I D agen t  observe s th e enviroimien t  an d re -
act s t o i t  b y mean s o f  detector s an d effectors ,  respec -
tively .  Eac h componen t  i n th e B O I D architectur e i s 
a proces s havin g a n inpu t  an d outpu t  behavior .  Fo r 
thi s reaso n an d t o mode l  th e input/outpu t  behavio r 
of  eac h component ,  th e component s ar e abstracte d 
as a  rule-base d system s tha t  contain s a  se t  o f  de -
feasibl e rules .  A s thes e component s outpu t  menta l 
attitud e onl y fo r  certai n inputs ,  the y represen t  con -
ditiona l  menta l  attitudes .  I n th e B O I D architectur e 
tw o module s ar e distinguished :  th e goa l  generatio n 
modul e an d th e pla n generatio n module .  T h e goa l 
generatio n modul e generate s goal s base d o n beUefis , 
desires ,  intention s an d obligations ,  an d th e pla n gen -
eratio n modul e generate s sequence s o f  action s base d 
o n thes e goals .  I n th e res t  o f  thi s paper ,  w e focu s 
onl y o n th e goa l  generatio n modul e sinc e th e pre -
sente d classificatio n o f  th e agen t  type s i s define d i n 
term s o f  rationa l  balanc e betwee n agent' s menta l  at -
titudes .  Possibl e classificatio n o f  agen t  type s tha t 
ca n b e define d i n term s o f  th e pla n generatio n mod -
ul e o r  i n term s o f  th e interactio n betwee n th e goa l 
or  th e pla n generatio n module s ar e ou t  o f  th e scop e 
of  thi s paper . 

Th e B O I D architectur e differ s from  th e Proce -
dura l  Reasonin g Syste m (PRS )  [7] ,  whic h i s devel -
ope d withi n th e B D I  (Beliefis ,  Desires ,  an d Intention ) 
framework,  i n severa l  aspects .  Th e first  differenc e i s 
tha t  B O I D extend s P R S wit h obUgation s a s a n ad -
ditiona l  component .  O n e reaso n fo r  thi s extensio n i s 
t o incorporat e element s o f  th e socia l  level ,  i.e .  socia l 
commitments ,  t o formaliz e fo r  exampl e socia l  agent s 
an d socif d rationality .  Th e secon d differenc e i s re -
late d t o th e conditiona l  natur e o f  menta l  attitude s 
i n B O I D .  I n fact ,  eac h menta l  attitud e i s abstrswite d 
as a  rule-base d syste m containin g defeasibl e rules . 
Thi s i s i n contras t  wit h th e representatio n o f  menta l 
attitude s i n P R S whic h ar e set s o r  list s o f  formula . 
Th e thir d differenc e i s tha t  th e B O I D components , 
whic h represen t  menta l  attitudes ,  M e processe s hav -
in g thei r  o w n contro l  mechemism .  Thus ,  i n contras t 
t o th e centra l  contro l  mechanis m i n P R S ,  i n B O I D 
ther e ar e tw o level s o f  controls .  A  centra l  contro l 
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mechanis m a t  th e agen t  leve l  coordinate s activitie s 
among components .  Th e contro l  mechanis m a t  th e 
componen t  leve l  determine s ho w an d whic h outpu t 
i s generate d b y eac h componen t  whe n i t  receive s in -
put .  Finally ,  th e goal s i n B O I D ar e generate d b y th e 
interaction s betwee n agent' s menta l  attitude s i n con -
tras t  t o th e P R S wher e goal s ar e give n beforehan d 
and becom e selecte d b y th e centra l  contro l  mecha -
nism . 

As noticed ,  eac h componen t  ca n b e abstracte d a s 
a rule-base d syste m specifie d b y prepositiona l  logica l 
formulas ,  i n th e for m o f  defeasibl e rule s represente d 
as a  "—•  6 .  Th e readin g o f  a  rul e depend s o n th e com -
ponen t  i n whic h i t  occurs .  Fo r  example ,  a  rul e i n th e 

obligatio n component ,  represente d a s a  «- » 6 ,  shoul d 
be rea d a s follows :  i f  a  i s derive d a s a  goa l  em d i t  i s 
not  inconsisten t  t o deriv e 6 ,  the n b  i s oblige d t o b e a 
goal .  Th e inpu t  an d th e outpu t  o f  component s ar e 
represente d b y set s o f  logica l  formulas ,  close d unde r 
logica l  consequence .  Followin g Thomaso n [10 ]  thes e 
ar e ccdle d extensions .  Th e logi c tha t  specifie s exten -
sion s i s base d o n prioritize d defaul t  logi c tha t  take s 
an orderin g functio n p  a s parameter .  Thi s functio n 
constraint s th e orde r  o f  derivatio n step s fo r  differen t 
component s an d characterize s th e typ e o f  th e agent . 
We first  briefl y discus s th e B O I D conflic t  resolutio n 
mechanis m an d the n explai n ho w th e orderin g func -
tio n ca n b e use d t o defin e variou s agen t  types . 

Conflict Resolution Mechanism 

I n th e B O I D architecture ,  goal s ar e generate d b y a 
calculatio n mechanism .  Th e calculatio n start s wit h 
a se t  o f  observation s 06s ,  whic h canno t  b e overrid -
den ,  an d initia l  set s o f  defaul t  rule s fo r  th e othe r 
components :  B ,  O ,  I ,  D .  Moreover ,  i t  assume s a n 
orderin g functio n p  o n th e rule s o f  th e differen t  com -
ponents .  Th e procedur e the n determine s a  sequenc e 
of  set s o f  extension s Sq,Si ,  — Th e firs t  elemen t  i n 
th e sequenc e i s th e se t  o f  observations :  S o =  {Obs} . 
A se t  o f  extension s 5,+ i  i s caJculate d fro m a  se t  o f 
extension s S ,  b y checkin g fo r  eac h extensio n E  i n 
Si  whethe r  ther e ar e rule s tha t  ca n exten d th e ex -
tension .  Ther e ca n b e none ,  i n whic h cas e nothin g 
happens .  Otherwis e eac h o f  th e consequent s o f  th e 
applicabl e rule s wit h highes t  p-valu e ar e adde d t o 
th e extensio n separately ,  t o for m distinc t  extension s 
i n Si+i .  Th e operato r  Th{S )  refer s t o th e logica l 
closur e o f  5 ,  an d th e syntacti c operatio n Ltt{b )  ex -
tract s th e se t  o f  literal s fro m a  conjunctio n o f  literal s 
6.  I n practic e no t  th e whol e se t  o f  extension s i s cal -
culated ,  bu t  onl y thos e tha t  ar e calculate d befor e 
th e agen t  run s ou t  o f  resources . 
Definitio n 1  y l  tupl e A  =  {Obs,B,0,I,D,p )  i s 
calle d a  B O I D theory .  Le t  L  b e a  propositiona l  logic , 
and a n extensio n E  b e a  se t  o f  L  literal s (a n ato m 
or  th e negatio n o f  a n atom) .  W e sa y that : 

• o rule {a'—*b)is strictly applicable to an extension 
E,  i£fa € Th{E) ,  b  0  Th {E )  an d -. 6 ̂  T h { E ) ; 

•  max(£ .  A )  C  B  U  0  U  /  U  D  i t  th e se t  o f  nde s 
( o '- » 6 )  G  max(E ,  A )  strictl y applicabl e t o E  suc h 
tha t  ther e doe s no t  exist s a  ( c «-Ki )  €  B u O U I U D 
strictl y applicabl e t o E  wit h p{ c «- » d )  >  p{ a <- *  b) ; 

• E C L is an extensioT} for A iff E e Sn and 
5„  =  S„+ i  fo r  th e procedur e i n Figur e 1 . 

i  := 0; Si := {06s}; 
repea t 

5i+ i  : = 0 ; 
fo r  al l  E  e  S i  d o 

i f  exist s ( o > - » 6 ) 6 B u O U / U l > strictl y 
applicabl e t o E  the n 

fo r  al l  ( a w  6 )  e  max(£; ,  A )  d o 
Si+i-Si+rU{EULit{w)y , 

en d fo r 
els e 

5.+ 1 : = Si+ i  U  {E} ; 
en d i f 

en d fo r 
i:=i-l-l ; 

unti l  S i^S i - i ; 

Figure 1: Procedure to calculate extensions 

In our model, p can assign values to the rules, 
suc h tha t  al l  rule s fro m on e componen t  receiv e ei -
the r  Ifirge r  o r  smalle r  value s tha n th e rule s fro m an -
othe r  component .  Thi s implie s tha t  th e rule s fi-om 
one component s ar e apphe d befor e th e rule s fi-om  an -
othe r  componen t  ca n b e applied .  Thi s i s th e basi s o f 
our  ide a t o defin e agen t  types .  O f  course ,  i n man y 
practica l  application s p  mus t  b e specifie d further . 
For  example ,  a n agen t  ma y prefe r  som e o f  hi s O  rule s 
t o som e o f  hi s D  rule s whil e conversel y preferrin g 
some othe r  D  rule s t o som e othe r  O  rules .  However , 
thi s doe s no t  mea n tha t  ou r  basi c ide a ha s t o b e 
dropped .  I t  jus t  mean s tha t  th e numbe r  o f  compo -
nent s ha s t o b e furthe r  specifie d an d th e p  functio n 
has t o b e define d accordingly .  Eac h componen t  ca n 
thu s b e subdivide d i n a  numbe r  o f  subcomponent s 
suc h tha t  th e p  ca n describ e th e preferenc e o f  th e 
rule s accordingly .  Her e w e d o no t  furthe r  describ e 
thi s divisio n sinc e i t  i s no t  importan t  fo r  th e genera l 
ide a o f  agen t  typ e classificatio n tha t  w e presen t  i n 
thi s paper . 

The pareunete r  p  ma y assig n uniqu e value s t o th e 
rule s o f  al l  components .  I n suc h a  case ,  th e B O I D 
calculatio n schem e ca n appl y i n eac h iteratio n loo p 
onl y on e rule ,  whic h implie s tha t  th e B O I D calcula -
tio n schem e generate s onl y on e extension .  However , 
p ma y als o assig n identica l  integer s t o differen t  rules . 
I n thi s case ,  p  impose s a  partia l  orderin g amon g th e 
rules .  Fo r  suc h a  p ,  th e abov e B O I D calculatio n 
scheme ca n appl y mor e tha n on e rul e i n eac h itera ^ 
tio n loop ,  whic h implie s tha t  th e B O I D calculatio n 
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scheme ma y generat e a  se t  o f  extensions .  Fo r  exam -
ple ,  conside r  a  scenari o i n whic h a n agen t  believe s 

that he is in a non-smoking area (i.e. T *-» nsa). 

He intends to smoke (i.e. T «-» 5), but he intends 
not  t o smok e whe n h e i s i n a  non-smokin g are a (i.e . 

nsa •—» ->a). Define p as follows: 

B II 
p( T •- » nsa )  >  p{ns a "- + -is )  >  p( T <—•  5 ) 

For this p, the BOID calculation scheme as defined 
i n Definitio n 1  generate s on e singl e extensio n whic h 
is :  {nso,-"s} . 
Now,  suppos e p  i s define d a s follows : 

/- r  B  ,  ,  I 
p( T <- •  nsa )  >  p{ns a <—> -.s )  =  p{ T ̂  s ) 

Thi s p  doe s assig n identica l  integer s t o th e intentio n 
rule s an d th e B O I D calculatio n schem e generate s th e 
followin g tw o extensions :  {nsa,-is }  em d {nsa ,  5} . 

Agent Types 

Give n th e presentatio n o f  ments d attitude s an d th e 
BOI D calculatio n scheme ,  w e investigat e whic h typ e 
of  interaction s betwee n menta l  attitude s ca n aris e 
withi n th e B O I D architectur e an d ho w thes e inter -
action s ca n b e classified .  I n principle ,  ther e ar e fif-
tee n type s o f  conflict s tha t  ca n occu r  betwee n th e 
mentione d fou r  menta l  attitude s [2] ,  Thes e conflict s 
can b e solve d i n differen t  ways .  W e explai n ho w dif -
feren t  way s o f  resolvin g conflict s ca n b e modelle d b y 
restrictin g th e orde r  o f  rul e applicatio n i n th e B O I D 
calculatio n scheme .  W e argu e tha t  thes e restriction s 
specif y differen t  type s o f  th e B O I D agen t  an d in -
troduc e a  classificatio n o f  th e type s fo r  th e B O I D 
agents .  Finally ,  som e example s o f  B O I D type s an d 
thei r  solution s t o on e an d th e sam e conflic t  situatio n 
i s presented . 

Conflict resolution and agent types 

One o f  th e mai n task s o f  deliberativ e agent s i s t o 
solv e possibl e conflict s emion g thei r  menta l  attitudes . 
I n principle ,  ther e ar e fifteen  differen t  type s o f  con -
flicts  tha t  ma y aris e eithe r  withi n eac h clas s o r  be -
twee n classes .  Dependen t  o n th e exac t  interpreta -
tio n o f  thes e classes ,  som e o f  th e conflic t  type s ma y 
be mor e interestin g o r  importan t  tha n others .  W e 
distinguis h tw o genera l  type s o f  conflicts :  interne d 
and externa l  conflicts .  Interna l  conflict s ar e cause d 
withi n eac h componen t  whil e externa l  conflict s ar e 
cause d betwee n them .  Interna l  conflict s ca n b e dis -
tinguishe d int o fou r  unar y subtype s ( B ;  O  ;  I  ;  D ) . 
Externa l  conflict s ca n b e distinguishe d int o si x bi -
nar y conflic t  subtype s (B O ;  B I  ;  B D ;  01 ;  O D ;  ID) , 
and fou r  ternar y conflic t  type s (BOI ;  B O D;  BID ; 
OID)  an d on e quadruplicat e conflic t  typ e (BOID) . 
An exampl e o f  th e B O I D externa l  conflic t  typ e i s 
th e followin g situation :  Th e agen t  intend s t o g o t o 

a conference .  I t  i $ obligator y fo r  th e agen t  no t  t o 
spen d to o muc h mone y fo r  th e conference .  I n par -
ticular ,  eithe r  th e agen t  shoul d pa y fo r  a  chea p flight 
ticke t  an d sta y i n a  bette r  hotel ,  o r  th e agen t  shoul d 
pay fo r  a n expensiv e flight  ticke t  an d sta y i n a  bud -
get  hotel .  Th e agen t  desire s t o sta y i n a  bette r  hotel . 
But ,  h e believe s tha t  th e secretar y ha s booke d a n ex -
pensiv e flight  ticke t  fo r  him .  Mor e example s o f  thes e 
conflict s ar e presente d i n [2] . 

A conflic t  resolutio n type ,  whic h characterize s a m 
agen t  type ,  i s  considere d her e a s a n orde r  o f  overrul -
ing .  Give n fou r  component s i n th e goa l  generatio n 
modul e o f  th e B O I D architecture ,  ther e ar e 2 4 pos -
sibl e order s o f  overruling .  I n thi s paper ,  w e onl y 
conside r  thos e order s accordin g t o whic h th e belie f 
componen t  overrule s an y othe r  component .  Thi s re -
duce s th e numbe r  o f  possibl e overrulin g order s t o 6 . 
Some example s o f  conflic t  resolutio n wit h beUef s ar e 
as follows .  A  conflic t  betwee n a  beUe f  an d a n inten -
tio n mean s tha t  a n intende d actio n ca n n o longe r  b e 
execute d du e t o th e changin g environment .  Belief s 
therefor e overrul e th e intention ,  whic h i s retracted . 
Any derive d consequence s o f  thi s intentio n ar e re -
tracte d too .  O f  course ,  on e ma y allo w intention s 
t o overrul e beliefs ,  bu t  thi s result s i n ururealisti c  be -
havior .  Conflict s betwee n belief s an d obligation s o r 
desire s nee d t o b e resolve d a s well .  A s observe d b y 
Thomason [10] ,  th e belief s mus t  overrid e th e desire s 
or  otherwis e ther e i s wishfu l  thinking .  Moreover ,  a 
conflic t  betwee n a n intentio n an d a n obligatio n o r 
desir e mean s tha t  yo u no w shoul d o r  wan t  t o d o 
somethin g els e tha n yo u intende d before .  Her e in -
tention s overrid e th e latte r  becaus e i t  i s  exactl y thi s 
propert y fo r  whic h intention s hav e bee n introduced : 
t o brin g stabilit y  [1] .  Onl y i n a  cal l  fo r  intentio n 
reconsideratio n suc h conflict s ma y b e resolve d oth -
erwise .  Fo r  example ,  i f  I  inten d t o g o t o cinem a bu t 
I  a m oblige d t o visi t  m y mother ,  the n I  g o t o cinem a 
unles s I  reconside r  m y intentions . 

Usin g th e orde r  o f  strin g letter s a s th e overruUn g 
orde r  an d thu s a s representin g th e agen t  type ,  a  re -
alisti c agen t  ca n hav e an y o f  th e followin g si x specifi c 
agen t  types ,  i.e .  BOID ,  B O D I ,  B D I O ,  B D O I ,  B I O D , 
£in d B IDO .  Thes e specifi c  agen t  type s ax e no t  know n 
i n th e literatur e an d w e d o no t  hav e emy nam e fo r 
them .  Not e tha t  w e overloade d th e nam e B O I D i n 
thi s way ,  becaus e i t  become s a  specifi c  typ e o f  agen t 
as wel l  a s th e genera l  nam e fo r  th e agen t  architec -
ture .  Thes e si x specifi c  agen t  types ,  i n whic h belief s 
overrid e al l  othe r  components ,  ca n b e represente d 
as a  constrain t  o n th e p  functio n resultin g i n th e 
well-know n agen t  type ,  calle d realistic . 
Definitio n 2  Realisti c agen t  typ e i s a  constrain t  o n 
th e p  functio n formulate d a s follows : 
Vr b &  B, ro e 0,r i  e I , r d & D 
{p{rb )  >  p{ro )  A  p{rb )  >  p{ri )  A  p{rb )  >  p{rd) ) 
or  simpl y 
B^O A  B>^  I A  B>^  D 
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N ow tha t  w e hav e a  specifi c p  functio n tha t  char -
acterize s realisti c B O I D types ,  w e indicat e ho w th e 
extensio n i s calculated .  Followin g definitio n 1 ,  a  re -
alisti c B O I D agen t  start s wit h th e observation s an d 
calculate s belie f  extension s b y iterativel y applyin g 
belie f  rules .  W h e n n o belie f  rul e i s applicabl e any -
more ,  the n eithe r  th e O ,  th e / ,  o r  th e D  componen t 
i s chosen  fro m whic h on e applicabl e rul e i s selecte d 
and applied .  W h e n a  rul e fro m a  chose n componen t 
i s applie d successfully ,  th e belie f  componen t  i s at -
tende d agai n an d belie f  rule s ar e applied .  I f  ther e i s 
no rul e from  th e chose n componen t  applicable ,  the n 
anothe r  componen t  i s chose n again .  I f  ther e i s n o 
rul e from  an y o f  th e component s applicable ,  the n 
th e proces s terminate s -  a  fixed  poin t  i s  reache d -
an d extension s ar e calculated . 

Othe r  agen t  type s ca n b e specifie d a s constraint s 
on th e p  functio n a s well .  Sinc e w e conside r  i n thi s 
pape r  onl y realisti c agen t  types ,  w e limi t  ourselve s 
t o thoe e agen t  type s tha t  ar e subtype s o f  realisti c 
agen t  types .  Som e o f  well-know n agen t  type s ca n 
no w b e represente d a s follows . 

BIDO, BOID, and BIOD are called stable, because 
intention s overrul e desires ,  i.e . 

B>-OASy/AB>-DA/>-Z) 

BDIO, BIDO, and BDOI are called selfish, because 
desire s overrul e intentions ,  i.e . 

B>^OAB>-lAByDADyO 

BOID, BIOD, and BODI are called socicd, because 
obligation s overrul e desire ,  i.e . 

ByOAB)^lAB)^DAO>~D 

The six specific realistic agent types mentioned ear-
lie r  ar e subtype s o f  thes e thre e well-know n mor e 
genera l  realisti c agen t  types .  Othe r  agen t  types , 
fo r  whic h w e d o no t  hav e an y name ,  ar e stil l  pos -
sible .  Th e relatio n betwee n thes e an d othe r  realis -
ti c  agen t  type s form s a  lattic e illustrate d i n Figur e 
2.  Th e leve l  i n thi s hierarch y indicate s th e gener -
alit y o f  agen t  types .  Th e botto m o f  thi s lattic e i s 
th e realisti c agen t  typ e tha t  i s characterize d b y th e 
leas t  numbe r  o f  constraint s o n th e p  function .  Eac h 
highe r  laye r  add s eidditiona l  constraint s resultin g i n 
mor e specifi c  agen t  types .  A t  th e secon d level ,  th e 
stable ,  social ,  an d selfis h agen t  type s result ,  an d a t 
th e fourt h leve l  th e mentione d si x specifi c an d un -
know n agen t  type s (BIDO ,  B IOD ,  B D I O ,  B D O I , 
B O I D,  an d B O D I )  result .  Th e to p o f  thi s lattic e 
i s th e falsum ,  whic h indicate s tha t  addin g an y ad -
ditiona l  constrain t  t o th e p  functio n result s i n a n 
inconsisten t  ordering . 

Example 

I n thi s section ,  w e illustrat e ho w conflict s betwee n 
menta l  attitude s ca n b e solve d withi n th e B O I D 

D>-0 

0>- D 

0>- D 

B»D B>-D 
0)- D 

B>-D 

Figur e 2 :  Th e lattic e structur e o f  agen t  types . 

architectur e b y givin g a n exampl e tha t  describe s th e 
followin g menta l  attitudes :  / /  /  g o t o Washingto n 
D C ( G o 2 D C ) ,  the n I  believ e tha t  ther e ar e n o 
chea p room s ( C h R m )  clos e t o th e conferenc e sit e 
(Close2ConfSite) .  I f  I  g o t o Washingto n D C , 
the n I  a m oblige d t o tak e a  chea p room .  I f  I  g o t o 
Washingto n D C ,  the n I  desir e t o sta y clos e t o th e 
conferenc e site .  I  inten d t o g o t o Washingto n D C . 
Thi s exampl e ca n b e represente d b y th e followin g 
rules : 

p = 5 {Go2DC A ChRm) '^ -^Close2Conf Site 

p = 4 {Go2DC A Close2ConfSite) ^ ^ChRm 

p =  3  Go2DC ̂  Close2ConfSit e 

p = 2 Go2DC^ChRm 

p =  l  T' ^  Go2DC 

Let s examin e a  specifi c  typ e o f  socia l  agent , 
i.e .  B IOD .  Le t  th e inpu t  o f  th e agen t  b e empty . 
Then ,  followin g th e extensio n calculatio n mech -
anism ,  w e first  deriv e al l  belief s an d intentions , 
resultin g i n th e followin g extension : 

{Go2DC} 

Because it is a social agent (i.e. the fourth rule has 
a highe r  priorit y tha n th e fifth  rule) ,  th e obligatio n 
rul e i s applie d first.  Thi s result s i n th e followin g 
intermediat e extension : 

{Go2DC. ChRm} 

This extension is fed back into the B component 
wher e i t  trigger s th e first  belie f  rul e (i.e .  th e first 

260 



rule) ,  becaus e th e secon d belie f  rule s i s no t  appli -
cabl e a s w e alread y hav e ChRm.  Thi s produce s th e 
followin g fma l  extension : 

{Go2DC,ChRm,-.CIose2ConfSite} 

This extension denotes the situation in which the 
agen t  ha s decide d t o g o t o Washingto n D C an d take s 
a chea p roo m no t  clos e t o th e conferenc e site ,  whic h 
i s indee d socia l  behavior . 
However ,  i f  w e exchang e th e priorit y o f  th e fourt h 
and th e fift h rule s th e agen t  become s a  selfis h agen t 
'BIDO' .  Then ,  th e D-rul e woul d b e applie d befor e 
any obligatio n rul e i s appUed ,  resultin g i n th e fol -
lowin g final  extension : 

{Go2DC,-.ChRm, Close2ConfSite} 

Sending the results back to the belief component 
does no t  mak e an y differenc e here .  Thi s extensio n 
denote s th e situatio n i n whic h a n agen t  ha s decide d 
t o g o t o Washingto n D C an d take s a n expensiv e 
roo m clos e t o th e conferenc e site ,  whic h i s indee d 
selfis h behavior . 

Concluding Remarks 

We hav e briefl y discusse d th e generi c componen t 
base d B O I D architectur e tha t  i s  develope d fo r  cog -
nitiv e agents .  Eac h componen t  i n th e B O I D archi -
tectur e represent s a  menta l  attitude s o f  th e agent . 
The outpu t  o f  component s ma y conflict .  Som e o f 
th e conflict s tha t  ma y aris e amon g BOID' s compo -
nent s ar e presented .  I n th e B O I D architectur e th e 
conflict s ar e resolve d b y th e orde r  o f  outpu t  gener -
atio n from  differen t  components .  W e hav e show n 
tha t  th e orde r  o f  outpu t  generatio n determine s th e 
typ e o f  a n agent .  I n general ,  th e orde r  o f  outpu t 
generatio n ca n b e use d t o identif y differen t  type s o f 
agents .  W e hav e show n tha t  thes e conflic t  resolutio n 
mechanism s provid e som e well-know n agen t  type s 
and a n interestin g se t  o f  unknow n agen t  types .  I n 
particular ,  w e hav e show n tha t  fo r  a  realisti c agen t 
belief e ar e generate d befor e obligations ,  intention s 
or  desires ;  fo r  a  stabl e agen t  intention s ar e gener -
ate d befor e desires ;  an d fo r  selfis h agent s desire s ar e 
generate d befor e intentions . 

We behev e tha t  th e wa y th e B O I D component s ar e 
update d depend s als o o n th e typ e o f  th e agent .  Th e 
integratio n o f  updatin g variou s component s hav e th e 
highes t  priorit y i n ou r  researc h agenda .  Anothe r  is -
sue whic h i n o n ou r  futur e researc h agend a i s th e 
incorporatio n o f  agen t  type s derive d from  pla n gen -
eratio n modul e an d it s interactio n wit h goa l  gener -
atio n modules .  I n th e B O I D architecture ,  th e pla n 
generatio n modul e influence s th e computatio n o f  ex -
tension s an d therefor e ma y pla y a n importan t  rol e 
i n agen t  typ e classification .  Fo r  example ,  whe n a 
generate d extensio n canno t  b e transforme d int o a 
sequenc e o f  actions ,  anothe r  extensio n shoul d b e se -
lected .  Th e exac t  choic e fo r  a  ne w extensio n shoul d 
depend s o n th e typ e o f  agen t  a s well . 
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Abstrac t 

The relationship between theoretic ally-grounded hints, 
strateg y selection ,  an d solutio n perfomianc e i n th e Toad s 
and Frog s puzzle ,  a  well-structure d proble m i n whic h wea k 
method s ar e difficu h t o apply ,  i s  investigate d throug h a n 
experimen t  an d a n ACT- R simulation .  Th e mai n results 
sho w tha t  providin g a  stat e specifi c  hin t  i s  usefu l  i n 
q>eedin g u p th e adoptio n o f  a  hybri d solutio n strategy , 
comprisin g bot h ttie  retrieval  o f  previou s move s an d th e 
proceduralizatio n o f  a  domain-specifi c  heuristi c tha t  avoid s 
any kin d o f  forwar d search .  Th e implication s o f  th e results 
fo r  th e proble m solvin g theor y ar e discussed . 

Introduction 

Researc h wor k o n proble m solvin g ha s attaine d t o 
significan t  succes s i n identiiyin g th e source s o f  difficult y 
fo r  severa l  kind s o f  well-structure d problem s (Newel l  & 
Simon ,  1972) .  Woricin g memor y limitation s (Miyak e & 
Shah,  1999) ,  i n particular ,  pla y a  prominen t  rol e i n 
explainin g w h y som e problem s ar e "s o hard" ,  an d man y 
factor s hav e bee n identifie d tha t  affec t  th e workin g 
m e m o ry load .  A  parria l  lis t  comprise s th e executio n o f 
legalit y test s o n th e operator s (Kotovsky ,  Haye s &  Simon , 
198S) ,  th e numbe r  o f  option s t o b e considered ,  an d th e 
availabilit y  o f  usefii l  externa l  memorie s (Gar y &  Carlson , 
2001 ;  a a n g &  Norman ,  1994) . 

Independentl y fro m workin g m e m o r y limitations , 
proble m solver s see m reluctan t  t o engag e i n a  hig h degre e 
of  forwar d plaimin g (Atwood ,  Masso n &  Poison ,  1980 ; 
W a rd &  Allport ,  1997 ;  Simo n &  Reed ,  1976) .  Peopl e 
usuall y recu r  t o heuristi c strategies ,  ofte n relyin g o n wea k 
medKxl s suc h a s hill-climbin g o r  means-end s analysi s 
(Anderson ,  1982 ;  Anza i  &  Simon ,  1979 ;  Simon ,  1975 ; 
Simo n &  Reed ,  1976) ,  an d tak e int o accoun t  onl y a 
limite d numbe r  o f  states . 

I t  i s howeve r  interestin g t o wonde r  wha t  strateg y woul d 
be use d i n problem s requirin g a  substantia l  degre e o f 
searc h whe n wea k method s ar e no t  directl y applicable . 
Her e w e tr y t o answe r  thi s questio n b y carryin g ou t  a  firs t 
empirica l  exploratio n o f  proble m solvin g behavio r  i n a 
n e w kin d o f  task . 

First ,  w e introduc e th e Toad s an d Frog s puzzl e 
(hencefort h T & F ) ,  a  proble m w e foun d particularl y 
suitabl e fo r  th e presen t  researc h becaus e o f  th e peculia r 
structur e o f  it s proble m space .  W e describ e the n a  se t  o f 
candidat e strategie s fo r  solvin g it ,  an d presen t  a n 
experimen t  designe d t o stud y th e effectivenes s o f  tw o 
type s o f  hint s delivere d throug h th e interface .  Nex t  w e 
summariz e th e result s o f  a n A C T - R simulatio n aime d a t 
identifyin g th e strategie s actuall y use d b y participants , 
and a t  tracin g thei r  development .  Finally ,  w e discus s th e 
fmding s i n th e ligh t  o f  tw o mai n classe s o f  proble m 
solvin g strategie s (memory-base d vs .  rule-based) . 

Tlie Toads and Frogs Puzzle 

Th e T & F puzzl e (Beriekamp ,  Conwa y &  Guy ,  2001 )  i s a 
well-structure d proble m that ,  t o th e bes t  o f  ou r 
knowledge ,  ha s neve r  bee n previousl y utilize d i n 
psychologica l  research . 

I n th e varian t  use d here ,  thre e toad s ar e place d o n th e 
thre e leftmos t  square s o f  a  seven-squar e boar d whil e thre e 
frog s ar e place d o n th e thre e rightmost  square s (Figur e 1) . 
The centra l  squar e i s initiall y  empty .  Th e goa l  o f  th e 
game i s t o switc h th e animals '  position s b y havin g th e 
toad s occup y th e thre e rightmost,  an d th e fix)g s th e thre e 
leftmos t  squares ,  respectively .  A  squar e ca n b e occupie d 
by onl y a n anima l  a t  a  time ,  an d a n anima l  ca n m o v e onl y 
int o th e empt y square .  Toad s ca n m o v e onl y rightward 
and frog s onl y leftward .  Ther e ar e tw o possibl e type s o f 
move:  a  Slid e t o th e nex t  (empty )  squar e an d a  Jum p ove r 
an anima l  o f  a  differen t  typ e t o a  two-squar e apar t  empt y 
position .  A  solutio n ca n b e reache d i n exactl y 1 6 moves ,  9 
Jumps an d 7  Slides .  T w o symmetrica l  solutio n path s ar e 
possible ,  dependin g o n th e anima l  tha t  i s move d firs t  (th e 
solutio n sequenc e fo r  th e fiDg-move-firs t  typ e o f  proble m 
i s presente d i n Figur e 1) . 

S o me o f  th e move s i n th e solutio n pat h ar e force d 
(Jum p onl y o r  Slid e only )  whil e i n th e remainin g case s i t 
i s  necessar y t o choos e betwee n tw o Slides ,  o r  betwee n a 
Jump an d a  Slide ,  o r  betwee n tw o Jump s (of f  th e solutio n 
pat h only) .  Excludin g th e firs t  m o v e tha t  allow s tw o 
possibl e options ,  ther e exist s a  singl e right  mov e fo r  ever y 
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solutio n step ,  an d i t  i s  no t  possibl e t o retrac t  a  mov e whe n 
i t  ha s bee n done . 

—cho ice s Solutio n Pat h —I 

f  Ffiiii lri i 

final  itit e 

-rirtalJ-JState -
i t i t n i T f n 

ftat e Hin t 

a : 
\ 

Uie r  Interface — 
Stat e Hin t  Are a 

Movabl e token i 

Figur e 1 :  Th e Toad s an d Frog s proble m 

From a normative point of view, it is possible to 
identif y tw o rule s tha t  foste r  th e T & F puzzl e solution . 
First ,  i n decidin g betwee n tw o Slides ,  avoi d th e mov e tha t 
bring s t o a  fata l  Jump-Jum p configuration ,  i.e. ,  a  stat e i n 
whic h bot h lega l  move s ar e Jump s (a n exampl e i s give n i n 
Figur e 1) .  Ever y suc h configuratio n lie s of f  th e solutio n 
pat h an d lead s eventuall y t o a  dea d end .  Second ,  i n 
choosin g betwee n a  Jum p an d a  Slide ,  selec t  th e Jump . 

Fro m a  psychologica l  viewpoint ,  tiie  proble m present s 
some interestin g properties .  I t  canno t  b e solve d throug h 
hill-climbing ,  becaus e thi s strateg y doe s no t  hel p i n 
decidin g wha t  t o d o whe n facin g th e critica l  Slide-Slid e 
choices .  A  pur e forwar d plannin g approac h wil l  no t  wor k 
either ,  becaus e detectin g dea d end s woul d requir e a n 
unattainabl e degre e o f  look-ahead .  Th e proble m i s als o 
har d t o solv e b y means-end s analysis ,  becaus e o f  th e 
difficult y t o fin d ou t  usefu l  subgoals .  Th e natura l  subgoa l 
choic e (i.e .  puttin g th e mos t  advance d anima l  t o it s targe t 
location )  canno t  b e use d i n th e firs t  solutio n step s du e t o 
th e necessit y t o pla n u p t o seve n move s an d t o detec t  te n 
potentia l  dead-ends .  Finally ,  i t  i s  unlikel y t o fm d th e 
solutio n b y pur e chanc e (p=0.0039) . 

Candidate Problem Solving Strategies 

Fro m th e analysi s o f  som e concurren t  verba l  protocol s 
collecte d i n a  pilo t  stud y an d b y combin g th e proble m 
solvin g literature ,  w e wer e abl e t o defin e a  se t  o f 
candidat e solutio n strategie s fo r  th e T & F puzzle .  W e wil l 
briefl y presen t  th e strategie s an d th e hypothese s abou t  th e 
performanc e measur e tha t  ca n b e derive d fro m them . 
A V O I D B L X ) C K S (AB )  Thi s strateg y ca n b e reduce d t o 
tw o rules :  (1 )  Avoi d move s tha t  brin g t o a  "blocked " 
state .  A  stat e i s considere d blocke d wheneve r  th e move d 

anima l  i s precede d i n it s movin g directio n b y a n anima l  o f 
th e sam e typ e tha t  (a )  canno t  b e moved ,  an d (b )  i s no t 
place d i n it s fina l  position .  (2 )  I n case s whe n non e o f  th e 
tw o lega l  move s bring s t o a  blocke d state ,  choos e 
randoml y betwee n them .  Thi s strateg y reflect s th e genera l 
heuristi c o f  avoidin g ba d states ,  an d i t  hypothesize s 
chance-leve l  performanc e i n th e Slide-Slid e choices . 
J U MP A N D R A N D OM ( J R N D )  I n th e Jump-Slid e 
choice s alway s selec t  a  Jum p move .  I n th e Slide-Slid e 
choice s choos e randomly .  Th e "alway s Jump "  rul e coul d 
be acquire d b y proceduralizin g th e hill-climbin g heuristic . 
The strateg y predict s a  highe r  erro r  rat e i n th e Slide-Slid e 
decision s i n compariso n wit h th e Slide-Jum p ones . 
M O VE P A T T E R N ( M P )  Becaus e th e sequenc e o f 
moves t o reac h th e solutio n i s highl y patterned ,  implicitl y 
lear n t o perfor m th e patter n o f  moves .  Fo r  instance ,  whe n 
th e firs t  mov e i s th e Slid e o f  th e mos t  advance d fro g [Fl] , 
th e solutio n patter n is :  [Fl ]  T l  T 2 F l  F 2 F 3 T l  T 2 T 3 F l 
F2 F 3 [T 2 T 3 F3 ]  wit h th e thre e fina l  move s bein g on-the -
targe t  moves .  Thi s strateg y (described ,  amon g others ,  b y 
Reber  &  Kotovsky ,  1997 )  predict s a n approximatel y 
simila r  percentag e o f  error s fo r  eac h clas s o f  choice s an d 
no differenc e i n th e associate d decisio n times . 
J U MP A N D R E T R I E V E (JR )  I n th e Jump-Slid e 
choices ,  alway s selec t  a  Jum p move .  I n th e Slide-Slid e 
choices ,  tr y t o retriev e th e las t  decisio n take n i n th e sam e 
situation ,  usin g th e curren t  stat e a s a  memor y cue .  I f  th e 
las t  tria l  i s  remembere d a s a  success ,  repea t  th e retrieve d 
move,  els e selec t  th e alternativ e lega l  move .  Th e strateg y 
constitute s a  partia l  versio n o f  th e trial-and-erro r  wea k 
method .  I t  predict s highe r  time s (du e t o retrieva l  costs ) 
and highe r  erro r  rate s (du e t o retrieva l  errors )  i n th e Slide -
Slid e choice s tha n i n th e Slide-Jum p ones . 
J U MP A N D S P A C E (JS )  Alway s Jum p i n th e Jump -
Slid e pick .  I n th e Slide-Slid e choices ,  selec t  th e m o v e tha t 
bring s t o a  stat e i n whic h ther e i s exactl y on e interpose d 
squar e betwee n eac h neighborin g pai r  o f  animal s lik e th e 
moved one .  Thi s rul e implement s a  domain-specifi c 
preferenc e fo r  state s i n whic h animal s o f  th e sam e typ e 
ar e regularl y spaced .  Th e strateg y stem s fro m th e verba l 
protocol s o f  participant s statin g thei r  desir e t o reac h a n 
"alternatin g sequence "  o f  animals .  The y claime d the y 
wante d "t o mak e som e space "  betwee n th e animal s o f  th e 
same typ e t o allo w th e possibilit y  fo r  th e othe r  animal s t o 
"jum p into" .  Th e strateg y coul d b e acquire d b y a 
perceptua l  noticin g mechanis m (Rui z &  Newell ,  1989 ) 
and b y th e us e o f  th e perceive d feature s a s subgoal s 
withi n a  means-end s approac h (Anza i  &  Simon ,  1979) .  I t 
requires :  (a )  t o imagin e a  stat e stemmin g fro m th e 
executio n o f  a  move ;  (b )  t o maintai n th e imagine d stat e i n 
workin g memory ;  (c )  t o perfor m tw o distanc e test s o n th e 
imagine d state ;  (d )  t o selec t  th e right  mov e dependin g o n 
th e tes t  outcome .  Thi s proces s i s tim e expensiv e an d ca n 
be error-prone ,  therefor e th e strateg y predict s highe r  time s 
and erro r  rate s i n th e Slide-Slid e decision s tha n i n th e 
Slide-Jum p ones . 
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T h e E x p e r i m e n t 

We performe d a n experimen t  t o analyz e th e effec t  o f  tw o 
interfac e hint s o n th e performanc e i n th e T & F puzzle ,  an d 
on th e acquisitio n o f  th e solutio n strategies . 

Th e firs t  hin t  i s  motivate d b y th e wor k o f  Kotovsky , 
Haye s &  Simo n (1985) ,  w h o suggeste d tha t  th e executio n 
of  legalit y test s o n th e operator s constitute s a  majo r 
sourc e o f  difficult y i n th e Towe r  o f  Hano i  isomorph s (th e 
so-calle d rule-applicatio n hypothesis) .  Accordin g t o th e 
authors ,  th e workin g m e m o r y loa d associate d wit h thes e 
test s initiall y  hinder s th e discover y o f  a  solutio n strategy . 
Assimiin g tha t  legalit y test s coul d b e a  sourc e o f  difficult y 
als o i n th e T & F problem ,  w e devise d a n interfac e hin t  tha t 
completel y remove s an y cos t  associate d wit h thei r 
execution .  Wit h th e "legalit y hint "  enabled ,  th e movabl e 
token s po p ou t  i n th e interface ,  bein g displaye d o n 
square s o f  a  diffieren t  color .  I n thi s wa y th e legalit y test s 
ar e embedde d int o th e interface .  Thi s manipulatio n shoul d 
fiee  workin g m e m o r y resources ,  an d m a k e the m availabl e 
fo r  proble m solvin g an d fo r  th e acquisitio n o f  a  solutio n 
strategy . 

Th e secon d hin t  i s  relate d t o th e structur e o f  th e 
proble m spac e and ,  i n particular ,  t o ou r  hypothesi s tha t 
th e Slide-Slid e choice s ar e th e bigges t  source s o f 
diflicult y i n th e T & F puzzl e becaus e the y canno t  b e 
handle d b y th e wea k method s commonl y use d i n proble m 
solving .  Wit h th e "stat e hint "  enabled ,  a n imag e patter n 
representin g th e c o m m o n par t  o f  th e fata l  Jump-Jum p 
state s i s presente d i n th e Stat e Hin t  Are a o f  th e Use r 
Interfac e W i n d o w (Figur e 1 )  wheneve r  participant s fac e a 
SUde-Slid c choice .  Th e participant s wer e instructe d t o 
avoi d executin g a  m o v e tha t  wil l  brin g the m i n a  stat e 
correspondin g t o th e hin t  pattern .  Accordin g t o ou r 
hypothesis ,  th e hin t  shoul d b e ver y effectiv e i n removin g 
di e mai n erro r  source ,  an d i n helpin g participant s t o fin d a 
goo d decisio n polic y i n th e Slide-Slid e choices . 

Finally ,  i t  i s  reasonabl e t o expec t  a  synergi c interactio n 
betwee n th e tw o kind s o f  hints ,  sinc e th e workin g 
m e m o ry unloa d provide d b y th e firs t  hin t  shoul d enhanc e 
th e effec t  o f  th e stat e hint . 

Method 

Participant i  an d Material s Th e participant s wer e 7 2 
undergraduate s students ,  age d betwee n 1 9 an d 30 .  Th e 
sampl e wa s approximatel y balance d fo r  gender .  Al l  th e 
participant s ha d a  basi c familiarit y wit h computers ,  an d 
wer e abl e t o us e th e mouse .  T w o differen t  version s o f  th e 
T & F proble m wer e use d b y havin g th e firs t  m o v e (Slid e a 
toa d vs .  Slid e a  frog )  automaticall y generate d b y th e 
computer .  Th e firs t  choic e actuall y split s th e proble m 
spac e i n tw o almos t  completel y non-overlappin g sub -
space s (ther e ar e onl y a  fe w c o m m o n states ,  place d of f  th e 
solutio n paths) . 

Procedur e Participant s rea d a n instructio n documen t  tha t 
explaine d th e rule s o f  th e T & F ,  describe d th e task ,  an d 
showe d h o w t o us e th e interface .  Dependin g o n th e 
experimenta l  conditions ,  th e documen t  presente d als o th e 
availabl e hints .  I n orde r  t o decreas e th e likelihoo d o f  a 
rando m solution ,  w e adopte d a s th e learnin g criterio n th e 
attainmen t  o f  th e fina l  stat e i n tw o consecutiv e trials .  Th e 
interfac e di d no t  allo w undoin g a  previousl y execute d 
move.  Afte r  gettin g stuck ,  o r  afle r  a  voluntar y interruptio n 
of  a  trial ,  th e solve r  shoul d star t  agai n fro m di e beginning . 
Participant s wer e require d t o solv e bot h version s o f  th e 
proble m i n th e orde r  specifie d b y th e experimenta l  design . 
The y ha d allotte d a  m a x i m u m tim e o f  2 0 mi n fo r  th e firs t 
proble m an d o f  1 0 mi n fo r  th e secon d one .  N o limit s wer e 
place d o n th e numbe r  o f  trials . 

Apparatus A PowerMacintosh G3 was used for the 
experimen t  A  progra m implementin g th e T & F puzzl e 
was writte n usin g M C L 4.3. 1 an d C L I M 2 .  Th e progra m 
recorde d eac h participan t  m o v e an d th e associate d time . 
The interfac e windo w wa s compose d b y tw o parts .  Th e 
uppe r  par t  wa s onl y use d t o displa y th e stat e hint .  Th e 
lowe r  par t  showe d th e puzzl e boar d an d a n "Interrupt " 
button .  T o m o v e a n animal ,  i t  wa s onl y require d t o clic k 
on th e squar e containin g it .  I f  th e m o v e wa s allowe d b y 
th e proble m rules ,  th e position s o f  th e anima l  an d o f  th e 
blaij c  squar e wer e immediatel y updated ;  i n cas e o f  a n 
illega l  move ,  a  warnin g soun d wa s delivered . 

Experimental Design Two between-subjects independent 
variable s (Stat e Hin t  an d Lega l  Hin t  availability )  wer e 
manipulate d i n a  2x 2 factoria l  design .  Th e 7 2 participant s 
wer e randoml y assigne d t o th e fou r  experimenta l  groups . 
We adopte d a  transfe r  design ,  presentin g th e tw o differen t 
version s o f  th e proble m i n a  counterbalance d order .  Th e 
hint s wer e availabl e onl y fo r  th e firs t  problem ,  an d th e 
participant s wer e mad e fiill y  awar e o f  thi s b y th e 
instruction s an d b y th e experimenter .  Th e basi c dependen t 
variable s fo r  eac h proble m wer e th e achievemen t  o f  th e 
criterion ,  th e tota l  time ,  an d th e tota l  numbe r  o f  trial s 
neede d t o achiev e it .  Mor e detaile d dependen t  measure s 
wer e th e percentage s o f  errors ,  an d th e mea n mov e 
latenc y fo r  eac h choic e class . 

Results 

We wil l  firs t  presen t  th e result s o n th e whol e dat a t o tes t 
th e hypothese s abou t  th e effectivenes s o f  th e interfac e 
hints .  The n w e wil l  repor t  tw o serie s o f  result s concernin g 
th e participant s w h o reache d th e criterio n i n bot h th e 
problems :  th e firs t  t o asses s th e transfer ,  th e secon d t o 
provid e detaile d performanc e analyse s tha t  wil l  b e 
compare d wit h th e prediction s o f  th e variou s strategies . 

Hint EfTectiveness 
Criterion .  Tabl e 1  present s th e frequenc y o f  proble m 
solvin g outcome s fo r  eac h hin t  grou p an d problem . 
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Tabl e 1 :  Frequenc y o f  proble m solvin g outcomes . 

G R O UP 
Contro l 
Leeal  Hin t 
Stat e Hin t 
Bot h Hint * 

ToUl 
FaUur e 

5 
1 
1 
3 

Criterio n 
Proble m 1 

Onl y 
0 
2 
2 
4 

Criterio n 
Proble m 2 

Onl y 
6 
3 
0 
2 

Criterio n 
Proble m 
1&2 

7 
12 
15 
9 

I n th e firs t  problem ,  a  highe r  numbe r  o f  participant s i n 
eac h hin t  grou p reache d th e criterio n i n compariso n wit h 
th e contro l  grou p (n o hint) .  Th e Fishe r  Exac t  tes t  showe d 
significan t  difference s betwee n th e contro l  grou p an d th e 
Lega l  Hin t  grou p (p=0.0205) ,  th e Stat e Hin t  grou p 
(p=O.0005 )  an d th e grou p wit h bot h hint s (p=0.0461) , 
respectively .  N o significan t  difference s wer e foun d i n th e 
secon d problem .  Contrastin g th e fi^uency  o f  criterio n 
attainmen t  i n bot h problem s wit h th e frequenc y o f  an y 
othe r  outcome ,  onl y th e Stat e Hin t  grou p resulte d 
significantl y bette r  tha n th e contro l  grou p (Fishe r  Exac t 
test,/)=0.0076) . 
THmes.  A  2x 2 A N O V A o n th e aggregat e proble m time s 
yielde d onl y th e significan t  mai n effec t  o f  th e Stat e Hin t 
(7^1,68)=8.37 ,  MSE=50.9S ,  /tO.OI) .  Th e participant s 
withou t  th e stat e hin t  ha d t o devot e mor e tim e t o th e 
problem s (Stat e Hint :  A^15.0 8 min ,  N o Hint :  A/=19.9 5 
min) . 
Number  o f  trials .  A  2x 2 A N O V A o n th e aggregat e 
proble m trial s showe d a  significan t  interactio n betwee n 
Stat e Hin t  an d Lega l  Hin t  availabilit y  (F(l,68)=4.78 , 
A/S£=216.65 ,  /KO.05) .  Onl y th e mai n effec t  o f  th e Stat e 
Hin t  wa s significan t  (F (  1,68) = 10.00 ,  A/S£=216.65 , 
pO.Ol) .  Th e Tuke y H S D tes t  showe d significan t 
difference s betwee n th e Stat e Hin t  grou p an d th e contro l 
grou p (pO.Ol )  an d betwee n th e Stat e Hin t  grou p an d th e 
Lega l  Hin t  grou p (p<0.05) .  Th e Stat e Hin t  grou p ha d th e 
lowes t  mea n (Aî l5.89) ,  followe d b y th e contro l  grou p 
(A/=27) ,  th e Lega l  Hin t  grou p (A/=30.39) ,  an d th e grou p 
wit h bot h hint s (Af=34.44) . 

Transfer 
Times .  W e compute d a  2x 2 A N O V A (Proble m x  Stat e 
Hin t  availability )  o n th e proble m solutio n times .  Th e 
analysi s showe d a  two-wa y interactio n betwee n Proble m 
and Stat e Hin t  (fl(l,41)=9.20 ,  A/5£=9.04 ,  p<0.01) .  Th e 
Unequal  N  Tuke y H S D tes t  underline d a  significan t 
differenc e betwee n th e participant s wit h th e stat e hin t  an d 
thos e withou t  it ,  bu t  onl y i n th e first  proble m (p<0.05) .  I n 
bot h th e conditions ,  th e tim e t o criterio n significantl y 
decrease d fit)m  th e first  t o th e secon d proble m (Stat e 
Hint :  n=24 ,  A/7=7.2 6 min ,  M2=4.5 6 min ,  /kO.05 ;  N o 
Hint :  n=19 ,  A//=10.8 5 min ,  M 2 = 4.1 9 min,p<0.001) . 
Number  o f  trials .  A  2x 2 A N O V A (Proble m x  Stat e Hin t 
availability )  showe d a  two-wa y interactio n betwee n 

Proble m an d Stat e Hin t  (fl(l,41)=9.96 ,  MSE-'2S.S6 , 
p<0.0\) .  Th e Unequa l  N  Tuke y H S D tes t  highlighte d th e 
significan t  differenc e betwee n th e participant s wit h th e 
stat e hin t  an d thos e withou t  it ,  agai n onl y i n th e firs t 
proble m (p<0.0\) .  Onl y i n th e conditio n withou t  th e stat e 
hint ,  th e numbe r  o f  trial s significantl y decrease d fro m th e 
first  t o th e secon d proble m (Stat e Hint :  /i=24 ,  A//=8.42 , 
A/>8.12 ;  N o Hint :  n=19 ,  M7=16.63 ,  A/2=9.37,p<0.001) . 

Detailed Performance The choices of each participant in 
th e non-force d move s wer e categorize d dependin g o n 
thei r  location :  th e first  Slide-Slid e choic e (SS-1) ,  th e 
secon d Slide-Slid e choic e (SS-2) ,  o r  a  Jump-Slid e 
decisio n point .  Then ,  th e percentag e o f  error s fo r  eac h 
choic e poin t  wa s computed ,  accordin g t o th e participant' s 
number  o f  transition s fo r  tha t  state .  Finally ,  give n th e lo w 
valu e o f  th e percentage s fo r  eac h o f  th e si x Jump-Slid e 
choices ,  a n overal l  mea n erro r  percentag e (JS-M )  fo r  eac h 
participan t  wa s computed . 
Errors .  A  2x2x 2 A N O V A (Stat e Hin t  availabilit y  x 
Proble m x  Erro r  type )  yielde d a  significan t  three-way s 
interactio n (F(2,82)=3.30 ,  MS'£=251.3 ,  p<0.05) .  Ther e 
was n o significan t  differenc e o n th e JS- M erro r 
percentag e betwee n th e Stat e Hin t  an d N o Stat e Hin t 
condition s an d betwee n th e first  an d th e secon d proble m 
(Unequa l  N  Tuke y H S D test) .  Th e JS- M erro r  percentage s 
wer e significantl y lowe r  tha n th e S S erro r  percentage s i n 
eac h Stat e Hin t  conditio n an d proble m (leas t  significan t 
difference :  fXO.OS ;  JS- M mean s betwee n 2  an d 0) .  Th e 
differenc e o n th e SS- 1 erro r  percentage s betwee n th e Stat e 
Hin t  an d N o Stat e Hin t  condition s wa s significan t  onl y i n 
th e first  proble m (A/-A=18 ,  M-nh=43 ,  fXO.Ol) .  A  simila r 
resul t  wa s obtaine d fo r  th e SS- 2 erro r  percentages ,  bu t  th e 
differenc e onl y approache d significanc e (M-h=26 ,  M -
nh=41 ,  p=0.059) .  Som e singl e sampl e t-tests ,  carrie d ou t 
t o evaluat e th e nul l  hypothesi s tha t  th e erro r  percentage s 
of  th e S S choice s wer e no t  differen t  fro m rando m 
performanc e (50%) ,  di d no t  allo w u s t o rejec t  th e 
hypothesi s onl y i n th e conditio n withou t  stat e hin t  o f  th e 
firs t  problem .  I n th e othe r  case s th e percentage s wer e 
significantl y lowe r  (leas t  significan t  difference :  p<0.05 ; 
means rangin g fro m 1 8 t o 35) . 
Move times .  A  2x2x 2 A N O V A (Stat e Hin t  availabilit y  x 
Proble m x  Erro r  type )  o n th e mea n mov e times ,  showe d a 
significan t  three-way s interactio n (/T(3,123)=7.28 , 
MSE=11.57 ,  p<0.001) .  Th e analysi s comprise d als o th e 
tw o kind s o f  force d move s (Jum p an d Slid e only )  an d 
use d th e aggregate d S S decisio n times .  Ther e wer e 
significan t  difference s betwee n th e firs t  an d th e secon d 
problem ,  bu t  onl y fo r  th e rea l  choices .  Th e Unequa l  N 
H SD tes t  yielde d th e followin g result s i n th e condition s 
wit h th e stat e hint :  p<0.00 1 fo r  S S (M7 = 10.4 0 s ,  M2=4.9 4 
s)  andp<0.00 1 fo r  SJ- M (A//=5.6 8 s ,  A/2=3.3 0 s) .  I n th e 
condition s withou t  stat e hin t  th e result s ar e analogous : 
/KO.OOl  fo r  S S (A//=7.0 6 s ,  M2=A.\ 6 s )  and/KO.OO l  fo r 
SJ- M (A/7=5.2 3 s ,  A/>2.9 3 s) .  Fo r  bot h problems ,  th e S S 
time s wer e significantl y highe r  tha n th e J S time s (Stat e 
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Hint :  ;k0.00 1 and/KO.OOl ;  N o Stat e Hint :  p<0.00 \  an d 
p<0.05) .  Th e J S time s wer e significantl y slowe r  tha t  th e 
force d move s (pO.QO l  fo r  eac h conditio n an d problem) . 
Th e onl y significan t  differenc e involvin g th e Stat e Hin t 
conditio n wa s tha t  o n th e S S decision s i n th e first  proble m 
(A/-A=10.4 0 s ,  M-nh=l.0 6 s,p<0.05) . 

Discussion 

Th e experimenta l  result s provide d stron g suppor t  fo r  th e 
effectivenes s o f  th e stat e hint .  Thi s hin t  promote d th e 
achievemen t  o f  th e criterio n i n th e first  problem ,  whil e it s 
remova l  di d no t  produc e an y performanc e decreas e i n th e 
secon d one .  A  significan t  suppor t  fo r  th e effectivenes s o f 
th e lega l  hin t  wa s no t  reached ,  bu t  th e limite d powe r  o f 
th e test s advise s cautio n i n th e interpretation . 

Th e result s o n th e percentage s o f  error s clearl y showe d 
tha t  th e mai n source s o f  difficult y fo r  th e proble m wer e 
th e Slide-Slid e choices .  Th e stat e hin t  worke d b y reducin g 
th e error s i n thes e decisio n point s i n th e firs t  problem , 
thu s allowin g a  faste r  developmen t  o f  a  decisio n policy . 

However ,  abou t  6 0 % o f  th e participant s wer e abl e t o 
reac h th e criterio n i n bot h th e problems ,  thu s 
demonstratin g th e possibilit y  t o acquir e a n advantageou s 
solutio n strateg y wit h a  sufficien t  amoun t  o f  practice . 
Furthermore ,  th e performanc e o f  th e successfu l  solver s i n 
th e secon d proble m wa s quit e simila r  acros s th e 
experimoita l  conditions . 

Th e erro r  an d tim e result s wer e no t  compatibl e wit h th e 
adoptio n o f  th e M P strategy .  Th e us e o f  th e A B o r  J R N D 
strategie s coul d no t  exclude d i n th e condition s withou t  th e 
stat e hint ,  bu t  onl y i n th e firs t  problem .  Th e J R an d th e J S 
strategie s wer e th e onl y tw o strategie s potentiall y i n 
accordanc e wit h th e evidenc e o n th e secon d problem . 

The Simulation 

We decide d t o undertak e a n A C T - R simulatio n (Anderso n 
& Lebiere ,  1998 )  t o formulat e mor e detaile d prediction s 
fro m th e partiall y  supporte d strategies :  Avoi d Block s 
(AB) ,  Jum p an d R a n d o m (JRND) ,  J u n ^  an d Retriev e 
(JR) ,  an d J u m p an d Spac e (JS) ,  an d t o tes t  the m agains t 
th e appropriat e subse t  o f  data .  W e implemente d th e fou r 
strategie s a s separat e A C T - R models . 

Whil e th e J R N D strateg y lead s t o a  direc t 
implementation ,  th e A B an d J S requir e t o mentall y 
simulat e th e executio n o f  th e possibl e lega l  moves ,  an d t o 
evaluat e th e state s derivin g fro m them .  W e implemente d 
th e constructio n an d storag e o f  th e imagine d state s vi a 
time-costl y productions ,  an d w e assume d tha t  th e stat e 
evaluation s wer e alway s performe d errorless .  Give n tha t 
verba l  protoco l  dat a indicate d tha t  detectin g a  bloc k 
situatio n i s quit e a n eas y task ,  w e assume d als o tha t  th e 
A B mode l  di d no t  nee d t o retriev e th e simulate d move . 
Conversely ,  th e J S model ,  bein g engage d i n mor e difficul t 
distanc e tests ,  ha d t o us e th e erro r  pron e m e m o r y 

retrieval .  Thus ,  th e J S mode l  ofte n dictate d a  m o v e tha t 
di d no t  compl y wit h th e strateg y requirements . 

The implementatio n o f  th e J R strateg y required ,  o n th e 
othe r  hand ,  th e memor y storag e o f  eac h Slide-Slid e 
choice ,  an d o f  th e outcom e o f  eac h trial .  W h e n facin g a 
Slide-Slid e proble m state ,  th e mode l  trie s t o retriev e th e 
las t  decisio n take n i n th e sam e situatio n usin g th e curren t 
boar d configuratio n a s a  retrieva l  cue .  I t  als o trie s t o 
retriev e th e outcom e o f  th e las t  performe d trial .  I f  th e tria l 
i s  remembere d a s a  success ,  th e retrieve d m o v e wil l  b e 
executed ,  otherwis e th e alternativ e lega l  m o v e wil l  b e 
carrie d out .  Thus ,  th e J R mode l  sometime s make s th e 
wron g selectio n du e t o retrieva l  error s o r  t o a  tempora l 
mismatc h betwee n th e retrieve d m o v e an d th e trial . 

Procedure and Results 

We compare d th e A B an d J R N D prediction s wit h th e dat a 
of  th e firs t  proble m withou t  th e stat e hint .  Then ,  w e 
contraste d th e J R an d J S result s wit h th e dat a o f  th e 
secon d problem ,  i n th e condition s withou t  th e stat e hint . 

For  eac h strategy ,  w e execute d a  numbe r  o f  simulatio n 
run s (2000 )  sufficien t  t o provid e a n efficien t  estimation . 
Th e dependen t  variable s wer e th e numbe r  o f  trial s t o 
reac h th e criterion ,  an d th e erro r  percentage s o n th e tw o 
Slide-Slid e choices .  Th e JS- M percentage s wer e no t  take n 
int o account ,  becaus e al l  th e strategie s predicte d fe w 
error s i n th e J S choice s an d th e empirica l  value s ar e 
alway s ver y clos e t o zero .  Th e experimenta l  dat a an d th e 
simulatio n result s ar e presente d i n Tabl e 2  an d Tabl e 3 
(th e numbe r  nea r  th e strateg y labe l  stand s fo r  th e proble m 
bein g simulated) . 

Table 2: Experimental data. 

PROBLEM 
FIRST 
SECO^a) 

Tabl e 3 :  S 
95 % confi t 

STRATEGY 
AB(1 ) 
JRND(l ) 
JR(2 ) 
JS(2 ) 

Trial s t o 
Criterio n 

16.6 3 
9.3 7 

kimulatio n pre c 
lenc e interva l  < 

Trial s t o 
Criterio n 

13.95 * 
13.0 8 
7.56 * 
13.7 0 

SS-1 Erro r 

43 
30 

SS-2 Erro r 

47 
35 

lictions .  (Value s withi n th e 
) f  dat a ar e marke d wit h * ) 

SS-1 Erro r 

43* 
42* 
34* 
42 

SS-2 Erro r 

40* 
39* 
37* 
39* 

The result s showe d tha t  th e A B strateg y obtaine d a 
slightl y bette r  fit  tha n th e J R N D o n th e first  proble m 
results .  Th e bes t  fit  fo r  th e performanc e o n th e secon d 
proble m wa s obtaine d b y th e J R strategy .  Thus ,  th e mos t 
probabl e explanatio n i s tha t  participant s shifte d fro m th e 
A B t o th e J R strateg y a s a  consequenc e o f  thei r  increase d 
experienc e wit h th e task . 
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I t  seem s reasonabl e t o assum e tha t  th e stat e hin t  wa s 
abl e t o foste r  th e adoptio n o f  th e J R strategy .  A  simpl e 
memorizatio n o f  th e stat e hin t  seem s quit e implausible , 
give n th e mov e latenc y data .  I n th e secon d problem ,  i f  th e 
participant s wer e retrievin g th e stat e hin t  an d usin g i t  t o 
carr y ou t  th e S S mov e selection ,  w e shoul d hav e observe d 
a significan t  increas e i n th e mea n latency .  O n th e 
contrary ,  th e mea n time s fo r  th e S S move s resulte d muc h 
lowe r  i n th e secon d problem .  Furthermore ,  th e whol e 
secon d proble m performanc e wa s ver y simila r  fo r  th e 
group s wit h an d withou t  th e stat e hint .  So ,  i t  coul d b e 
parsimoniousl y hypothesize d tha t  th e indirec t  suggestio n 
of  th e correc t  mov e mad e availabl e throug h th e stat e hin t 
coul d hav e sin:q)l y speede d u p th e natura l  developmen t  o f 
a mor e genera l  memory-base d strategy . 

Conclusions 

The evidenc e provide d ca n hel p u s t o answe r  th e 
questio n tha t  motivate d ou r  researc h o n th e T & F puzzle . 
Peopl e wer e abl e t o acquir e a n effectiv e solutio n strateg y 
eve n whe n hill-climbin g o r  means-end s analysi s wer e no t 
directl y applicable .  W e gaine d suppor t  fo r  a  state -
avoidanc e strateg y i n th e initia l  proble m solvin g attempts , 
and fo r  a  memory-base d strateg y i n late r  trials .  Finally , 
we demonstrate d th e effectivenes s o f  a  specifi c  typ e o f 
interfac e hint . 

Fro m a  broade r  prospective ,  i t  i s  wort h notin g tha t  som e 
findings,  obtaine d i n ver y differen t  setting s (Howe s & 
Payne ,  2001) ,  see m t o brin g convergin g evidenc e fo r  a 
kin d o f  memory-base d proble m solvin g whe n wea k 
method s ar e no t  applicabl e o r  no t  efficient . 

Anothe r  meaningfu l  poin t  i s  tha t  ou r  hybri d memory -
base d J R strateg y wa s probabl y derive d partl y fro m th e 
weak metho d o f  trial-and-error ,  an d partl y fro m th e 
proceduralizatio n o f  th e state-avoidanc e heuristic .  Thi s 
raise s a n interestin g theoretica l  issu e concernin g th e 
ontolog y o f  multi-ste p proble m solvin g strategies .  Th e 
strategie s commonl y propose d i n th e literatur e see m t o 
belon g eithe r  t o th e algorithmi c o r  t o th e memory -
retrieva l  class .  Ou r  wor k seem s t o sugges t  that ,  i n som e 
multi-ste p situations ,  peopl e ar e abl e t o acquir e hybri d 
strategies ,  relyin g o n memor y retrieva l  t o handl e proble m 
solvin g step s wher e procedura l  method s don' t  work .  So , 
i n ou r  view ,  i t  seem s necessar y t o mak e a  distinctio n 
betwee n th e strategie s tha t  requir e th e intentiona l  usag e o f 
memorize d instance s (Logan ,  1988) ,  th e one s tha t  kee p 
trac k o f  th e previou s histor y i n a  procedura l  for m (Lovet t 
& Anderson ,  1996) ,  an d th e hybri d formulations .  Thi s 
als o mean s tha t  i t  wil l  b e generall y necessar y t o mak e 
explici t  al l  th e potentia l  candidat e solutio n strategies ,  an d 
t o contras t  the m i n thei r  capacit y t o fit  th e data . 
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Abstrac t 

We compare d tw o automate d approache s t o teachin g 
distinguishing ,  a  skil l  tha t  involve s assessin g th e 
relevan t  difference s amon g case s i n a  contex t  -sensitiv e 
way.  W e implemente d th e tw o approache s i n tw o 
version s o f  a n Intelligen t  Tutorin g Syste m designe d t o 
teac h la w student s basi c skill s o f  case-base d lega l 
argument .  Th e origina l  versio n o f  C A T O employ s 
didacti c explanation .  Th e newe r  version ,  CATO-Dial , 
teache s di e sam e skil l  wid i  a  simulate d dialecti c 
argumen t  i n a  courtroo m setting .  W e hypothesize d tha t 
student s woul d lear n th e skil l  bette r  b y engagin g i n th e 
simulate d argumen t  tha n b y receivin g interactiv e 
explanation .  W e expecte d tha t  dialecti c argumen t 
woul d hel p student s t o construc t  th e targe t  knowledg e 
on thei r  o w n a s the y develope d response s t o 
arguments ,  ait d dia t  thi s woul d lea d t o mor e robus t 
learning .  W e showe d tha t  student s i n th e dialecti c 
argumen t  simulatio n grou p performe d significantl y 
bette r  o n a  sectio n o f  th e post-tes t  aime d a t  assessin g 
transfe r  o f  thei r  skill s  o f  distinguishing .  W e discus s a 
number  o f  cognitiv e an d motivationa l  benefit s tha t 
may explai n thi s effec t 

Introduction 

The skill of distinguishing is important in 
dialectica l  domain s suc h a s law ,  applie d ethics , 
polic y analysis ,  an d business ,  wher e argument s 
b y analog y ar e routinel y employe d i n 
professiona l  educatio n an d practice . 
Distinguishin g i s a  w a y t o respon d t o a n 
analogica l  argument .  T h e argumen t  claim s tha t  a 
targe t  proble m ^oul d b e decide d i n th e sam e 
w ay a s a  cite d sourc e cas e b y virtu e o f  thei r 
relevan t  similarities ,  tha t  is ,  factua l  pattern s th e 
case s shar e tha t  for m th e basi s o f  lega l  reason s 
fo r  decidin g the m i n th e sam e way .  A  distinctio n 
i s a  factua l  differenc e underlyin g a  lega l  reaso n 
t o decid e th e targe t  proble m differentl y fro m th e 
cite d case .  Ther e m a y b e m a n y differences ,  bu t 
onl y thos e tha t  giv e ris e t o lega l  reason s fo r 
treatin g th e case s differentl y ar e distinctions . 

A distinctio n m a y b e a  factua l  strengt h o f  a 
sid e (i.e. ,  a  party ,  eithe r  plaintiff ,  th e on e w h o 
c o m m e n c es suit ,  o r  th e defendant )  i n th e targe t 

proble m no t  share d i n th e sourc e case ,  o r  a 
factua l  weaknes s i n th e sourc e cas e no t  share d i n 
th e target .  Fo r  th e case s i n ou r  experiment , 
student s pla y th e rol e o f  th e defendant' s attorney ; 
a distinctio n i s defme d a s a  patter n o f  fact s tha t 
strengthen s defendant' s lega l  argumen t  i n th e 
proble m no t  foun d i n th e cited-case ,  o r  a  fac t 
patter n tha t  weaken s defendant' s sid e i n th e 
cited-cas e no t  foun d i n th e problem . 

I n orde r  t o distinguis h effectively ,  on e mus t 
be sensitiv e t o th e argumen t  contex t  i n whic h a 
cas e ha s bee n used .  Th e contex t  include s th e rol e 
a relevan t  differenc e play s i n a n argument ,  it s 
underlyin g lega l  significanc e bot h i n absolut e 
term s ai d relativ e t o th e othe r  combination s o f 
fact s i n th e targe t  proble m an d cite d precedent . 

Professor s not e tha t  la w student s ofte n 
demonstrat e onl y a  shallo w understandin g o f  th e 
concep t  o f  a  distinction .  Student s m a y b e abl e t o 
fin d differen t  fact s bu t  fai l  t o realiz e tha t  onl y 
some difference s ar e distinctions .  Student s m a y 
als o ignor e whic h sid e a  differenc e favors ,  o r 
the y fai l  t o vie w th e significanc e o f  a  differenc e 
i n th e contex t  o f  th e othe r  fact s i n th e proble m 
an d cited<ase .  Becaus e o f  thei r  shallo w 
knowledge ,  student s m a y m a k e argument s citin g 
difference s tha t  hurt ,  rathe r  tha n help ,  thei r  side' s 
argument . 

Ideally ,  student s "pic k up "  th e skil l  o f 
distinguishin g throug h th e trial-and-erro r 
experienc e o f  makin g arguments .  I n a  la w school , 
student s engag e i n argument s i n th e classroom . 
Sometimes ,  however ,  student s ar e reluctan t  t o 
expos e themselve s i n clas s b y makin g arguments , 
and ,  i n an y event ,  coul d benefi t  fro m additiona l 
instructio n outsid e th e classroom .  I n a n effor t  t o 
meet  thi s need ,  Aleve n an d Ashle y (1997 ) 
develope d th e C A T O progra m (i.e. .  Cas e 
Argiunen t  Tutorial) ,  a n Intelligen t  Tutorin g 
Syste m designe d t o teac h basi c case-base d 
argumen t  skills ,  includin g h o w t o distinguis h 
case s (se e als o Aleven ,  1997) . 

I n designin g a n IT S t o teac h distinguishing , 
on e m a y tr y tw o approaches .  Didacti c 
explanatio n involve s presentin g goo d an d ba d 
example s o f  distinguishing .  Th e syste m explain s 
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w hy th e example s ar e instance s o f  successfti l  o r 
unsuccessfu l  argumen t  Th e ba d example s 
illustrat e th e variou s kind s o f  shallo w knowledge . 
Thi s i s ho w C A T O teache s distinguishing . 

Dialecti c argumen t  attempt s t o teac h 
student s distinguishin g b y engagin g the m i n 
arguments ,  affordin g a n opportunit y t o lear n th e 
skil l  throug h a  proces s o f  trial-and-crror . 
Technically ,  i t  i s  harde r  t o desig n thi s kin d o f 
pedagogica l  interaction .  Befor e undertakin g t o 
develo p a  large-scal e dialecti c argumen t  system , 
we wante d t o se c whethe r  i t  wa s likel y t o 
improv e students '  learning .  W e therefor e 
develope d a  variatio n o f  C A T O ,  calle d C A T O -
Dial ,  whic h employ s dialecti c argumen t  t o teac h 
distinguishing . 

We hypothesize d tha t  student s woul d lear n 
bette r  t o distinguis h b y engagin g i n dialectica l 
argumen t  tha n i n didacti c explanation .  W e 
speculate d tha t  student s engage d i n rol e -playin g 
and arguin g woul d encounte r  informatio n i n a 
mor e relevan t  contex t  an d woul d b e motivate d t o 
proces s th e informatio n mor e thoroughly .  The y 
woul d develo p deepe r  knowledg e o f  th e rol e a 
differenc e play s i n th e argumen t  context ,  it s 
interaction s wit h othe r  fact s i n th e targe t  proble m 
and sourc e cas e an d th e underlyin g reason s w h y 
i t  matters .  Ou r  experimen t  teste d thi s hypothesis . 

I n aidin g student s t o lear n deepe r 
knowledge ,  w e als o hope d tha t  CATO-Dia l 
woul d promot e bette r  transfe r  o f  knowledge .  A 
majo r  proble m i n knowledg e transfe r  i s tha t 
peopl e ten d t o acces s prio r  knowledg e tha t  bear s 
superficia l  rathe r  tha n structura l  similarit y t o th e 
proble m a t  han d (Thompso n e t  al. ,  2000) . 

Lega l  argumen t  i s no t  a s determinat e a  for m 
of  problem-solvin g as ,  say ,  physic s o r  geometry . 
Lega l  problem s rarel y hav e provabl y correc t 
answers ;  ther e m a y b e reasonabl e argument s o n 
bot h side s o f  a  disput e base d o n analogie s t o 
competin g case s (Ashley ,  1990) .  CATO-Dia l 
attempt s t o engag e student s i n argumen t 
dialogue s tha t  focu s the m o n com p arin g cases . 

L a w schoo l  professor s engag e student s i n 
Socrati c dialogue s abou t  case s i n th e casebooks . 
S o me o f  th e earlies t  ITS s use d Socrati c dialogu e 
and a n inquir y teachin g metho d t o teac h subjec t 
matte r  suc h a s geograph y ( S C H O L A R 
(Carbonell ,  1970) )  o r  meteorolog y ( W H Y 
(Collin s an d Stevens ,  1982)) .  A  subsequen t 
tutorin g syste m (Won g et.al ,  1997 )  incorporate d 
th e inquir y teachin g metho d int o a n IT S shel l  an d 
geograph y tutor .  Th e O L I A IT S (Retail s e t  al. , 
1996 )  use d a  relate d argumen t  dialogu e strategy , 
playin g devil' s  advocate .  Researc h suggest s tha t 
student s tutore d manuall y wit h Socrati c dialogue s 

learne d targete d physic s concept s (i.e. ,  rules ) 
bette r  tha n thos e taugh t  wit h mor e didacti c 
dialogue s (Ros e et .  al ,  2001) .  I n th e latter ,  th e 
human tuto r  provide d mor e explanatio n befor e 
askin g question s bu t  aske d fewe r  open-ende d 
questions . 

CATO vs. CATO-Dial 

CATO is one of the few case-based 
Intelligen t  Tutorin g System s tha t  teache s a  proces s 
of  case-base d reasoning .  (Aleven ,  1997 ,  pp .  197 -
8) .  I t  provide s a  se t  o f  specialize d tools ,  accessibl e 
throug h a n X-serve r  connectio n t o C A T O nirmin g 
on a  Uni x workstation ,  an d a  web-accessibl e 
Caseboo k an d Workbook .  Th e Caseboo k present s 
excerpt s from  importan t  lega l  cas e opinion s i n 
trad e secre t  law .  A  smal l  se t  o f  argumentatio n an d 
discussio n question s follow s eac h case ,  m u c h lik e 
an ordinar y lega l  casebook .  Th e Workboo k help s 
student s us e C A T O ' s tool s t o analyz e an d respon d 
t o th e argumentatio n an d discussio n questions . 

Experiment s sho w tha t  C A T O i s a n effectiv e 
teache r  (Aleve n &  Ashley ,  1997 ;  Aleven ,  1997) . 
Student s wor k wit h C A T O ' s textua l  cas e 
summarie s an d abstrac t  representation s o f  case s i n 
term s o f  factors .  Eac h facto r  represent s a 
stereotypica l  collectio n o f  facts ,  whic h tend s 
normall y t o strengthe n o r  weake n a  conclusio n 
tha t  a  sid e shoul d wi n a  particula r  kin d o f  lega l 
clai m (Ashley ,  1990) .  A  Facto r  Hierarch y 
represent s lega l  reason s w h y a  facto r  make s a 
differenc e t o th e lega l  clai m (Aleven ,  1997) . 

C A TO help s student s analyz e targe t  problem s 
and compar e the m t o pas t  cases .  I t  teache s novice s 
t o identif y factor s i n a  targe t  problem ,  tes t 
hypothese s abou t  thei r  significanc e agains t  case s 
i n it s database ,  an d mak e lega l  argument s abou t 
h o w t o decid e th e targe t  problem s citin g cases . 
Student s encounte r  problem s base d o n rea l 
litigate d cases .  Novic e user s identif y conflictin g 
factor s i n th e problem ,  whic h giv e rise  t o 
conflictin g reason s fo r  decision .  C A T O teache s 
the m h o w t o mak e argument s t o resolv e suc h 
conflicts . 

C A T O ' s Argumen t  Make r  too l  provide s a 
tutoria l  o n distinguishing .  T o enabl e C A T O t o 
emplo y dialecti c argument ,  w e develope d C A T O -
Dial ,  a  modificatio n o f  th e progra m tha t  engage s 
novic e user s i n courtroonvstyl e argument s abou t 
targe t  problems .  I n usin g th e CATO-Dia l  versio n 
of  th e tutoria l  o n distinguishing ,  student s 
encounte r  example s lik e th e Lynchbur g Lemonad e 
case. '  Wit h th e Cas e Analyze r  tool ,  student s hav e 

' In the Lynchburg Lemonade case, Tony Mason, the 
plaintiff ,  develope d a  cocktai l  h e dubbe d "Lynchbur g 
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identifie d conflictin g factor s i n th e L e m o n a d e 
proble m an d hav e begu n t o conside r  th e 
conflictin g factor-base d lega l  reason s abou t  h o w 
t o decid e it s  outcome .  Fo r  comparin g cases ,  th e 
Case Analyze r  present s the m i n a  tabula r  for m a s 
i n Figur e 1 .  T h e proble m ha s si x factors ,  fou r  o f 
whic h favo r  th e plaintif f  (p )  an d tw o o f  whic h 
favo r  th e defendan t  (d) .  Th e Boein g case ,  w o n b y 
plaintif f  (p) ,  share s tw o o f  thes e factors ,  th e 
relevan t  similaritie s (marke d wit h " = " ) .  Th e 
relevan t  difference s (i.e. ,  distinctions )  ar c th e fou r 
imshare d factor s marke d wit h "*" .  Thes e favo r 
decidin g th e L e m o n a d e cas e fo r  th e defendan t 
(i.e. ,  differentl y fro m Boeing) .  Not e tha t  F1 6 
strengthen s th e defendan t  i n th e Lemonad e cas e 
an d i s no t  foun d i n Boeing ,  wherea s F4 ,  F1 2 an d 
F 1 4 strengthe n th e plaintifT s positio n i n Boein g 
an d ar e no t  foun d i n th e L e m o n a d e case .  FIO ,  F1 5 
an d F1 8 ar e als o unshare d factors ,  bu t  the y ar c no t 
distinction s becaus e the y favo r  decidin g th e 
L e m o n a d e cas e fo r  plaintif f  (i.e. ,  th e sam e a s i n 
Boeing) . 

Wit h C A T O - D i a l ,  student s pla y th e rol e o f  a n 
advocate .  Perr y M a s o n ,  w h o ha s t o argu e a  cas e i n 
court .  A s show n i n Figur e 2 ,  th e studen t  m a y pu t 
argument s i n th e mou t h o f  Perr y M a s o n b y 
selectin g argumen t  move s an d value s fro m a 
menu.  C A T O - D i a l  respond s o n behal f  o f  th e 
Judge ,  w h o mediate s th e proceedings ,  Hamilto n 
Burger ,  Perry' s opposin g counsel ,  an d Deli a 
Street ,  Perry' s savv y assistant ,  w h o offer s helpfu l 
hints . 

I n th e dialogue ,  M r .  Burger' s response s (suc h 
as ste p 5  i n Figur e 2) ,  generate d b y CATO-D ia l , 
tak e advanUg e o f  an y weaknesse s i n M r .  Mason' s 
argument ,  base d o n th e students '  m e n u selections . 
Th e Judge' s reactio n emphasize s th e student' s 
mistake ,  an d Delia' s hints ,  als o generate d b y 
CATO-D ia l ,  provid e instructio n o n h o w t o correc t 
them .  C A T O - D i a l  ca n engag e i n dialogue s lik e 
thi s fo r  an y pai r  o f  relevan t  case s i n it s  database . 

Lemonade" .  Sinc e Ton y too k som e measure s t o protec t  hi s 
recipe' s secrecy ,  an d sinc e hi s wi s  tt>e  onl y taver n producin g 
thi s drink ,  w e sa y factors  F6 ,  Security-Measures ,  an d F15 , 
Unique-Product ,  apply ;  bot h ten d t o favo r  th e plaintif f  (p) . 
On di e othe r  hand ,  Ton y disclose d hi s recip e i n negotiation s 
wit h a  sale s agen t  o f  th e defendant .  Jac k Daniel' s  Distillery . 
Thus ,  Fl ,  Disclosure-ItvNegotiations ,  applies ,  a  facto r  dia t 
tend s t o favo r  th e defendan t  (d) .  Th e agen t  wa s aware , 
however ,  tha t  fee  recip e wa s a  "secre t  formula" ,  s o F21 , 
Knew-Info-Confidential ,  als o applies ,  tendin g t o favo r  th e 
plaintiff .  Withou t  compensatin g Tony ,  th e defendan t  starte d 
marketin g exactl y th e sam e kin d o f  cocktail ;  F18 ,  Identical -
Product s applie s an d favor s plaintif f  Finally ,  th e recip e coul d 
hav e bee n obtaine d b y revers e engineerin g th e cocktail ;  FI6 , 
Info-Reverae-Engineerable ,  applie s an d favor s th e defendant . 

CATO-Dia l ' s  dialecti c argumen t  contrast s 
wit h C A T O ' s didacti c explanation .  Originally , 
C A T O ' s tutoria l  engage d student s i n a n 
interactiv e exercis e employin g didacti c 
explanation .  I n thes e explanations ,  C A T O di d 
not  engag e th e studen t  i n a s direc t  a  manner . 
Instead ,  th e studen t  wa s presente d wit h a n 
argumen t  tha t  a  hypothetica l  opponen t  coul d 
make.  Be lo w i s a n excerp t  fro m C A T O ' s 
origina l  versio n o f  th e dialogu e o f  Figur e 2 . 
First ,  C A T O make s th e sam e argumen t  a s i n 
Ste p 1  o f  Figur e 2  an d invite s th e studen t  t o 
selec t  th e factor s tha t  h e woul d emphasiz e i n 
distinguishin g th e Boein g cas e o n behal f  o f  th e 
defendant .  Second ,  th e studen t  agai n select s 
thre e difference s (i.e. ,  factor s FIS ,  516 ,  an d 
F18 )  whic h thoug h no t  share d betwee n th e tw o 
cases ,  actuall y strengthe n th e argumen t  tha t 
plaintif f  shoul d wi n i n th e proble m situation . 
C A T O the n respond s a s follows : 
3.  C A T O :  Suppos e defendan t  mad e th e followin g 
argument :  Th e Boein g cas e i s distinguishable ,  becaus e 
i n th e Lynchbur g Lemonad e case ,  defendant' s produc t 
was identica l  t o plaintiff s [FIS ]  an d plaintif f  wa s th e 
onl y manufacture r  makin g th e produc t  [F15] .  Thi s wa s 
not  s o i n Boeing .  Woul d thi s reall y hel p defendant ? 
W h en yo u hav e answere d thi s questio n fo r  yourself , 
pleas e clic k o n "Continue" . 
4.  S T U D E N T S:  (Continue ) 
5.  C A T O :  Plaintif f  coul d respon d t o defendant' s 
argument ,  a s follows :  You r  Honor ,  a s defendant' s 
counse l  correctl y pointe d out ,  i n th e curren t  problem , 
defendant' s produc t  wa s identica l  t o plaintiff s [F18 ] 
and plaintif f  wa s th e onl y manufacture r  makin g th e 
produc t  [F15] .  Boeing ,  whic h wa s wo n b y plaintiff , 
does no t  hav e thes e strength s o n plaintiff s  par t  bu t  i s 
otherwis e simila r  t o th e proble m a t  hand .  Wher e thes e 
additiona l  strength s ar e present ,  a  decisio n i n favo r  o f 
plaintif f  i s  warrante d eve n mor e strongl y tha n i t  wa s i n 
Boeing .  I n short ,  eve n thoug h factor s FI S an d F1 5 ar e 
differences ,  defendan t  canno t  us e the m t o distinguis h 
Boeing .  Defendan t  need s t o focu s o n othe r  differences , 
namely ,  o n thos e difference s tha t  mak e th e Lynchbur g 
Lemonade cas e loo k stronge r  fo r  defendan t  tha n 
Boeing .  Pleas e clic k o n "Continue" .  Se e (Aleven , 
1997atl41f) . 

Th e argumen t  tha t  C A T O use s t o sho w th e 
inadequac y o f  th e student' s initia l  selectio n o f 
distinction s i s th e sam e i n bot h versions ;  th e 
differenc e lie s i n th e manne r  i n whic h i t  i s 
presente d t o th e student s an d th e w a y i n whic h 
student s ar e engage d i n th e tas k 

Description of Experiment 

We compared the impact of teaching 
distinguishin g t o senio r  undergraduate s usin g th e 
tw o version s o f  C A T O.  Th e student s ha d al l  bee n 
accepte d int o la w school s an d wer e receivin g 
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preparator y instructio n throug h a  s u m m e r 
institute .  Th e student s wer e randoml y assigne d t o 
tw o groups .  T h e experimenta l  grou p use d th e 
dialecti c argumen t  versio n o f  C A T O - D i a l  an d 
initiall y  numbere d 2 2 students .  Th e contro l  grou p 
worke d wit h th e didacti c explanatio n versb n o f 
C A T O an d initiall y  numbere d 2 3 students .  Eac h 
grou p worke d i n a  serie s o f  eigh t  two-hou r 
session s ove r  a  spa n o f  abou t  on e mont h from 
Jun e 5  throug h Jul y 11 ,  2000 .  Fo r  eac h sessio n a 
studen t  wa s paire d wit h a  differen t  partne r  from 
th e sam e group . 

Prio r  t o th e serie s o f  instructiona l  sessions ,  al l 
student s too k a  pre-tes t  comprisin g thre e question s 
designe d t o asses s argumentatio n skills .  Fo r 
Question s 1  an d 2 ,  student s rea d a  proble m 
situatio n an d thre e shor t  cases .  Student s wer e aske d 
t o m a k e an d respon d t o argument s abou t  th e 
proble m give n th e cases .  Questio n 3  aske d the m t o 
defm e th e concept s o f  a  relevan t  similarit y an d 
relevan t  difference . 

Lynchbur g Lemonad e Cas e 
-  F l  Disclosure-In-Negotiation s (d ) 
= F 6 Security-Measure s (p ) 

F15 Unique-Produc t  (p ) 
*  F1 6 Info-Rever8e£nginea^ble(d ) 

F18 Identical-Product s (p ) 
= F2 1 Knew-Info-Confidentia l  (p ) 

= share d facto r  *  distinctio n 

Boein g (p ) 
-  F l  EMsclosure-In-Negotiation s (d ) 
•  F 4 Agreed-Not-To-Disclos e (p ) 
= F 6 Security-Measure s (p ) 

FI O Secret8-Disclosed-OuUidets(d ) 
*  F1 2 Outsider-Di8closures-Reslricted(p ) 
*  F1 4 Restricted-Materials-Use d (p ) 
= F2 1 Knew-Info-Confidentia l  (p ) 

Figur e 1 :  Cas e Compariso n I n T e r m s o f  Factor s 

Cour t  i s  i n session.. . 
1.  M r .  Burge r  fo r  Plaintif f  ( C A T O ) :  You r  Honor ,  wher e plaintif f  adopte d securit y measure s [F6 ]  an d defendan t  kne w 

tha t  plaintiff s infomfiatio n wa s confidentia l  [F21] ,  eve n thoug h plaintif f  disclose d it s produc t  informatio n i n 
negotiation s wit h defendan t  [Fl] ,  plaintif f  shoul d wi n a  clai m o f  trad e secret s misappropriation ,  a s i n JTi e Boein g 
Company v .  Sierraci n Corporation ,  10 8 Wash.2 d 38,73 8 P.2 d 66 5 (1987) . 

2.  Judg e (t o Defendant' s  counsel) :  You r  response ,  Mr .  Mason ? 
3.  < S T U D E NT (selectin g fro m menu ) :  Distinguis h Boein g [F15 ]  [F16 ]  [F18 ]  (Continue) > 

M r .  M a s o n fo r  Defendan t  (Student) :  Th e Boein g Compan y v .  Sierraci n Corporatio n i s distinguishable ,  You r 
Honor ,  becaus e i n th e Lynchbur g Lemonad e case ,  plaintiff s produc t  informatio n coul d b e learne d b y reverse -
engineerin g [F16] .  Thi s wa s no t  s o i n Boeing .  Boein g i s als o distinguishable ,  becaus e i n th e Lynchbur g Lemonad e 
cas d unlik e Boeing ,  defendant' s produc t  wa s identica l  t o plaintiff s [F18 ]  an d plaintif f  wa s th e onl y manufacture r 
makin g th e produc t  [FI5] . 

4.  Judg e (t o Plaintifr s  counsel) :  Mr .  Burger ? 
5.  M r .  Barge r  fo r  Plaintif f  ( C A T O ) :  You r  Honor ,  a s Mr .  Maso n concedes ,  i n th e curren t  problem ,  defendant' s 

produc t  wa s identica l  t o plaintiff s [FI8 ]  an d plaintif f  wa s th e onl y manufacture r  makin g th e produc t  [F15] . 
Boeing ,  whic h wa s w o n b y plaintiff ,  doe s no t  hav e thes e strength s o n plaintiff s par t  bu t  i s  otherwis e simila r  t o th e 
proble m a t  hand .  Wher e thes e additiona l  strength s ar e present ,  a  decisio n i n favo r  o f  plaintif f  i s  warrante d eve n 
mor e strongl y tha n i t  wa s i n Boeing . 

6.  Judg e (t o Defendant' s  counsel) :  I  a m sony ,  Mr .  Mason ,  bu t  I  a m afrai d I  hav e t o agre e wit h Mr .  Burger . 
7.  S T U D E N T:  Help !  (Continue) > 
8.  Deli a Stree t  (whisperin g int o Perry' s  ear) :  Her e i s a  hint .  Eve n thoug h factor s F1 8 an d FI S ar e differences , 

defendan t  canno t  us e the m t o distinguis h Boeing .  Defendan t  need s t o focu s o n othe r  differences ,  namely ,  o n thos e 
difference s tha t  mak e th e Lynchbur g Lemonad e cas e loo k stronge r  fo r  defendan t  tha n Boeing . 

9.  < S T U D E NT (selectin g fro m menu) :  Distinguis h 5oe«j g [F4][F12 ]  [F14 ]  [F16 ]  (Continue) > 
M r .  M a s o n fo r  Defendan t  (Student) :  Boein g i s distinguishable ,  becaus e i n Boeing ,  defendan t  use d material s tha t 
wer e subjec t  t o confidentialit y  restriction s [F14] ,  plaintiff s  disclosure s t o outsider s wer e subjec t  t o confidentialit y 
restriction s [F12] ,  an d defendan t  entere d int o a  nondisclosur e agreemen t  wit h plaintif f  [F41 .  Thi s wa s no t  s o i n th e 
Lynchbur g Lemonad e case .  Also ,  i n th e Lynchbur g Lemonad e case ,  plaintiff s produc t  informatio n coul d b e 
learne d b y reverse-engineerin g [F16] .  Thi s wa s no t  s o i n Boeing . 

10.  Judg e (t o PlaintifT s counsel) :  Mr .  Burger ? 
11.  M r .  Burge r  fo r  Plaintif f  ( C A T O ) :  Uhh .  Well ,  a s yo u know ,  You r  Honor ,  Boeing ,  i s no t  th e onl y cas e w e cit e i n 

our  brie f 
12.  Deli a Stree t  (whisperin g int o Perry' s  ear) :  BrilUan t  job .  Perry ! Figur e 2 :  Sampl e Dialecti c Argumen t  i n CATO-Dia l 
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Durin g th e first  si x sessions ,  th e experimenta l  an d 
contro l  group s wer e treate d identically .  I n Session s 1  t o 4 , 
bot h group s o f  student s familiarize d themselve s wit h th e 
facto r  base d representatio n syste m an d th e C A T O 
environment .  I n Session s 5  an d 6  al l  student s learne d h o w t o 
us e th e Argumen t  Make r  tools . 

Th e contro l  grou p an d experimenta l  grou p wer e treate d 
differentl y i n Session s 7  an d 8 .  Thes e tw o session s focuse d 
on teachin g student s h o w t o distinguis h cases .  Durin g bot h 
Session s 7  an d 8 ,  student s wer e expecte d t o complet e eigh t 
pair-wis e cas e comparison s involvin g distinguishing .  Th e 
eigh t  pair s o f  case s wer e th e sam e i n bot h groups .  Th e onl y 
differenc e wa s th e manne r  i n whic h C A T O an d CATO-D ia l 
taugh t  th e lesson .  Th e experimenta l  grou p worke d wit h 
CATO-Dial ' s  simulate d courtroo m dialogue s lik e tha t  i n 
Figur e 2 .  Th e contro l  grou p worke d wit h th e origina l  C A T O 
didacti c explanations . 

Afte r  Sessio n 8 ,  al l  student s too k a  post-tes t  comprisin g 
si x questions .  Th e firs t  thre e question s wer e worde d 
identicall y t o th e pre-tes t  questions ,  bu t  Question s 1  an d 2 
involve d a  differen t  proble m an d cases .  Th e othe r  thre e 
question s teste d th e followin g transfe r  skills : 

•  Questio n 4  pu t  student s i n a  ne w rol e -  instea d o f 
makin g argument s the y critique d a n argument . 

•  Questio n 5  teste d sftidents '  recal l  o f  a  particula r  proble m 
situatio n tfiey  ha d encoimtere d i n th e instruction .  Thi s 
proble m ha d bee n use d extensivel y i n th e teachin g 
session s a s a  basi s o f  th e argumentatio n lessons .  Student s 
wer e aske d t o mak e an d respon d t o a n argumen t  abou t 
th e problem ,  whic h the y ha d t o recal l  iix> m memory ,  b y 
analogizin g i t  t o an d distinguishin g i t  iix> m a  ne w cas e 
presente d wit h th e question . 

•  Questio n 6  teste d students '  abilit y  t o appl y skill s  the y 
had learne d t o a n unfamilia r  ne w domain :  th e copyrigh t 
la w doctrin e o f  Fai r  Use .  A s such ,  dii s  questio n i s a 
tellin g measur e o f  thei r  abilit y  t o distinguis h cases . 

Th e directo r  o f  th e Universit y o f  Pittsburg h Schoo l  o f 
L a w lega l  writin g progra m grade d al l  bu t  on e o f  th e pre-tes t 
an d post-tes t  questions .  Th e grade r  wa s provide d a  one-pag e 
summary o f  gradin g criteri a an d instructe d t o assig n a 
gestal t  grad e (betwee n 1  an d 10 )  t o eac h question .  H e wa s 
blin d a s t o th e identit y o f  th e tes t  writers ,  bu t  di d k n o w 
whic h wer e pre-test s an d whic h wer e post-tests .  Th e 
exceptio n w a s Questio n 5 ,  th e recal l  question ,  fo r  whic h w e 
develope d a n objectiv e gradin g scheme .  Student s wer e 
awarde d a  m a x i m u m o f  te n possibl e point s o n th e basi s o f 
h o w m a n y o f  th e factor s i n th e proble m the y referre d t o i n 
thei r  argument . 

Analysis 

Post-test data were available for only 22 of the 45 
students ,  I S i n th e experimenta l  grou p an d 7  i n th e contro l 
group .  Th e res t  o f  th e subject s eithe r  droppe d ou t  befor e th e 
en d o f  th e experimen t  o r  di d no t  complet e enoug h wor k i n 
Session s 7  an d 8 ,  th e onl y session s involvin g differentia l 
treatmen t  o f  th e tw o groups . 

Pre-tes t  score s wer e analyze d fo r  th e 2 2 students ,  w h o 
provide d bot h pre-tes t  an d post-tes t  data .  Fo r  eac h student , 

response s t o th e thre e pre-tes t  question s wer e summed ,  an d 
th e m e a n respons e o f  student s i n th e expcrimento l  grou p 
was compare d t o tha t  o f  student s i n th e contro l  group ,  usin g 
a two-taile d l-test .  Result s showe d n o statisticall y significan t 
differenc e betwee n th e tw o groups .  Sinc e th e student s wer e 
paire d wit h differen t  partner s acros s sessions ,  w e use d th e 
individua l  studen t  rathe r  tha n th e pai r  a s th e uni t  o f  analysi s 
fo r  bot h pre-tes t  an d post-tes t  analyses . 

Post-tes t  score s wer e als o analyze d fo r  th e 2 2 student s 
w ho provide d bot h pre-tes t  an d post-tes t  data .  A  two-taile d 
t-tes t  indicate d n o significan t  differenc e i n th e m e a n post -
tes t  score s o f  th e experimenta l  an d contro l  group s wit h 
respec t  t o th e firs t  five  questions .  Fo r  questio n 6 ,  however , 
th e m e a n post-tes t  scor e o f  th e experimenta l  grou p wa s 
significantl y highe r  tha n tha t  o f  th e contro l  grou p t  (7.1 ) 
=3.87 ,  2  <  .05 ,  effec t  siz e o f  1.57). ^  O n questio n 5 ,  th e mea n 
post-tes t  scor e o f  th e experimenta l  grou p wa s nearl y 
statisticall y significantl y highe r  tha n tha t  o f  th e contro l 
grou p ( t  (20 )  =  1.39 ,  p  =0.052 .  effec t  siz e o f  0.62) .  Whil e 
th e differenc e wa s no t  significan t  th e experimenta l  grou p 
score d substantiall y  highe r  o n questio n 4  wit h a n effec t  siz e 
ofO.88 . 

Figur e 3 :  Compariso n o f  M e a n Post-Tes t  Score s 

Discussion and Conclusion 

Our hypothesis was that students would learn the skill 
of  distinguishin g bette r  b y engagin g i n simulate d dialectica l 
argumen t  tha n i n interactiv e didacti c explanation .  Th e dat a 
confirme d ou r  hypothesi s i n a n interestin g way .  Wherea s 
dialecti c argumen t  wa s no t  mor e effectiv e tha n didacti c 
explanatio n i n teachin g argumentatio n skills ,  i t  wa s mor e 
effectiv e i n helpin g student s transfe r  th e skill s  the y learne d 
t o n e w task s an d significantl y bette r  i n helpin g student s 
appl y th e skill s  t o a n unfamilia r  lega l  domain .  Dialectica l 
argumen t  m a y hav e induce d student s t o construc t  a  schem a 
fo r  makin g an d respondin g t o arguments ,  resultin g i n deepe r 
knowledg e an d thu s bette r  performanc e o n transfe r  skills . 
Experimenta l  student s als o appeare d t o hav e a  bette r 
understandin g o f  th e importanc e tha t  contex t  play s i n th e 
tas k o f  finding  distinctions .  Th e grade r  als o evaluate d th e 

^  Degree s o f  freedom  fo r  thi s tes t  wer e reduce d from  2 0 becaus e Levene' s 
tes t  fo r  equalit y o f  variance s indicate d tha t  th e variance s o f  score s i n th e 
experimenta l  an d contro l  group s wer e no t  equal . 
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answer s i n term s o f  fou r  gradin g criteria ,  eac h involvin g a 
simpl e binar y positive-or-negativ e scale .  T w o diffcrcncc i 
emerged .  Student s i n th e experimenta l  grou p wer e mor e 
ofte n rate d positivel y o n th e criteri a "Avoid s makin g 
opponent' s argument "  an d "Avoid s error s regardin g whic h 
sid e strength s favor" .  Thes e result s suppor t  th e conclusio n 
tha t  th e experimenta l  manipulatio n helpe d student s t o lear n 
bette r  whe n a  differenc e i s a  distinction . 

I t  i s  intriguin g tha t  th e rathe r  superficia l  transformatio n 
from  C A T O t o CATO-Dia l  i n th e presentatio n o f  th e lesso n 
on distinguishin g ha d suc h a  dramati c benefit .  Afte r  all , 
bot h program s presente d th e sam e basi c information .  Th e 
critica l  difference ,  w e believe ,  i s  tha t  CATO-Dial' s 
dialectica l  argumen t  simulatio n provide d tha t  informatio n i n 
a mor e usefti l  way .  Th e dialectica l  argumen t  offer s severa l 
potentia l  benefits ,  an y o r  al l  o f  whic h m a y explai n th e 
observe d differenc e i n transfe r  scores . 

Student s ma y hav e foun d th e increase d leve l  o f 
involvemen t  an d th e competitiv e elemen t  i n th e courtroo m 
simulatio n motivatin g an d thu s conduciv e t o payin g 
attentio n an d learning . 

Furthermor e student s ma y hav e foun d i t  easie r  t o 
understan d th e program' s response s i n CATO-Dia l  tha n i n 
C A T O.  I t  i s  awkwar d fo r  C A T O t o explai n th e qualit y o f  a 
student' s respons e b y example .  Th e dialectica l  argumen t 
simulation ,  b y contrast ,  provide s a  mor e natura l  contex t  fo r 
illustratin g th e effec t  i n a n ongoin g dialogu e regardin g a 
student' s choices .  Student s i n th e experimenta l  grou p di d 
repor t  findin g th e dialogue s somewha t  (thoug h no t 
significantly )  mor e helpfu l  tha n di d thos e i n th e contro l 
group .  W h e n asked ,  "Whe n C A T O di d provid e instructiona l 
feedback ,  ho w hclpfii l  wa s it?" ,  th e CATO-Dia l  student s 
rate d i t  a s mor e helpfu l  tha n di d th e C A T O student s (M s = 
6.7 6 an d 5.5 6 ou t  o f  10 ,  respectively) . 

Role-playin g i n a  courtroo m argument ,  wit h it s 
cognitiv e an d emotiona l  expectations ,  m a y als o b e 
important .  Courtroo m simulatio n explicitl y  prompt s th e 
student .  A n interactiv e styl e o f  huma n tutoring ,  i n whic h 
tutor s prompte d students ,  supporte d learnin g eve n whe n 
tutor s di d no t  provid e explanation s an d feedbac k (Ch i  e t  al. , 
2001) .  Havin g bee n prompte d t o participate ,  student s m a y 
hav e bee n mor e likel y t o argu e th e merit s t o themselves ,  a 
tas k cognitivel y simila r  t o self-explanatio n (Ch i  e t  al. , 
1989) .  Dialectica l  argumen t  ma y als o induc e a  studen t  t o 
fee l  wors e abou t  makin g a  mistak e tha n doe s didacti c 
explanation .  I f  so ,  student s ar e mor e likel y t o pa y attentio n 
and t o car e abou t  learnin g i n th e forme r  context .  Role -
playin g ma y als o induc e student s t o compar e th e case s mor e 
carefully ,  helpin g th e transitio n from  shallo w t o deepe r 
knowledge .  I n a  recen t  investigation ,  busines s schoo l 
student s w h o compare d case s i n a  stud y phas e wer e thre e 
time s mor e likel y t o transfe r  th e cases '  implici t  principl e t o 
a ne w applicatio n tha n wer e thos e w h o simpl y rea d th e 
case s fo r  th e purpose s o f  advice-givin g (Thompso n e t  al . 
2000) . 

The result s sugges t  tha t  th e CATO-Dia l  approac h i s 
potentiall y  quit e valuable .  Sinc e law s change ,  la w 

professor s valu e students '  abilit y t o transfe r  skills .  Ou r 
subsequen t  wor k wil l  focu s o n convertin g a s muc h o f  th e 
C A TO curriculu m a s possibl e t o a  dialectica l  format . 
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Abstrac t 

An initial model of human error in a real-world teamwork 
environmen t  ha s bee n developed .  Th e captai n an d firs t  office r 
of  a  commercia l  aircraf t  an d th e ai r  traffi c  controller s wit h 
w h om the y interac t  ar e modele d a s th e cre w execute s a n 
approac h an d landin g followe d b y tax i  operation s tha t  tak e 
the m t o thei r  assigne d gate .  Scenari o detail s an d huma n 
model  developmen t  wer e base d o n th e result s o f  a  serie s o f 
full-tas k simulatio n experiment s usin g commercia l  pilot s a s 
subjects .  Th e focu s o f  th e experimen t  wa s o n error s 
committe d b y th e aircrew s durin g tax i  operations .  Th e model s 
develope d exhibi t  th e robus t  behavior s typicall y exhibite d b y 
aircrew s an d identif y psychologicall y grounde d window s fo r 
erro r  withi n tha t  robus t  behavior . 

Human Error Modeling Applied to Taxi 

O p e r a t i o n s 

N A SA A m e s Researc h Cente r  conducte d tw o full-missio n 
studie s o f  airpor t  tax i  operation s unde r  lo w visibilit y an d 
nigh t  conditions .  Th e subjec t  o f  th e studie s wa s th e Taxiwa y 
Navigatio n an d Situatio n Awarenes s ( T - N A S A )  system , 
aircraf t  fligh t  dec k technolog y designe d t o improv e 
commercia l  airpor t  tax i  operation s i n poo r  weathe r  whil e 
maintainin g a  hig h degre e o f  safet y (Hooey ,  Foyle ,  & 
Andre ,  2000) .  Th e T - N A S A syste m include s a  head-u p 
display ,  a  head-dow n electroni c movin g m a p display ,  an d 
directiona l  audi o alerts .  Th e studie s include d a  serie s o f 
baselin e trial s ru n withou t  th e T - N A S A syste m an d a  serie s 
of  trial s usin g variou s configuration s o f  th e T - N A S A 
system .  Th e T - N A S A syste m effectivel y eliminate d ver y 
nearl y al l  error ,  henc e th e focu s o f  th e huma n erro r 
modelin g effor t  wa s o n th e baselin e trials . 

Th e N A S A A m e s Advance d Concep t  Fligh t  Simulato r 
(ACES)  use d i n th e studie s provide d a  generi c glas s cockpi t 
simulato r  wit h a  180-degre e field  o f  vie w an d a  hig h fidelit y 
renderin g o f  Chicag o O'Har e Airpor t  replicatin g th e airpor t 
layou t  includin g runways ,  taxiways ,  signage ,  painte d 
markings ,  lights ,  concourses ,  an d structure s (Hooe y & 
Foyle ,  2001) .  I n th e firs t  study ,  1 6 two-pilo t  commercia l 
crew s eac h complete d si x lan d an d taxi-to-gat e trial s base d 
on curren t  operation s usin g Jeppese n chart s fo r  navigation . 
Hal f  o f  th e trial s wer e unde r  lo w visibilit y  condition s wit h 
runwa y visua l  rang e ( R V R )  o f  70 0 feet ,  an d hal f  unde r  nigh t 
visua l  meteorologica l  condition s ( V M C ) .  I n th e secon d 
study ,  1 8 commercia l  two-pilo t  crew s eac h complete d thre e 

lan d an d taxi-to-gat e trial s base d o n curren t  operatin g 
condition s unde r  100 0 foo t  R V R conditions .  I n evaluatin g 
thes e studies .  Hooe y an d Foyl e (2001 )  defme d navigatio n 
error s a s taxiin g o n a  portio n o f  th e airpor t  surfac e o n whic h 
th e aircraf t  ha d no t  bee n cleare d an d deviatin g from  thei r 
cleare d centerlin e b y a t  leas t  5 0 feet .  Thei r  analysi s reveale d 
26 navigatio n error s i n 15 0 current-operatio n trials—error s 
wer e committe d o n 17.3 % o f  th e trials . 

Modeling Robust Nominal Performance as a 

P r e l u d e t o M o d e l i n g E r r o r 

As w e se t  ou t  t o identif y th e source s o f  erro r  (c.f ,  Deutsc h 
& Pew ,  2001 )  an d the n t o mode l  erro r  i n tax i  procedures , 
we starte d b y refinin g earlie r  Distribute d Operato r  Mode l 
Architectur e ( D - O M A R )  model s (Deutsch ,  1998 ;  Deutsc h 
& Adams ,  1995 )  tha t  capture d th e robustnes s i n aircre w 
procedures .  Th e model s represen t  th e multipl e tas k 
behavior s o f  eac h playe r  a s th e produc t  o f  a  mi x o f  goal s 
and procedure s tha t  operat e concurrentl y t o proactivel y 
addres s th e player' s agenda .  Expectation s integrat e 
anticipate d event s whil e anticipate d o r  unanticipate d 
interruption s mus t  b e accommodated .  Ongoin g task s 
determin e thei r  o w n executio n time s an d n m t o completio n 
unles s anothe r  procedur e define d a s a  competin g procedur e 
wit h greate r  priorit y intervenes .  A  mi x o f  automati c an d 
thoughtfu l  behavior s ar e modele d withou t  resortin g t o a 
centra l  executiv e responsibl e fo r  explicitl y  schedulin g al l 
futur e actions .  A  thoughtfu l  cognitiv e ac t  o f  decision -
makin g i s  defme d a s jus t  that ,  anothe r  procedur e tha t 
determine s th e actio n t o follow . 

The N A S A Informatio n t o Modeler s packag e include d a 
Nomina l  Tas k Sequenc e ( N A S A ,  2001a )  fo r  th e T - N A S A 
baselin e conditions .  Thi s wa s use d a s th e basi s fo r  th e 
developmen t  o f  th e approach-and-landin g an d tax i 
procedure s tha t  th e model s o f  th e captain ,  firs t  officers ,  an d 
ai r  traffi c  controller s employed .  Approach-and-landin g i s 
one o f  th e busies t  phase s o f  flight ,  makin g hig h demand s o n 
th e aircrew .  I n spit e o f  th e hig h demand s o f  gettin g th e 
aircraf t  safel y o n th e ground ,  i t  i s  als o th e tim e a t  whic h th e 
firs t  step s i n th e subsequen t  tax i  operation s ar e initiated .  Th e 
cre w i s i n th e proces s o f  approachin g a  give n runwa y an d 
alread y kno w th e concours e an d gat e towar d whic h the y wil l 
be heading .  Moreover ,  a s specifie d i n th e Nomina l  Tas k 
Sequence ,  a t  abou t  eleve n mile s ou t  the y discus s wit h th e ai r 
traffi c  controlle r  an d amon g themselve s whic h runwa y exi t 
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the y wil l  take .  A s w e wil l  argu e below ,  th e c r c w m c m b e n 
eac h n o w hav e i n min d on e an d perhap s severa l  tax i  route s 
the y migh t  tak e t o th e gate .  Onc e th e runwa y exi t 
informatio n i s i n hand ,  th e focu s o f  attentio n return s t o 
landin g th e aircraf t  an d rollout . 

The informatio n provide d i n th e Nomina l  Tas k Sequenc e 
was als o use d a s th e basi s fo r  th e modelin g o f  th e 
subsequen t  landin g an d rollou t  sequence .  A s th e rollou t 
sequenc e i s complete d an d th e aircraf t  approache s th e 
designate d runwa y exit ,  th e tax i  sequenc e i s initiated .  Th e 
firs t  ofiice r  provide s informatio n t o th e captai n o n thei r 
positio n relativ e t o th e preferre d exi t  base d o n note s take n 
when th e preferre d exi t  wa s agree d on .  He/sh e the n inform s 
th e controlle r  tha t  th e aircraf t  i s  clearin g th e runway ,  bot h 
crewmember s the n switc h thei r  radi o frequency,  an d th e 
firs t  office r  contact s th e groun d controller .  A t  thi s point ,  th e 
groun d controlle r  provide s th e cre w wit h th e tax i  rout e t o 
th e gat e an d th e firs t  office r  write s d o w n th e tax i  route . 

I t  wa s a t  thi s poin t  tha t  w e encoimtere d th e fu-s t  instanc e 
of  a  requiremen t  fo r  a  copin g strategy .  M a n y o f  th e high -
spee d exit s a t  O'Har e hav e a  ver y shor t  ru n t o th e first 
intersectio n an d taxiwa y routing s ca n b e unusuall y lengthy . 
We encountere d thi s fu-s t  whe n modelin g a  landin g o n 
runwa y 9 R usin g high-spee d exi t  M 6 wit h a n immediat e lef t 
tur n ont o taxiwa y M .  Th e first  office r  wa s head-dow n 
writin g ou t  th e tax i  directive s an d wa s lat e i n providin g 
informatio n t o th e captai n o n th e upcomin g immediat e turn . 
At  thi s point ,  th e captai n wa s als o listenin g t o th e tax i 
routin g an d coul d g o wit h wha t  he/sh e hear d o r  slo w th e 
aircraf t  an d obtai n confirmatio n o n th e upcomin g tur n from 
th e fu-s t  officer .  Th e copin g strateg y tha t  w e modele d ha d 
th e captai n g o ahea d wit h th e tur n a s hear d an d notif y th e 
first-officer  o f  th e tur n a s i t  wa s executed . 

The proces s fo r  eac h subsequent  tur n i n th e tax i  sequenc e 
followe d th e sam e pattern .  A s a  tur n wa s completed ,  th e 
fu-s t  office r  woul d consul t  his/he r  routin g note s an d th e 
airpor t  diagram ,  an d the n promp t  th e captai n o n th e taxiwa y 
and directio n fo r  th e upcomin g turn .  A s expected ,  th e 
modele d nomina l  proces s prove d ver y robust .  B y simpl y 
changin g th e routin g tha t  th e groun d controlle r  provided ,  th e 
captai n an d first  office r  wer e abl e t o execut e an y desire d 
tax i  routing .  Wit h thes e robus t  aircre w processe s i n place , 
th e challeng e wa s t o mode l  tax i  sequence s tha t  produce d 
error s consisten t  wit h thos e i n th e baselin e T - N A S A 
experiments . 

As th e captai n an d first  office r  mee t  thei r  responsibilitie s 
durin g tax i  operations ,  th e inheren t  natur e o f  th e task s tha t 
the y perfor m provid e the m eac h wit h a  differen t  sens e o f 
thei r  immediat e locatio n an d thei r  locatio n wit h respec t  t o 
thei r  assigne d tax i  routing .  The y eac h achiev e an d maintai n 
differen t  level s o f  loca l  an d globa l  situatio n awarenes s 
(Wicken s &  Prevett ,  1995) .  I f  the y ar e workin g wel l  a s a 
team ,  the y wil l  striv e t o fill  eac h other' s gap s i n awareness . 
I n buildin g th e aircre w models ,  w e fel t  tha t  i t  wa s essentia l 
t o reflec t  thi s leve l  o f  teamwork . 

The captai n wa s modele d a s predominantl y head-u p 
durin g tax i  operations .  He/sh e announce d eac h tur n a s i t  wa s 
execute d t o kee p th e fu-s t  office r  informe d o f  thei r 
immediat e locatio n durin g suc h period s a s th e first  office r 
migh t  hav e bee n head-down .  Meanwhile ,  th e first  officer . 

workin g wit h th e airpor t  diagra m an d writte n note s o n th e 
runwa y exi t  an d taxiwa y routin g provide d th e captai n wit h a 
mor e globa l  vie w o f  thei r  taxiwa y routin g tha n woul d hav e 
otherwis e bee n available .  Th e teamwor k skill s  o f  th e 
modele d aircrew s wer e effectiv e i n repairin g gap s i n on e 
another' s situatio n awareness .  O n e effec t  o f  providin g thi s 
leve l  o f  detai l  i n goo d cre w performanc e wa s o f  cours e t o 
make th e taxiwa y procedure s jus t  tha t  m u c h mor e robus t 
and erro r  tha t  muc h les s likely . 

Making the Wrong Turn at an Intersection 

Th e particula r  proces s tha t  produce d th e error s o f  interes t 
was th e preparatio n fo r  an d executio n o f  th e nex t  tur n i n th e 
tax i  sequenc e a s governe d b y th e captain .  A s modeled ,  th e 
captain ,  i f  lef t  t o his/he r  o w n resources ,  mus t  rel y o n his/he r 
m e m o ry o f  th e tax i  sequenc e a s conveye d b y th e groun d 
controlle r  a s th e aircraf t  cleare d th e landin g n m w a y . 
However ,  th e captai n get s significan t  suppor t  i n thi s tas k 
from  th e first  officer .  Th e first  office r  take s note s o n th e tax i 
sequenc e a s i t  i s  receive d from  th e groun d controlle r  an d 
will ,  unde r  nomina l  conditions ,  promp t  th e captai n wit h th e 
name o f  th e nex t  taxiwa y an d th e directio n o f  th e tur n 
required . 

Under  nomina l  conditions ,  th e first  office r  prompt s th e 
captai n o n th e upcomin g tur n an d on e ca n reasonabl e expec t 
tha t  th e captai n wil l  correctl y ac t  i n accordanc e wit h th e 
prompt .  Actin g counte r  t o th e promp t  i s a n erro r  possibilit y 
tha t  w e di d no t  pursue .  Hence ,  t o fm d a  sourc e fo r  makin g a 
tur n erro r  a t  a n intersection ,  w e ha d t o construc t  reasonabl e 
scenario s i n whic h th e first  office r  wa s otherwis e occupie d 
and unabl e t o provid e th e promp t  i n a  timel y manne r  an d o f 
cours e identif y a n underlyin g reaso n fo r  a  mistak e o n th e 
par t  o f  th e captain .  Th e event s tha t  prevente d th e firs t  office r 
from  providin g th e prompt s ar e discusse d belo w i n th e 
section s providin g detail s o n th e erro r  scenarios .  Here ,  w e 
examin e possibl e source s fo r  th e error s committe d b y th e 
captai n i n executin g th e incorrec t  turns . 

Intention-to-Act 

A classica l  vie w o f  th e taxiwa y proces s migh t  b e that ,  i n 
approachin g a  turn ,  th e captai n ha s a  plannin g proble m 
whos e resolutio n i s the n followe d b y pla n execution .  D o w e 
i n fac t  nee d t o mak e a  tur n a t  th e upcomin g intersectio n an d 
i f  so ,  whic h way ? Ther e migh t  b e a  schem a i n plac e fo r 
executin g th e nex t  tur n wit h slot s t o b e filled  i n fo r  th e n a m e 
of  th e nex t  taxiwa y an d th e directio n t o turn .  I n thi s vie w o f 
th e process ,  erro r  migh t  com e abou t  b y incorrectl y filling 
th e slo t  fo r  th e nex t  taxiwa y name ,  bu t  mor e probably ,  th e 
slo t  fo r  th e directio n o f  th e tur n t o make . 

We woul d lik e t o argu e i n favo r  o f  a n alternat e vie w i n 
whic h ther e ar e typicall y severa l  intentions-to-ac t 
concurrentl y i n process .  Th e intention s m a y b e establishe d 
at  differen t  point s i n time .  O n e o r  mor e o f  the m m a y lea d t o 
a correc t  tur n o r  t o makin g a n erro r  a t  th e intersection .  A 
winner-take-al l  proces s lead s t o th e executio n o f  on e o f  th e 
intentions-to-ac t  an d th e correcmes s o f  th e outcom e i s th e 
produc t  o f  th e winnin g intention .  A t  th e poin t  o f  execution , 
th e remainin g intention s ceas e t o contend .  W e labe l  th e 
proces s intention-to-ac t  t o sugges t  tha t  th e proces s i s no t  th e 
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produc t  o f  a  consciou s decisio n process—i t  i s  no t  a 
deliberativ e plannin g proces s followe d b y a  pla n executio n 
process .  Ther e i s th e immediac y o f  a n automatic ,  atomi c 
proces s rathe r  tha n a  sequentia l  proces s o f  plannin g an d 
acting .  Eac h o f  th e intentions-to-ac t  i s  instantiate d wit h 
establishe d slo t  values ,  rathe r  tha n wit h unfille d slo t  value s 
t o b e fille d b y a  deliberativ e process . 

Most  o f  th e tim e ther e i s mor e tha n on e intention-to-act . 
I n th e nomina l  cas e wher e th e first  office r  ha s provide d th e 
correc t  promp t  fo r  th e turn ,  th e tur n is ,  mos t  likely ,  simpl y 
execute d i n respons e t o th e promp t  an d mos t  likel y i n 
accordanc e wit h a  pre-existin g intention .  I n lie u o f  th e 
promp t  fro m th e first  officer ,  th e captai n wil l  ac t  o n a  pre -
existin g intentio n tha t  migh t  lea d t o th e executio n o f  his/he r 
intentio n t o tur n o r  alternativel y t o paus e an d quer y th e first 
office r  o n th e nex t  turn .  ( W e hav e no t  pursue d th e cas e o f 
th e captain' s slowin g o r  stoppin g th e aircraf t  an d queryin g 
th e firs t  officer. )  Tha t  is ,  mos t  o f  th e tim e i n th e tax i 
environment ,  i t  i s  reasonabl e t o expec t  tha t  th e captai n ha s 
an intention-to-ac t  i n plac e an d read y t o b e acte d on . 

Rathe r  tha n havin g a  singl e plannin g proces s wit h slot s t o 
be filled from  variou s source s tha t  i s  followe d b y a  pla n 
executio n step ,  ther e ar e multipl e intentions-to-ac t  wit h 
selectio n throug h a  non-consciou s winner-take-al l  process . 
Eac h o f  th e intentions-to-ac t  ha s a  complet e se t  o f 
immediatel y filled  slots .  I n th e followin g section ,  w e 
provid e di e reasonin g supportin g thi s viewpoint . 

Intentions-to-Act as Automaticity 

At  thi s point ,  w e wan t  t o buil d th e cas e fo r  th e ide a tha t  i n 
performin g relativel y simpl e task s lik e correctl y executin g 
th e nex t  taxiwa y turn ,  ther e m a y b e severa l  competin g 
intentions-to-act .  Mos t  m a y aris e a s automati c processe s 
tha t  requir e littl e o r  n o consciou s deliberativ e thought .  The y 
m ay emerg e fro m differen t  ongoin g processe s competin g i n 
a winner-take-al l  proces s t o determin e th e actio n taken . 
Occasionally ,  th e winne r  wil l  determin e a n actio n tha t  i s  i n 
error .  Durin g th e cours e o f  tfiis  study ,  w e hav e atten^te d t o 
identif y som e o f  th e source s fo r  thes e intention s an d t o 
provid e reasone d explanation s o n w h y th e error s emerge . 

For  mos t  o f  us ,  ther e ar e a  broa d rang e o f  everyda y 
activitie s tha t  w e perfor m quickl y an d effortlessly—the y 
appea r  t o b e automati c an d involv e littl e though t  o r 
consciou s awarenes s (Logan ,  1988a ;  James ,  1890) .  Loga n 
(1988a )  characterize s thi s automaticity ,  th e executio n o f 
thes e activities ,  a s fast ,  effortless ,  autonomous ,  stereotypic , 
an d unavailabl e t o consciou s awareness .  Tha t  is ,  w e 
experience  the m a s fest,  effortless ,  stereotypic ,  an d 
unavailabl e t o consciou s awareness .  The y ar e autonomou s 
i n th e sens e tha t  th e acquisitio n o f  thes e skill s  come s abou t 
independen t  o f  an y deliberat e intentio n t o lear n them . 

Loga n (1988a )  develope d th e "Instanc e Theor y o f 
Automaticity, "  a  theor y fo r  h o w automatizatio n i s 
constructed .  Th e theor y wa s develope d i n par t  throug h a 
serie s o f  experiment s i n learnin g alphabe t  arithmetic — 
learnin g t o solv e problem s o f  th e typ e " A + 2 = ? "  wher e th e 
answe r  i s "C. "  Initially ,  mos t  peopl e solv e thes e problem s 
b y explicitl y  countin g ou t  th e require d step s throug h th e 
alphabet—the y emplo y a n algorith m tha t  the y ste p throug h 

when th e proble m i s presented .  Throug h experienc e the y 
"lear n o r  remember "  th e answers . 

Loga n suggest s tha t  eac h learne d instanc e i s remembered . 
W h en presente d wit h a  ne w problem ,  ther e i s a  concurren t 
attemp t  t o acces s a  remembere d instanc e o f  a  previou s 
solutio n an d a n explici t  algorithm-base d problem-solvin g 
computation .  Th e memor y acces s i s a  comparativel y fas t 
process ,  th e algorithm-base d proces s comparativel y slow .  I f 
th e memor y acces s i s successfu l  i n retrievin g a  solution , 
ther e wil l  b e a  rapi d respons e t o th e pose d problem .  I f  th e 
memory acces s i s no t  successful ,  th e respons e wil l  b e 
slower .  Throug h experience ,  mor e an d mor e solution s ar e 
acquire d an d a t  som e point ,  th e deliberativ e proces s i s 
simpl y no t  a  contende r  i n th e winner-take-al l  process .  Fo r 
any give n problem ,  ther e m a y b e severa l  remembere d 
solutions .  Du e t o th e rememberin g o f  eac h solutio n instance , 
ther e m a y potentiall y  b e severa l  correc t  retrievals .  I t  i s  th e 
on e tha t  i s  first  retrieva l  tha t  determine s th e tim e require d t o 
solv e th e problem . 

Loga n (1988b )  furthe r  argue s tha t  th e m e m o r y trace s tha t 
suppor i  automaticit y m a y wel l  suppor t  declarativ e a s wel l  a s 
procedura l  knowledge .  Loga n (1988b )  suggest s tha t  w e 
"loo k mor e broadl y fo r  automati c processes .  The y nee d no t 
be restricte d t o procedura l  knowledg e o r  perceptual-moto r 
skil l  bu t  m a y permeat e th e mos t  intellectua l  activitie s i n th e 
appUcatio n environment. "  Barg h an d Chartran d (1999 ) 
furthe r  sugges t  tha t  limit s o n conscious ,  intentiona l  contro l 
require s tha t  non-consciou s processe s suppor t  muc h o f 
moment-to-momen t  psychologica l  life .  Her e w e ar e 
suggestin g tha t  th e captain' s procedure s fo r  addressin g th e 
nex t  tur n i n th e taxiwa y sequenc e m a y sometime s b e 
automati c an d tha t  whil e thes e wil l  ofte n lea d t o correc t 
behaviors ,  the y m a y sometime s lea d t o error s suc h a s thos e 
see n i n th e baselin e T - N A S A experiments . 

Intentions-to-Act as a Source of Error 

Our  revie w o f  th e NASA-provide d dat a o n th e T - N A S A 
experiment s pointe d t o tw o importan t  factor s tha t  w e fe h 
deserve d particula r  attentio n i n ou r  modelin g effort .  N A S A 
(2001c )  identifie d th e importanc e o f  th e locatio n o f  th e 
destinatio n gat e an d it s relatio n t o th e tax i  route .  Fiv e error s 
occurre d i n 4 8 instance s o f  require d turn s awa y from  th e 
shortes t  rout e t o th e concours e gat e whil e onl y seve n error s 
occurre d i n S3 4 instance s o f  turn s towar d th e concours e 
gate .  A t  an y give n intersection ,  th e aircrew s ha d a  bia s t o 
tur n towar d thei r  destinatio n concours e gate .  W h e n th e 
correc t  tur n wa s on e awa y fi-om  th e concours e gate ,  ther e 
was a  greate r  tendenc y towar d makin g a n error . 

Th e secon d observatio n wa s th e straightforwar d on e tha t 
tim e pressur e ca n lea d t o error .  Ther e wa s a  greate r  chanc e 
of  erro r  whe n a  secon d tur n i n th e tax i  sequenc e closel y 
followe d th e previou s turn .  Th e tim e pressur e o f  a  secon d 
tur n closel y followin g a  first  tur n wa s a n importan t  facto r  i n 
eac h o f  th e error s tha t  w e generate d i n th e modelin g effort . 

T o date ,  fou r  source s o f  contendin g intentions-to-ac t  hav e 
bee n identifie d an d modeled .  Th e first  i s  episodi c 
m e m o r y —a sourc e fo r  habit-base d actions .  Simila r 
situation s hav e bee n encountere d i n th e pas t  an d w e hav e a 
read y sourc e o f  response s tha t  hav e worke d well .  Thes e ar e 
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response s tha t  i n th e pas t  hav e prove n successfu l  an d ar e 
generall y abl e t o can y u s throug h mos t  o f  th e activitie s o f 
th e day .  W h e n the y fai l  thi s i s wha t  Reaso n (1990 )  refer s t o 
as "strong-but-wrong. "  I n ou r  particula r  case ,  th e aircrew s 
had a  histor y o f  previou s landing s a t  Chicag o O'Hare . 

A secon d sourc e o f  intention-to-ac t  i s  context-base d 
expectation ,  drive n b y partia l  knowledge .  Explici t  partia l 
informatio n provide d i n th e curren t  situatio n prompt s a 
particula r  intention .  Withi n th e taxi-framework ,  di e captai n 
know s th e locatio n o f  th e concours e gat e and ,  base d o n thi s 
knowledge ,  m a y reasonabl y hav e a n expectatio n tha t  th e 
nex t  tur n wil l  tak e the m o n th e shortes t  rout e t o th e gate . 
Thes e particula r  situation-specifi c  informatio n point s ar e 
sufficien t  t o se t  u p a n intentio n fo r  th e nex t  turn . 

The thir d sourc e o f  intention-to-ac t  i s  th e remembranc e o f 
th e tax i  sequenc e a s provide d b y th e groun d controlle r  whe n 
th e aircraf t  exite d th e landin g runway .  A s th e aircraf t 
approache s a  turn ,  severa l  minute s m a y hav e passe d sinc e 
th e groun d controlle r  provide d th e tax i  directive .  Th e 
remembranc e m a y o r  m a y no t  b e correct ,  bu t  i t  ca n b e th e 
sourc e o f  a n intention-to-act . 

The fourt h sourc e o f  intention-to-ac t  i n th e taxi -
framework,  an d th e best-grounde d sourc e o f  intention ,  i s th e 
explici t  promp t  b y th e firs t  office r  base d o n writte n note s o n 
th e tax i  directive s provide d b y th e groun d controller .  I n th e 
nomina l  case ,  th e firs t  officer' s promp t  wil l  matc h th e 
captain' s intentio n an d wil l  lea d t o erro r  free  performance . 

We modele d th e contentio n betwee n thes e intention s a s a 
winner-take-al l  proces s mediate d b y priorit y an d explore d 
th e impac t  o f  varyin g th e prioritie s o f  th e contendin g 
intentions .  Withi n th e winner-take-al l  framework,  a t  th e 
winnin g intention' s transitio n from  intentio n t o action ,  th e 
remainin g intention s ceas e t o contend—withi n th e 
framework  o f  th e model ,  th e procedure s tha t  woul d hav e 
implemente d thos e intention s fail .  Th e occurrenc e an d 
timin g o f  th e event s tha t  driv e th e intention s determin e h o w 
the y pla y out ,  producin g successfu l  behavior s o r  mistake s 
tha t  lea d t o a n incorrec t  tur n o n th e taxiway .  I n particular ,  t o 
provid e a  w indo w fo r  erro r  t o occur ,  i t  wa s necessar y t o se t 
up realisti c even t  chain s tha t  prevente d th e firs t  office r  from 
providin g th e promp t  o n th e nex t  tur n t o th e captain . 

As w e hav e suggested ,  th e team-base d natur e o f  th e tax i 
procedure s make s the m ver y robus t  an d th e challeng e ha s 
bee n t o creat e situation s i n whic h mistake s wil l  lea d t o 
error .  Thi s effor t  focuse d o n tw o erro r  sequences ,  eac h 
requirin g tw o turn s i n rapi d sequence .  Fo r  cas e one ,  ther e 
wer e tw o instance s o f  th e sam e erro r  a s crew s too k high -
spee d exi t  M 7 from  runwa y 9R .  A t  th e firs t  intersectio n 
afte r  th e high-spee d exit ,  eac h captai n turne d lef t  towar d th e 
concours e gat e rathe r  right  awa y from  th e gat e a s directe d 
by th e groun d controller .  I n th e secon d case ,  ther e wer e tw o 
scenario s tha t  share d a  simila r  tur n sequence :  afte r  turnin g 
ont o taxiwa y F  i n th e first  instanc e an d M 2 i n th e secon d 
instance ,  ther e wa s a  quic k right  tur n ont o taxiwa y B .  I n 
eac h o f  th e scenarios ,  on e o f  th e captain s turne d lef t  rathe r 
tha n right.  Th e error s wer e noteworthy ,  becaus e i n 
committin g th e erro r  th e captain s eac h turne d awa y from 
thei r  intende d concours e gat e rathe r  tha n towar d th e gat e a s 
directed . 

Erro r  Drive n b y Partia l  K n o w l e d g e Ou r  hypothesi s  i s tha t 
th e incorrec t  tur n followin g th e high-spee d exi t  (se e Figur e 
I )  wa s drive n b y th e captain' s expectatio n tha t  th e shortes t 
rout e t o th e gat e wa s th e rout e t o b e taken .  (Th e smal l 
arrow s tha t  denot e th e error s i n Figur e I  indicat e th e 
incorrec t  lef t  turn s take n jus t  afte r  th e high-spee d runwa y 
exit .  The y ar e i n re d w h e n viewe d i n color—i n grayscale , 
the y m a y b e difficul t  t o m a k e out. )  T h e intention-to-ac t 
aros e a t  th e poin t  o f  th e eari y discussio n o f  th e runwa y exi t 
wit h th e approac h controlle r  an d th e first  officer .  A t  thi s 
point ,  th e captai n k n e w th e runwa y exi t  an d th e concours e 
gate ,  an d migh t  reasonabl y hav e expecte d t o tur n lef t  from 
th e high-spee d exi t  a t  taxiwa y M takin g him/he r  towar d th e 
gate .  I t  becam e on e intentio n contendin g t o b e execute d a t 
th e first  tur n afte r  exitin g th e activ e runway .  F r o m Reason' s 
(1990 )  perspective ,  thi s i s a n automati c retrieva l  proces s 
base d o n similarity-matchin g an d frequency-gambling  tha t 
open s a  w i n d o w fo r  error . 

As th e scenari o playe d ou t  i n th e nomina l  case ,  th e firs t 
office r  complete d th e tas k o f  takin g note s o n th e taxiwa y 
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sequenc e an d the n p r o m p t e d th e captai n o n th e firs t  tur n 
followin g th e r u n w a y exit .  T h e firs t  officer' s p romp t 
triggere d a  n e w ,  contendin g intention-to-ac t  o n th e captain' s 
part .  T h e n e w intentio n m a y o r  m a y no t  hav e bee n 
consisten t  wi t h preexistin g contentions .  I n th e nomina l  case , 
i t  domina te d an d th e captai n turne d righ t  correctly .  G i v e n 
th e correc t  p r o m p t  b y th e firs t  officer ,  w e d e e m e d i t  highl y 
unlikel y tha t  th e captai n w o u l d incorrectl y execut e th e turn . 

T o o p e n a  w i n d o w fo r  a n erro r  t o occur ,  i t  w a s necessar y 
t o construc t  a  situatio n tha t  reasonabl y occupie d th e first 
officer ,  preventin g him/he r  f ro m providin g th e captai n wit h 
th e explici t  p r o m p t  o n th e u p c o m i n g turn .  T h e ver y shor t 
ru n t o th e firs t  tur n afte r  th e high-spee d exi t  w a s th e 
essentia l  fiictor.  T h e firs t  office r  w a s alread y bus y takin g 
note s o n th e taxiwa y routing .  Indeed ,  i n s o m e scenario s th e 
taxiwa y routin g w a s s o length y tha t  i n th e nomina l  cas e th e 
firs t  office r  w a s stil l  takin g note s a s th e firs t  tur n w a s 
executed .  I n thi s scenario ,  thi s w a s no t  th e case ,  henc e a 
"mistake "  w a s neede d t o additionall y tas k th e firs t  officer . 
T h e dilut e t o prese t  th e radi o frequenc y fo r  th e transfe r  t o 
th e g roun d controlle r  provide d th e delay .  T h e f e w second s 
necessar y t o se t  tiie  n e w radi o frequency  provide d e n o u g h 
dela y t o preven t  di e firs t  office r  from  prompt in g th e captai n 
befor e th e turn .  Thi s w a s a  mistak e o n th e par t  o f  th e 
aircre w i n th e sens e tha t  i t  i s  a lway s incumben t  u p o n t h e m 
t o complet e a n actio n a t  th e earlies t  availabl e time ,  rathe r 
tha n ris k a  situatio n suc h a s thi s i n w h i c h ther e ar e 
contendin g task s i n process . 

Le t  u s reca p th e captain' s intentions-to-ac t  a s th e aircraf t 
approache d th e firs t  tur n ont o taxiwa y M afte r  th e high -
spee d exi t  o n taxiwa y M 7 .  T h e first  office r  ha s b e e n 
otherwis e occupie d an d ha s no t  provide d th e captai n wit h 
th e explici t  p r o n ^ t  o n th e u p c o m i n g turn .  B a s e d o n th e 
copin g strateg y describe d earlier ,  th e captai n migh t  hav e a 
correc t  intention-to-ac t  base d o n havin g attende d t o th e 
groun d controller' s tax i  directiv e an d a n incorrec t  intentio n 
base d o n th e expectatio n o f  receivin g a  shortes t  rout e t o th e 
concours e gate .  M u c h o f  th e tim e th e copin g strateg y migh t 
b e expecte d t o w i n th e wiimer-take-al l  competitio n an d lea d 
t o a  correc t  t u r n — s o m e o f  th e t im e th e expectation-base d 
intention-to-ac t  migh t  b e acte d u p o n ,  leadin g t o a  taxiwa y 
error .  H e n c e ,  a  reasonable ,  grounde d sourc e fo r  a n erro r 
consisten t  wit h th e T - N A S A experiment s ha s bee n 
identifie d an d mode led . 

Error Driven by Habit The second scenario examined the 
surprisin g case s i n w h i c h a n aircre w incorrectl y turne d a w a y 
from  th e shortes t  cours e t o th e gat e (se e Figur e 2 ) .  (I n 
Figur e 2 ,  th e smal l  a r ro w denotin g th e erro r  indicate s th e 
incorrec t  lef t  tur n take n jus t  afte r  th e shor t  north-boun d 
segment s nea r  th e cente r  o f  th e airpor t  diagrams .  I t  i s  i n re d 
w h e n v iewe d i n co l o r— i n grayscale ,  i t  m a y b e difficul t  t o 
m a ke out. )  T h e basi c intentio n t o tak e th e shortes t  rout e t o 
th e gat e w o u l d hav e le d t o th e correc t  behavior ,  ye t  i t  w a s 
no t  th e o n e acte d upon .  Ther e we r e t w o instance s o f  thi s 
erro r  a t  simila r  intersections .  I n th e first  cas e (Figur e 2 ) ,  th e 
aircraf t  w a s proceedin g nort h o n taxiwa y F  an d ha d bee n 
instructe d t o tur n right  ont o taxiwa y B ,  bu t  th e captai n 
turne d lef t  instead .  I n th e secon d case ,  th e aircraf t  w a s 

proceedin g nort h o n taxiwa y M 2 an d ha d bee n instructe d t o 
tur n righ t  ont o taxiwa y B ,  bu t  th e captai n turne d left .  W e 
speculate d tha t  a  c re w w h o s e c o m p a n y gate s we r e o n th e 
opposit e sid e o f  th e airpor t  from  thos e require d b y th e 
scenari o migh t  incorrectl y h i m towar d thei r  c o m p a n y gates , 
exhibitin g a n erro r  base d o n lon g establishe d habit . 
Requirin g a n aircre w t o procee d t o a  gat e opposit e i n 
directio n from  thei r  c o m p a n y gate s migh t  b e considere d a n 
artifac t  o f  th e particula r  scenario ,  bu t  i n a  commerc ia l  ai r 
trave l  environmen t  tha t  ha s see n m a n y c o m p a n y failure s an d 
mergers ,  i t  i s  no t  u n c o m m o n fo r  aircrew s t o find  themselve s 
work in g fo r  n e w compan ie s wit h n e w gat e locations . 

T h e tur n a t  w h i c h th e error s occurre d closel y followe d a 
previou s turn ,  creatin g a  time-pressure d situation .  O n c e 
again ,  w e manipulate d th e situatio n suc h tha t  th e first  office r 
w as no t  abl e t o provid e a  timel y p romp t  t o th e captai n o n 
th e u p c o m i n g turn .  Conflictin g taxiwa y traffi c  w a s presen t 
o n th e firs t  officer' s sid e o f  th e aircraf t  durin g th e approac h 
t o th e first  turn .  T h e first  office r  informe d th e captai n o f  th e 
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presenc e o f  th e traffi c  an d continue d t o monito r  th e othe r 
aircraft .  Consequently ,  th e firs t  office r  wa s delaye d i n goin g 
head-dow n t o revie w his/he r  note s o n th e upcomin g taxiwa y 
tur n an d checkin g th e airpor t  diagram .  Followin g th e delay , 
th e first  officer' s promp t  o n th e upcomin g tur n wa s 
immediatel y interrupte d b y a  messag e fi-o m th e groun d 
controlle r  directin g th e othe r  aircraf t  t o hol d shor t  o f  th e 
upcomin g intersection ,  allowin g th e first  aircraf t  t o procee d 
wit h th e turn .  Ver y sligh t  change s i n timin g o f  th e 
interruptio n woul d hav e opene d th e windo w fo r  a  timel y 
and successfu l  prompt . 

I n th e absenc e o f  th e prompt ,  ther e wer e stil l  multipl e 
intentions-to-act .  A s modeled ,  ther e wer e intentions-to-ac t 
base d o n th e remembranc e o f  th e groun d controller' s tax i 
directiv e an d o n habi t  base d i n episodi c memory .  Whe n th e 
captain' s habit-base d intention-to-ac t  wo n th e winner-take -
al l  competitio n an d wa s acte d upon ,  th e erro r  wa s 
committed .  A n informa l  pos t  ho c analysi s o f  th e huma n 
subjec t  tria l  erro r  provide d suppor t  fo r  th e speculatio n tha t 
th e mode l  represente d (B .  Hooey ,  persona l  communication) . 

Heuristically Guided Search of the Error 

Spac e 

The incidenc e o f  erro r  i n th e current-equipmen t  T-NAS A 
experiment s wa s strikingl y hig h whe n compare d t o th e 
typica l  behavior s o f  professiona l  aircrews .  I n general ,  th e 
lo w frequenc y o f  mistake s an d th e eve n lowe r  frequenc y o f 
mistake s combinin g t o produc e error s render s a  simpl e 
stochasti c exploratio n o f  th e behavior s spac e impractical . 
The robustnes s o f  aircre w tea m procedure s tha t  emplo y 
checkin g an d cross-checkin g o f  critica l  action s mean s tha t 
most  mistake s wil l  b e caught ,  furthe r  compoundin g th e 
searc h task .  Estimatin g erro r  fi-equency  fo r  erro r  type s ca n 
als o b e a  problem .  Th e frequenc y o f  som e error s (e.g. , 
discriminatio n o f  taxiwa y signage )  migh t  b e reasonabl y 
estimated ;  th e frequenc y o f  other s (e.g. ,  th e onse t  o f  a 
particula r  intention-to-act )  i s  mor e difficult . 

Timin g i s als o critical .  Ver y smal l  variation s i n timin g 
can ope n o r  clos e th e windo w i n w^ic h a n erro r  migh t 
occur .  Timin g wa s particularl y critica l  i n th e scenari o i n 
whic h th e habit-base d erro r  occurred .  Th e combinatio n o f 
th e deman d o n th e par t  o f  th e firs t  office r  fo r  head-u p tim e 
t o monito r  th e approachin g traffi c  an d th e precis e moment 
of  th e groun d controller' s interruptio n o f  th e first  officer' s 
prompt  fo r  th e upcomin g tur n wa s necessar y t o ope n th e 
windo w t o error .  I t  migh t  wel l  hav e bee n possibl e t o 
generat e man y hundred s o f  runs ,  slightl y varyin g severa l  o f 
th e timings ,  an d neve r  hav e produce d a  singl e habit-base d 
error . 

To addres s thi s problem ,  w e hav e employe d a 
heuristicall y guide d searc h o f  th e spac e i n whic h force d 
sequence s o f  mistake s ar e generated ,  lookin g fo r  thos e tha t 
lea d t o error .  Th e error s produce d t o dat e ar e initia l 
example s o f  th e produc t  o f  suc h a  process .  W e hav e 
identifie d severa l  nove l  potentia l  source s o f  mistake s an d 
worke d t o creat e situation s i n whic h the y migh t  reasonabl y 
be expecte d t o occur .  W e hav e take n advantag e o f  th e tim e 
pressur e inheren t  i n th e closel y space d tur n sequence s t o 
manipulat e th e timin g o f  event s t o construc t  sequence s o f 

mistake s tha t  d o i n fac t  lea d t o error .  Fo r  th e present ,  thi s 
heuristicall y guide d exploratio n o f  th e erro r  spac e ha s bee n 
manipulate d b y hand .  I n th e fijture,  w e woul d lik e t o mov e 
towar d a  mor e automate d exploratio n o f  th e erro r  space . 
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Abstrac t 

In this study, we describe the influences of qualitative 
change s t o th e reasonin g proble m o n th e reasonin g 
process .  Th e firs t  manipulatio n i s th e qualit y o f  th e tes t 
context ;  A  rul e i s  learne d i n a  certai n contex t  an d 
contradicte d i n another .  Th e belie f  i n th e rul e i s the n 
measure d i n th e learnin g context ,  th e contradictor y 
context ,  an d a  ne w context .  Th e secon d manipulatio n i s 
th e qualit y o f  contradiction :  Th e contradictor y rul e ca n 
neutraliz e o r  invers e th e learne d rule .  Bot h qualitativ e 
change s influenc e th e belie f  revisio n process . 

Introduction 

Researc h i n Artificia l  Intelligenc e i s ofte n conducte d 
t o develo p system s tha t  think/ac t  rationall y (o r  lik e 
humans ,  dependin g o n th e approach) .  Minsk y (1975 ) 
was on e o f  th e firs t  t o poin t  ou t  th e proble m wit h 
deductiv e systems ,  an d fro m the n on ,  severa l 
researcher s develope d non-monotoni c reasonin g 
system s (fo r  a n overview ,  se e Brewka ,  Dix ,  & 
Konolidge ,  1997) . 

Whil e thes e system s ca n b e ver y interestin g from  th e 
viewpoin t  o f  a n engineer .  Rip s (1994 )  mention s tw o 
mai n reason s w h y thes e nonmonotoni c logic s ar e les s 
tha n idea l  fo r  cognitiv e purposes :  The y d o no t  len d 
themselve s t o simpl e implementation s (highe r  orde r 
logic s ar e incomplete )  an d the y d o no t  see m t o reflec t 
th e deliberation s tha t  actuall y underli e h u m a n reasonin g 
wit h defaults .  H e (1994 ,  p .  299 )  stated :  "Fo r  purpose s 
of  philosoph y (an d perhap s AI ) ,  w e nee d normativ e 
rule s abou t  h o w t o chang e ou r  mind s i n th e fac e o f 
conflictin g evidence ;  fo r  purpose s o f  psychology ,  w e 
als o nee d descriptiv e informatio n o n h o w peopl e dea l 
wit h th e sam e sor t  o f  conflict " 

Eli o an d Pelletie r  (1997 )  wrot e a  pioneerin g articl e o n 
thi s topic .  I n thei r  experiments ,  the y firs t  presente d 
participant s wit h a  conditiona l  premis e an d a 
categorica l  premis e tha t  affirme d th e anteceden t  [o r 
denie d th e consequent] .  Then ,  the y adde d a  thir d piec e 
of  information ,  whic h conflicte d wit h th e conditiona l 

an d th e categorica l  premise .  Thi s piec e o f  informatio n 
was a  categorica l  premis e denyin g th e consequen t  [o r 
affirmin g th e antecedent] .  Th e thre e piece s o f 
informatio n togethe r  ar e i n contradictio n wit h th e vali d 
M o d us Ponen s [Modu s Toilens ]  argument :  I f  A  the n B , 
A,  thu s B  [I f  A  the n B ,  not- B thu s not-A] . 

Participant s wer e aske d t o resolv e th e contradictio n 
by rejectin g on e o f  th e tw o firs t  piece s o f  information . 
Eli o an d Pelletie r  (1997 )  observe d tha t  participant s 
chos e t o disbeliev e th e conditiona l  premis e rathe r  tha n 
th e categorica l  on e w h e n resolvin g th e contradiction . 

Thei r  result s wer e refine d b y Dieussaert ,  Schaeken , 
De Neys ,  an d d'Ydewall e (2000 )  an d b y Politze r  an d 
Carle s (2001) .  The y foun d tha t  th e initia l  belie f  i n th e 
conditiona l  premis e influence d th e belie f  revisio n 
choic e tha t  participant s prefe r  t o make .  W h e n 
participant s ha d a  stron g belie f  i n th e conditiona l 
premise ,  th e preferre d t o rejec t  (doubt )  th e categorica l 
premise ,  whe n th e conflictin g informatio n i s  added . 
W h en participant s ha d a  wea k belie f  i n th e conditiona l 
premise ,  th e result s o f  Eli o an d Pelletie r  (1997 )  wer e 
confirmed :  I n thi s case ,  participant s prefe r  t o rejec t 
(doubt )  th e conditiona l  premise . 

Thi s show s tha t  i t  i s  importan t  i n belie f  revisio n 
researc h t o b e awar e o f  th e belie f  stat e participant s hol d 
befor e conflictin g informatio n i s presented .  Therefore , 
we conducte d a  measur e o f  th e initia l  belie f  stat e i n th e 
followin g experiments ,  befor e addin g conflictin g 
information . 

Th e followin g experiment s wer e inspire d b y researc h 
i n th e field  o f  conditioning .  A m o n g others ,  Bouto n 
(e.g. ,  1988 ,  1994 )  showe d tha t  th e extinctio n o f 
behavio r  doe s no t  necessaril y  mean s th e rejectio n o f  a 
learne d rule .  O n e o f  th e phenomen a tha t  confir m thi s 
hypothesi s i s 'renewal' :  W h e n a  behavio r  i s learne d i n 
contex t  A ,  an d extinguishe d i n contex t  B ,  th e behavio r 
migh t  sho w u p agai n wit h a  ne w tes t  i n contex t  A . 
Bouto n explain s thi s phenomeno n a s follows : 
Individual s lea m a  dominan t  rul e an d exception s t o thi s 
rul e i n certai n context s (se e also :  Holyoak ,  Koh ,  & 
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Nisbett ,  1989) .  A s a  consequence ,  a  stimulu s tha t  ha s 
los t  hi s valu e a s a  reinforcer ,  become s a n ambiguou s 
stimulu s from  whic h th e specifi c  valu e i s determine d b y 
th e context .  I n othe r  words ,  Bouto n point s t o th e 
importanc e o f  th e presenc e o f  a  certai n contex t  a s a n 
indicato r  o f  th e belie f  i n th e (conditional )  rul e w h e n a n 
individua l  i s  confronte d wit h conflictin g informatio n t o 
tha t  rule .  I n th e forthcomin g experiments ,  w e wil l  als o 
wor k wit h contex t  embedde d situations ,  t o gai n mor e 
insigh t  i n th e relativ e valu e o f  th e contra-evidence . 

Anothe r  uniquenes s o f  th e presen t  experiment s i s tha t 
th e participants '  belie f  stat e i s measure d b y th e 
behavio r  the y pose ,  an d no t  b y wha t  the y sa y thei r 
belie f  is .  W e thin k i t  i s  a s importan t  t o k n o w h o w 
individual s ac t  o n thei r  beliefs ,  a s i t  i s  t o k n o w h o w 
the y describ e thei r  beliefs .  Moreover ,  D e Neys , 
Dieussaert ,  Schaeken ,  an d d'Ydewall e (2000 )  foun d a 
stron g correspondenc e betwee n wha t  participant s sa y 
abou t  thei r  belief s an d h o w the y actuall y ac t  upo n thes e 
beliefs ,  i n experiment s comparabl e wit h th e one s 
presente d below . 

Briefly ,  o n a  technica l  level ,  th e followin g 
experiment s ar e designe d a s follows :  first ,  th e initia l 
belie f  i n a  rul e i s tested .  Then ,  contradictor y evidenc e i s 
presente d i n a  differen t  context ,  an d fmally ,  th e belie f  i n 
th e rul e i s agai n evaluate d b y examinin g participants ' 
manifeste d behaviours .  O n th e conten t  level ,  th e 
experiment s describ e th e influenc e o f  qualitativ e 
change s t o th e reasonin g proble m o n th e belie f  revisio n 
process . 

E x p e r i m e n t  1 :  Pilo t  s t u d y 

I n thi s part ,  w e describ e a  stud y tha t  test s whethe r 
formeri y use d instantiation s o f  th e qualit y o f  contra -
evidenc e wer e wel l  chosen . 

Befor e that ,  w e explai n th e tw o hypothese s tha t  ar e a t 
issu e i n thi s manuscrip t  an d w e depic t  th e importan t 
rol e tha t  th e pilo t  stud y ha s regardin g th e secon d 
hypothesis .  Subsequently ,  w e giv e a  brie f  overvie w o f 
th e conten t  o f  th e experiments . 

T wo hypothese s ar e evaluate d i n thi s manuscript .  Th e 
mai n hypothesi s i s tha t  whe n a  conditiona l  rul e i s 
acquire d i n a  firs t  contex t  (A )  an d contradicte d i n a 
secon d contex t  (B) ,  th e belie f  i n th e conditiona l  i s  no t 
affecte d b y th e contradictor y informatio n w h e n teste d i n 
th e first  contex t  (A )  o r  i n a  ne w contex t  (C) .  Indeed ,  i f 
th e rul e acquire d i n th e firs t  contex t  reall y  i s a  dominan t 
rule ,  an d i f  th e conflictin g informatio n learne d i n a 
secon d contex t  i s  perceive d a s exceptional ,  on e shoul d 
als o appl y th e dominan t  rul e i n a  n e w context . 

A secon d hypothesi s i s tha t  th e qualit y o f  th e 
contradictor y informatio n play s a  rol e i n th e belie f 
revisio n process .  Bouto n (1988 )  focuse d o n th e 
extinctio n o f  learne d rules .  Wit h extinction ,  a  learne d 
rul e i s ofte n onl y neutralize d (e.g .  foo d -  n o food) .  Ou r 

hypothesi s i s tha t  w h e n th e conflictin g informatio n ha s 
a stronge r  impac t  (compar e with :  foo d -  shock) ,  thi s 
m ay affec t  th e belie f  revisio n proces s i n a  differen t 
way.  M o r e precisely ,  w e hypothesiz e tha t  w h e n th e 
contradictor y informatio n merel y neutralize s th e 
acquire d conditiona l  rule ,  it s  effec t  o n th e belie f 
revisio n proces s i s smalle r  tha n w h e n i t  reverse s th e 
acquire d conditiona l  rule .  Or ,  i n othe r  words ,  w e 
suppos e tha t  w h e n th e acquire d rul e i s reversed ,  thi s 
migh t  affec t  th e final  belie f  stat e teste d i n contex t  A  an d 
C anyway ,  despit e th e fac t  o f  a  bufferin g contex t 
elemen t  (B )  whe n th e contradictor y informatio n i s 
provided . 

I t  i s  mad e ver y clea r  i n th e for e mentione d example s 
tha t  th e absenc e o f  a n appetitiv e stimulu s (neutralizing ) 
i s no t  th e sam e a s th e presenc e o f  a n aversiv e stimulu s 
(reversing) .  A n adequat e tes t  o f  th e secon d hypothesi s 
i s onl y possibl e i f  bot h stimul i  ar e wel l  chosen . 

I n a  forme r  serie s o f  experiment s (Dieussaert , 
Schaeken ,  &  d'Ydewalle ,  2002) ,  th e manipulatio n o f 
th e qualit y o f  th e contra-evidenc e di d no t  resul t  i n 
significan t  differences ,  contrar y t o ou r  secon d 
hypothesis .  Befor e drawin g an y theoretica l 
consequence s from  thi s finding,  w e examin e whethe r 
thos e instantiation s wer e appropriatel y chosen .  Th e 
pilo t  stud y (Experimen t  1 )  wa s se t  u p t o tes t  thi s 
hypothesis . 

To convey a good understanding of this pilot study 
an d it s consequence s possible ,  w e briefl y describ e th e 
conten t  o f  th e forme r  experiment s (Dieussaer t  e t  al. , 
2002) .  Th e motivatio n behin d th e experimen t  i s relate d 
t o tha t  behin d th e conditionin g experiment s o f  Pinefio , 
Ortega ,  an d Matut e (2000) .  Participant s ar e i n a  wa r 
area ,  leadin g a  rescu e mission .  The y ar e tol d the y 
shoul d rescu e a s m a n y refugee s a s possibl e from a 
buildin g an d the y ca n d o thi s b y loadin g th e refugee s o n 
a truck .  Importantly ,  the y shoul d onl y fill  th e truc k wit h 
refugee s i f  th e roa d i s free  o f  mines .  The y ca n lear n 
whethe r  th e roa d i s saf e becaus e coloure d light s 
indicat e it .  Therefore ,  the y shoul d lear n a s fas t  a s 
possibl e th e meanin g o f  thes e lights . 

Th e participant s lear n th e meanin g o f  th e light s i n a 
first  locatio n (context) ,  an d the n m o v e t o a  secon d 
locatio n wher e the y lear n tha t  th e meanin g o f  som e 
light s i s reverse d o r  neutralized .  Fo r  example ,  a  gree n 
ligh t  i n th e firs t  locatio n migh t  indicat e tha t  th e roa d i s 
safe ,  whil e i n th e secon d locatio n i t  indicate s tha t  th e 
roa d i s mine d (reversal )  o r  tha t  n o informatio n abou t  th e 
roa d i s availabl e (neutralizing) .  Finally ,  the y m o v e t o a 
thir d location .  A t  thi s location ,  identica l  o r  differen t 
from  on e o f  th e forme r  contexts ,  th e participants '  belie f 
regardin g th e meanin g o f  th e light s i s examined . 

I n thi s pilo t  stud y (Experimen t  1) ,  w e manipulat e th e 
feedbac k tha t  participant s receive d i n th e tes t  phase . 
Thre e form s o f  feedbac k wer e distinguished :  clearl y 
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positiv e feedback ,  clearl y negativ e feedback ,  an d th e 
feedbac k 'n o informatio n available' .  Th e hypothesi s i s 
tha t  participant s interpre t  th e latte r  feedbac k a s 
negative . 

M e t h o d 

Participants .  Th e 3 6 participant s ar e candidat e 
student s a t  th e Universit y o f  Leuvcn ,  Departmen t  o f 
Psycholog y an d the y participate d a s a  partia l  fulfillmen t 
of  a  cours e requirement .  Eac h studen t  wa s randoml y 
attribute d t o on e o f  tw o group s (1 2 pe r  group) . 

Desig n O n e variabl e wa s manipulate d betwee n 
subjects :  Feedback .  Th e thre e level s o f  thi s variabl e 
wer e manipulate d i n th e tes t  phase . 

The dependen t  variabl e i s  th e numbe r  o f  time s 
participant s pres s o n th e spac e ba r  durin g a  fixe d tim e 
interva l  whe n th e cu e ligh t  appears .  Th e meanin g o f  a 
spac e ba r  pres s i s tha t  a  perso n i s pu t  i n th e truck .  Eac h 
pres s i s A u s equivalen t  t o th e savin g o f  on e person . 
Thi s dependen t  variabl e i s measure d i n th e thre e phase s 
of  th e experiment:  th e confirmatio n phas e ( 9 blocks) , 
th e contradictio n phas e ( 9 blocks )  an d th e tes t  phas e ( 4 
bloclcs) .  Thi s behaviora l  measur e i s take n a s a  measur e 
o f  belie f  state .  Th e ide a behin d i t  i s  tha t  th e mor e th e 
participan t  believe s tha t  th e roa d i s fre e o f  mines ,  th e 
mor e person s (s)h e wil l  pu t  i n th e truck . 

Eac h bloc k consist s o f  fou r  trials .  A  tria l  last s fou r 
seconds .  Ehirin g thes e fou r  seconds ,  a  colore d ligh t  i s 
show n (green ,  blue ,  re d o r  white) .  Th e sequenc e o f  th e 
light s i s  randomize d withi n eac h block .  Participant s 
lear n th e meanin g o f  thes e light s (se e below )  b y 
pressin g th e spacebar .  O n e o f  thes e light s i s th e cu e 
light ,  on e i s th e neutra l  ligh t  an d th e othe r  tw o d o no t 
hav e a  fixe d meaning .  Eac h light' s meanin g i s 
counterbalance d betwee n participants . 

Th e firs t  eigh t  block s ar e considere d a s learnin g 
blocks ;  the y ar e no t  include d i n th e analysis .  Al l 
participant s acquire d a  constan t  pressin g leve l  fo r  th e 
cu e ligh t  withi n thes e blocks .  Th e cu e ligh t  indicate s a 
saf e road .  Th e neutra l  ligh t  indicate s tha t  th e roa d i s 
closed .  Th e meanin g o f  th e othe r  light s differ s 
randoml y ove r  blocks ;  the y ca n indicat e tha t  th e roa d i s 
mined ,  safe ,  o r  closed .  Th e contex t  i s a  location ,  whic h 
we refe r  t o a s contex t  A . 

Th e confirmatio n phas e consist s o f  nin e blocks .  Th e 
meanin g o f  th e light s i s equa l  a s i n th e learnin g blocks . 
Th e contex t  doe s no t  chang e either . 

Th e contradictio n phas e consist s o f  nin e blocks . 
Here ,  th e cu e ligh t  indicate s a  mine d road .  Th e neutra l 
ligh t  indicate s tha t  th e roa d i s closed .  Th e meanin g o f 
th e othe r  light s differ s randoml y ove r  blocks ;  the y ca n 
indicat e tha t  th e roa d i s  mined ,  saf e o r  closed .  Th e 
contex t  i s  a  location ,  whic h w e refe r  t o a s contex t  B . 

Th e tes t  phas e consist s o f  fou r  blocks .  Th e tes t  phas e 
alway s take s plac e i n th e sam e contex t  a s th e 
confirmatio n phas e (A) ,  bu t  th e feedbac k varie s 
betwee n groups .  Fo r  th e A B A / + /  group ,  th e messag e ' n 

person s saved '  i s  displaye d afte r  th e cu e ligh t  li t  u p i n 
th e tes t  phase ,  whil e fo r  th e ABA/- /  grou p an d th e A B A 
group ,  th e message s ar e ' n person s died '  an d 'n o 
informatio n available' ,  respectively .  Th e neutra l  ligh t 
indicate s tha t  th e roa d i s closed .  Th e meanin g o f  th e 
othe r  light s differ s randoml y ove r  blocks ;  the y ca n 
indicat e tha t  th e roa d i s mined ,  safe ,  o r  closed . 

Procedur e Th e experimen t  wa s carrie d ou t 
individually ,  o n computer .  Al l  participant s receive d th e 
same instructions .  The y wer e tol d t o imagin e tha t  the y 
wer e i n charg e o f  a  rescu e mission .  Refugee s wer e 
hidin g i n a  buildin g tha t  coul d b e attacke d b y th e 
enemy.  Furthermore ,  thes e peopl e ca n onl y b e rescue d 
safely ,  b y placin g the m i n a  truck ,  i f  th e roa d i s fre e o f 
mines .  Peopl e ar e loade d i n th e truc k b y pressin g th e 
spacebar .  T o kno w whethe r  th e roa d i s  safe ,  th e 
participant s hav e t o lear n th e meanin g o f  th e light s tha t 
appea r  o n eac h trial .  S o m e o f  th e fou r  light s hav e a 
fixe d meanin g (roa d safe ,  roa d mined ,  roa d closed) ; 
othe r  light s ar e distracter s an d hav e n o fixe d meaning . 
The feedbac k the y receiv e i s  ' n person s saved' ,  ' n 
person s died' ,  o r  'roa d closed' . 

Moreover ,  sometime s n o informatio n i s  availabl e 
abou t  th e situatio n o f  th e road ,  s o tha t  th e participant s 
do no t  kno w whethe r  th e person s the y place d i n th e 
truc k wer e saved .  I t  wa s stresse d tha t  the y shoul d onl y 
pres s th e spaceba r  continuousl y i n cas e the y wer e ver y 
sur e tha t  th e peopl e woul d b e save d i n tha t  trial . 

Finally ,  the y wer e tol d tha t  differen t  rescu e mission s 
coul d tak e plac e an d tha t  a  bee p soun d signale d th e star t 
of  a  n e w mission .  Th e importanc e o f  keepin g i n min d 
th e locatio n (context )  wher e th e rescu e missio n too k 
plac e wa s stressed .  The y wer e tol d tha t  th e light s coul d 
hav e differen t  meaning s i n differen t  locations . 

Results 

Tabl e 1  show s th e mea n numbe r  o f  spac e ba r  presses , 
(i.e. ,  person s pu t  i n th e truck )  withi n a  fixed  tim e 
interval .  Neithe r  i n th e confirmatio n phase ,  no r  i n th e 
contradictio n phase ,  di d w e observ e an y difference s 
betwee n th e groups . 

Table 1: Mean number of presses per phase per group. 

ABA/- / 
ABA 
A B A / + / 

C O N F IR 
MATION 
PHASE 
34. 9 
45. 5 
42. 6 

CONTRA 
DICTIO N 
PHASE 
7.1 
2.5 
4.9 

TEST 
PHASE 

14. 9 
27. 5 
39. 1 

A n A N O V A show s a  mai n effec t  o f  Feedbac k 
(F(2,33 )  =  7,80 ,  p<.005) .  Th e A B A grou p score s highe r 
i n th e tes t  phas e tha n th e AB/W- /  grou p (F( l  ,33 )  =  4.20 , 
p<.05) ,  bu t  doe s no t  diffe r  fro m th e A B A / + /  group.  Th e 
latte r  grou p differ s strongl y fro m th e ABA/- /  grou p 
(F(l,33) = 15.58 ,  p<.0005) . 
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A mor e detaile d planne d compariso n analysi s o n th e 
fou r  block s o f  th e tes t  phas e moderate s th e picture .  Th e 
thre e group s d o no t  diffe r  from  eac h othe r  i n th e firs t 
block .  Th e A B A grou p differ s significantl y from  th e 
ABA/- /  grou p i n th e secon d bloc k (36. 7 vs.9.4 ;  F(l,33 ) 
= 14.24) ,  p<.001) ,  bu t  differ s significantl y from  th e 
A B A / + /  grou p i n th e thir d an d fourt h bloc k o f  th e tes t 
phas e (17. 8 vs .  42 ;  F(l,33 )  =  10.54 ,  p<.00 5 an d 18. 7 
vs.36.3 ;  F(l,33 )  =  5.51 ,  p<.05 ,  respectively) .  Fo r  thes e 
las t  tw o blocks ,  n o differenc e wit h th e ABA/- /  grou p 
coul d b e observed . 

Discussion 

The feedbac k messag e 'n o informatio n available ' 
does no t  functio n wel l  a s a  neutralize r  o f  a  conditiona l 
rule .  Th e messag e i s no t  interprete d a s th e absenc e o f  a n 
appetitiv e stimulus ,  bu t  rathe r  a s th e presenc e o f  a n 
aversiv e stimulus .  Indeed ,  afte r  a  fe w trial s th e effec t  o f 
thi s feedbac k messag e doe s no t  diffe r  from  othe r 
negativ e feedback ,  suc h a s th e messag e ' n person s 
died' . 

E x p e r i m e n t  2 

N o w tha t  w e hav e show n tha t  th e messag e 'n o 
informatio n available '  i s  interprete d a s negativ e rathe r 
tha n a s neutra l  feedback ,  w e hav e goo d reason s t o 
believ e tha t  i t  wa s no t  appropriat e t o us e thi s messag e 
as a n instantiatio n o f  th e neutralizin g leve l  a s wa s don e 
i n forme r  experiment s (see :  Dieussaer t  e t  al. ,  2002) . 

I n th e presen t  experimen t  (Experimen t  2) ,  w e tes t  th e 
tw o hypothese s a t  issue ,  an d focu s o n th e mor e 
appropriat e qualitativ e manipulation s o f  th e contra -
evidence .  Ou r  mai n hypothesi s i s tha t  a  conditiona l  rul e 
acquire d i n a  Hrs t  contex t  function s a s a  dominan t  rule . 
Conflictin g informatio n learne d i n a  secon d contex t  i s 
perceive d a s exceptional .  Therefore ,  on e shoul d als o 
appl y th e dominan t  rul e i n a  n e w context . 

Our  secon d hypothesi s i s tha t  th e qualit y o f  th e 
contradictor y informatio n play s a  rol e i n th e belie f 
revisio n process .  Mor e precisely ,  w e suppos e tha t  whe n 
th e acquire d rul e i s reverse d b y contradictor y evidence , 
thi s migh t  nonetheles s affec t  th e fina l  belie f  stat e i n 
bot h contex t  A  an d contex t  C ,  despit e th e existenc e o f 
th e bufferin g contex t  elemen t  (B) . 

Method 

Participant s Sevent y candidat e student s a t  th e 
Universit y o f  Leuven ,  Departmen t  o f  Psychology , 
participate d i n thi s experiment .  The y di d no t  participat e 
i n th e forme r  experimen t  an d participate d a s a  partia l 
fulfillmen t  o f  a  cours e requirement .  Eac h studen t  wa s 
randoml y assigne d t o on e o f  si x group s (1 1 i n th e A B B -
and A B C - W e a k group ;  1 2 i n th e othe r  groups) . 

Desig n Th e independen t  variables .  Tes t  Contex t  an d 
Contradictio n Level ,  wer e manipulate d betwee n 

subjects .  W e distinguis h thre e instance s o f  th e variabl e 
Tes t  Context :  Th e contex t  i n th e tes t  phas e ca n b e th e 
same a s th e contex t  i n th e confirmatio n phas e ( A B A ) ,  i t 
ca n b e th e sam e a s th e contex t  i n th e contradictio n 
phas e ( A B B )  o r  i t  ca n diffe r  fro m bot h ( A B C ) . 

The secon d independen t  variable ,  Contradictio n 
Level ,  consist s o f  tw o instances :  Th e contradictio n ca n 
be Strong ,  whe n th e meanin g o f  th e rul e i s reversed ,  o r 
ca n b e W e a k ,  whe n th e meanin g o f  th e rul e i s 
neutralized . 

Th e dependen t  variabl e i s th e sam e a s i n Experimen t 
1:  Th e numbe r  o f  time s participant s pres s o n th e spac e 
bar  durin g a  fixed  tim e interva l  whe n th e cu e ligh t 
appears .  Again ,  thi s variabl e i s measure d i n th e thre e 
phase s o f  th e experiment :  th e confirmatio n phas e ( 9 
blocks) ,  th e contradictio n phas e ( 9 blocks )  an d th e tes t 
phas e ( 4 blocks) .  Thi s behaviora l  measur e i s take n a s a 
measur e o f  belie f  state . 

Each bloc k consist s o f  fou r  trials .  A  tria l  last s fou r 
seconds .  Durin g thes e fou r  seconds ,  a  colore d ligh t  i s 
show n (green ,  blue ,  red ,  o r  white) .  Th e sequenc e o f  th e 
light s i s randomize d withi n eac h block .  Participant s 
lear n th e meanin g o f  thes e light s (se e below )  b y 
pressin g th e spacebar .  O n e o f  thes e light s i s th e cu e 
light ,  on e i s th e neutra l  ligh t  an d th e othe r  tw o d o no t 
hav e a  fixed  meaning .  Eac h lights '  meanin g i s 
counterbalance d ove r  th e participants . 

Th e first  eigh t  block s ar e considere d a s learnin g 
blocks ;  the y ar e no t  include d i n th e analysis .  Al l 
participant s acquire d a  constan t  pressin g leve l  fo r  th e 
cu e ligh t  withi n thes e blocks .  Th e cu e ligh t  indicate s a 
saf e road .  Th e neutra l  ligh t  indicate s tha t  th e roa d i s 
closed .  Th e meanin g o f  th e othe r  light s differ s 
randoml y ove r  blocks ;  the y ca n indicat e tha t  th e roa d i s 
mined ,  save ,  o r  closed .  Th e contex t  i s  a  location ,  whic h 
we refe r  t o a s contex t  A . 

Th e confirmatio n phas e consist s o f  nin e blocks .  Th e 
meanin g o f  th e light s i s equa l  a s i n th e learnin g blocks . 
Th e contex t  doe s no t  chang e either . 

Th e contradictio n phas e consist s o f  nin e blocks . 
Here ,  th e cu e ligh t  indicate s a  mine d roa d i n th e Stron g 
contradictio n level .  I n th e W e a k contradictio n level ,  th e 
messag e 'roa d closed '  i s  displaye d wit h a  cu e light .  Th e 
neutra l  ligh t  indicate s tha t  th e roa d i s closed .  Th e 
meanin g o f  th e othe r  light s differ s randoml y ove r 
blocks ;  the y ca n indicat e tha t  th e roa d i s mined ,  sav e o r 
closed .  Th e contex t  i s  a  location ,  whic h w e refe r  t o a s 
contex t  B . 

The tes t  phas e consist s o f  fou r  blocks .  I n thi s phase , 
simultaneousl y wit h th e cu e light ,  th e messag e 'n o 
informatio n i s available '  i s  displayed .  Th e neutra l  ligh t 
indicate s tha t  th e roa d i s closed .  Th e meanin g o f  th e 
othe r  light s differ s randoml y ove r  blocks ;  the y ca n 
indicat e tha t  th e roa d i s mined ,  save ,  o r  closed .  Th e 
contex t  varie s ove r  groups :  I t  ca n b e th e sam e a s i n th e 
confirmatio n phas e (A) ,  th e sam e a s i n th e contradictio n 
phas e (B )  o r  differen t  fro m thos e tw o (C) . 

Procedur e Se e Pilo t  stud y (Experimen t  1 ) 
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Result s 

No difference s betwee n th e group s coul d b e observe d 
i n th e confirmatio n phase .  Thi s wa s expecte d sinc e a t 
tha t  moment  n o manipulatio n wa s introduce d yet .  I n th e 
contradictio n phase ,  th e Stron g group s score d lowe r 
tha n th e Wea k groups ,  a s w e hypothesize d (2. 4 vs.7.6 ; 
F(1.64 )  -  7.6 .  p<.01) .  Withi n th e sam e leve l  o f 
contradiction ,  n o difference s wer e observed .  Tabl e 2 
shows th e mean s fo r  eac h group . 

Table 2: Mean number of presses per phase per group. 

ABA 
ABB 
ABC 
ABA 
ABB 
ABC 

Stron g 
Stron g 
Stron g 
Weak 
Weak 
Weak 

CONFIR-
M A T I ON 
P H A SE 
45. 5 
41. 2 
41. 0 
44. 0 
44. 0 
46. 2 

CONTRA 
DICTIO N 
PHASE 
2.5 
1.8 
2.8 
10. 9 
8.3 
3.6 

TEST 
P H A SE 

27. 5 
2.1 
2.5 
40. 4 
7.3 
2.9 

An A N O VA show s a  mai n effec t  o f  Tes t  Contex t 
(F(2,64)=73.21 ;  p<.00001) .  Th e scor e o f  participant s 
firom  th e A B A grou p (33.9 )  i s  highe r  tha n th e scor e o f 
participant s from  th e A B C grou p (2.69 ;  F(l,64 )  = 
118.36 ,  p<.00001 )  an d th e A B B grou p (4.70 ;  F(l,64 )  = 
98.65 .  p<.00001) . 

The manipulatio n o f  Contradictio n Leve l  resulte d i n a 
mai n differenc e betwee n bot h level s (10.6 9 vs .  16.8 7 
fo r  th e Stron g an d Wea k contradiction s respectively ; 
F(l,64 )  =  6.71 ,  p<.05 )  i n th e expecte d direction . 
Neithe r  th e A B B group ,  no r  th e A B C grou p ha s a 
differen t  scor e i n th e Stron g an d Wea k group .  Th e mai n 
effec t  result s from  th e differenc e i n th e A B A Stron g 
and Wea k grou p (F(l,64 )  =  10.05 .  p<.005) . 

The A B A Wea k scor e i n th e tes t  phas e doe s no t  diffe r 
from  it' s  scor e i n th e confirmatio n phase ,  whil e th e 
A BA Stron g scor e doe s (F(l,64 )  =  19.79 .  p<.00005) . 

Discussion 

The effec t  o f  Contradictio n Leve l  i s no w adequatel y 
obtaine d du e t o a n appropriat e choic e o f  th e 
instantiatio n o f  th e Wea k level .  Onl y th e group s wher e 
learnin g an d tes t  contex t  ar e th e same ,  ar e affecte d b y 
th e Contradictio n Leve l  manipulation :  Whe n th e 
contradictio n merel y neutralize s (i.e. ,  doe s no t  reverse ) 
a previousl y learne d rule ,  n o belie f  revisio n take s place . 
When th e contradictio n i s strong ,  th e belie f  i n th e rul e 
decrease s compare d t o th e learnin g phase .  Thi s 
observatio n i s surprisin g give n tha t  th e contradictio n 
take s plac e i n anothe r  context ,  an d coul d therefor e b e 
easil y neglected . 

On a  theoretica l  level ,  i t  woul d b e temptin g t o 
conclud e tha t  th e rul e acquire d i n contex t  A  ca n b e 
considere d a s a  dominan t  rule .  On e coul d stat e tha t  th e 

firs t  an d th e secon d hypothesi s ar e thu s confirmed :  Th e 
belie f  i s  no t  influence d b y th e contradictor y informatio n 
i n contex t  B .  whe n thi s conflictin g informatio n 
neutralize s th e learne d information ,  bu t  i t  i s  influence d 
when th e conflictin g informatio n reverse s th e learne d 
information . 

However ,  thi s conclusio n woul d b e fals e becaus e fo r 
each Contradictio n level ,  th e belie f  i n th e rul e remain s 
lo w whe n i t  i s  teste d i n a  ne w contex t  (C) .  I f  th e 
'dominan t  rule '  hypothesi s wer e correct ,  th e belie f  i n 
th e ne w contex t  shoul d b e a s hig h a s i n th e 
confirmatio n phase ,  a t  leas t  fo r  th e Wea k leve l  group . 

Genera l  Discussio n 

We manipulate d tw o qualitativ e factors ,  Tes t  Contex t 
and Contradictio n Level ,  t o tes t  thei r  influenc e o n th e 
belie f  revisio n process .  Regardin g Tes t  Context ,  w e 
hypothesiz e tha t  whe n a  conditiona l  rul e i s acquire d i n a 
first  contex t  (A )  an d contradicte d i n a  secon d contex t 
(B) .  th e belie f  i n th e conditiona l  i s  no t  affecte d b y th e 
contradictor y informatio n whe n subsequentl y teste d i n 
th e first  contex t  (A )  o r  i n a  ne w contex t  (C) . 

Thi s hypothesi s wa s inspire d b y Bouto n (1988 . 
1994) ,  wh o state d tha t  a n acquire d rul e i s  protecte d 
agains t  extinctio n whe n th e conflictin g informatio n i s 
presente d i n anothe r  contex t  tha n th e learnin g context , 
becaus e individual s interpre t  th e first  rul e a s th e 
dominan t  rul e an d othe r  on e a s th e exception . 

Regardin g Contradictio n level ,  th e hypothesi s wa s 
tha t  th e qualit y o f  th e contradictor y informatio n play s a 
rol e i n th e belie f  revisio n process .  W e suppose d tha t 
when th e acquire d rul e i s reversed ,  thi s migh t  affec t  th e 
final  belie f  stat e teste d i n contex t  A  an d C  anyway . 
despit e th e bufferin g contex t  (B )  o f  th e contradictor y 
information . 

The influenc e o f  th e variabl e Tes t  Contex t  i s  clear : 
Give n th e sam e learnin g (an d confirmation )  an d tes t 
context ,  les s belie f  revisio n take s plac e afte r 
contradictor y informatio n i s  presente d i n a  differen t 
context ,  tha n whe n learnin g an d tes t  context s differ . 

The influenc e o f  th e variabl e Contradictio n Leve l  i s 
als o clear .  Give n a n appropriat e choic e o f  th e absenc e 
of  a n appetitiv e stimulu s (roa d closed )  an d o f  th e 
presenc e o f  a n aversiv e stimulu s (roa d mined) ,  th e 
manipulatio n resulte d i n a  significan t  differenc e 
betwee n th e Wea k an d th e Stron g level .  Thi s effec t  wa s 
mainl y du e t o th e effec t  i n th e A B A group .  Fo r  thi s 
group ,  n o belie f  revisio n too k plac e whe n th e 
contradictio n neutralize d th e learne d rule ,  bu t  belie f 
revisio n wa s observe d whe n th e contradictio n inverse d 
th e learne d rule . 

Althoug h thi s effec t  o n th e A B A grou p confirm s bot h 
hypotheses ,  on e shoul d no t  b e to o optimisti c abou t  th e 
theoretica l  consequence s becaus e n o suc h effec t  wa s 
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foun d fo r  th e A B C group ,  whic h play s a n impt)rfui) i 
rol e a s a  contro l  group . 

Therefore ,  th e result s ma y pu t  seriou s questio n mark s 
on th e theoretica l  translatio n int o 'dominant '  an d 
'exception '  rules .  Th e result s o f  thes e experiment s ma y 
indicat e tha t  dî eren t  rule s ar e learne d withi n eac h 
contex t 

However ,  from  a n economica l  viewpoin t  o n th e 
learnin g process ,  thi s ide a doe s no t  see m ver y fruitful . 
Learnin g an d applyin g conditiona l  rule s woul d becom e 
a ver y heav y tas k i f  ever y ne w contex t  implie d a  ne w 
rule . 

An interestin g distinction ,  tha t  wa s no t  mad e thu s far , 
coul d b e betwee n conditiona l  rule s tha t  ar e learne d (an d 
mostl y applied )  i n on e restricte d contex t  an d 
conditiona l  rule s tha t  ar e learne d (an d applied )  i n a 
wid e rang e o f  differen t  contexts . 

Our  experiment s investigate d th e forme r  situation .  I t 
migh t  b e tha t  i n th e latte r  situatio n rule s tha t  ar e 
applicabl e i n mor e context s m a y becom e dominan t 
rule s an d rule s tha t  ar e onl y applicabl e i n on e o r  a  fe w 
context s ma y becom e exceptiona l  rules .  Surely ,  thi s 
ide a need s supplementar y testing . 

I n sum ,  th e result s o f  thes e experiment s indicat e tha t 
th e belie f  revisio n proces s i s influence d b y variou s 
qualitativ e characteristic s o f  th e problems .  Mor e 
precisely ,  thi s stud y show s th e effec t  o f  contradictor y 
contex t  an d th e leve l  o f  contradiction .  Althoug h th e 
theoretica l  consequence s o f  thes e result s ar e no t  clea r 
fo r  th e tim e being ,  som e handout s fo r  furthe r  testin g ar e 
provided . 

Sharin g th e consideration s o f  Rip s (1994 )  regardin g 
human reasoning ,  w e conclud e wit h a n amendmen t  t o 
hi s statement :  Fo r  purpose s o f  psychology ,  w e nee d 
more descriptiv e informatio n an d theoretica l 
explanation s o n h o w peopl e dea l  wit h conflictin g 
information . 
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Abstrac t 

Analogies produced in twenty-five US eighth-grade 
mathematic s classroo m lesson s wer e analyze d accordin g t o 
thei r  frequency  an d structure .  Frequenc y findings  sugges t 
tha t  analogie s ar e a  commo n par t  o f  mathematic s classroo m 
learning ,  an d a  componen t  analysi s reveale d regula r  structura l 
panems i n th e wa y thes e analogie s ar e produced .  Teacher s 
tende d t o organiz e th e analogie s b y producin g th e target , 
source ,  an d mappin g step s befor e student s becom e activ e 
participants .  Student s wer e mos t  likel y t o the n mak e 
inferences ,  ad^ t  the m t o th e targe t  context ,  an d solv e targe t 
problems .  Studen t  participatio n wa s eithe r  independen t  o r  co -
constructe d wit h a  teache r  o r  othe r  students .  Finding s addres s 
an importan t  correlat e wit h experimenta l  researc h o n 
analogica l  reasoning . 

The United States' educational system is presently 
strugglin g t o find  teachin g program s tha t  facilitat e 
mathematica l  understandin g tha t  goe s beyon d algorithmi c 
knowledge .  Standardize d tes t  result s recentl y release d i n 
Californi a indicat e tha t  despit e improvements ,  th e 
educationa l  syste m remain s fa r  belo w stat e goal s i n 
mathematic s (STAR ,  2001) .  On e majo r  componen t  o f  thi s 
difficult y i s a  lac k o f  knowledg e abou t  h o w t o teac h abstrac t 
concept s s o tha t  student s ar e abl e t o transfe r  thi s learnin g 
acros s contexts . 

Systemati c us e o f  analog y ma y b e integra l  t o a  teachin g 
progra m tha t  meet s tha t  goal .  Analog y i s a  comparativ e 
structur e tha t  highlight s abstrac t  structura l  relation s 
(Genmer ,  1983) ,  an d facilitate s schem a acquisitio n an d 
transfe r  acros s problem s (Gic k &  Holyoak ,  1983) .  Learnin g 
mathematic s require s developmen t  o f  generalize d concept 
representation s tha t  ca n b e applie d acros s context s 
(Bransford ,  Brow n &  Cocking ,  1999) . 

Cognitiv e scientist s hav e argue d fo r  decade s tha t  analog y 
play s a  centra l  rol e i n huma n cognition ,  learnin g an d 
proble m solvin g (e.g. ,  Holyoak ,  Genme r  &  Kokinov ,  2001 ; 
Kolodner ,  1997 ;  Holyoa k &  Thagard ,  1995 ;  Centne r  & 
Toupin ,  1986 ;  Piaget ,  1950) .  However ,  ther e hav e bee n 
paradoxica l  findings  i n analog y research .  Whil e analog y 
has bee n demonstrate d t o b e use d i n severa l  everyda y 

context s (e.g .  Dunba r  1995 ,  2001) ,  mos t  laborator y studie s 
sho w lo w rate s o f  spontaneou s noticin g an d us e o f  analogie s 
fo r  proble m solvin g (e.g .  Gic k &  Holyoak ,  1980 ,  1983) .  I t 
i s necessar y t o understan d thi s discrepanc y betwee n 
observe d pattern s o f  analogica l  reasonin g i n th e laborator y 
and i n everyda y contexts ,  terme d th e analogica l  parado x 
(Dunbar ,  2001) ,  i n orde r  t o desig n meaningfu l  intervention s 
t o promot e educationa l  usag e o f  analogy . 

We sugges t  tha t  i n orde r  t o clarif y th e paradoxica l 
findings  concernin g analog y use ,  detaile d analysi s o f 
everyda y analog y usag e i s  essential ,  becaus e importan t 
aspect s o f  analog y us e ca n onl y b e understoo d throug h 
onlin e analysi s o f  th e pragmatic s governin g analog y 
production .  Th e curren t  stud y use s discours e analyti c 
technique s t o explor e analog y productio n i n th e contex t  o f 
teachin g mathematic s i n eighth-grad e mathematic s 
classrooms . 

Methods 

Sample and Coding 

Twenty-fiv e videotape d eighth-grad e mathematic s lesson s 
wer e analyze d t o examin e analog y activities .  Th e lesson s 
wer e randoml y selecte d fi-om  a  large r  rando m probabilit y 
sampl e collecte d a s par t  o f  th e Thir d Internationa l 
Mathematic s an d Scienc e Stud y (TIMSS )  directe d b y Ji m 
Stigle r  (se e Stigler ,  Gonzales ,  Kawanaka ,  Knoll ,  &  Serrano , 
1998) .  Al l  selecte d classroom s wer e videotape d o n on e 
occasion .  Th e classroom s wer e selecte d fro m U S public , 
private ,  an d parochial ? school s i n bot h urba n an d rura l 
areas ,  an d videotapin g wa s conducte d throughou t  th e schoo l 
year .  Th e lesso n conten t  wa s no t  constrained ,  bu t  mos t 
lesson s dre w from  numbe r  theory ,  geometry ,  o r  algebr a 
domains .  Teachin g style s similarl y wer e no t  constraine d 
and thu s reflecte d a  rang e o f  technique s an d perspectives . 

Lesson s wer e analyze d usin g V-Prism ,  a  compute r 
softwar e packag e designe d t o allo w simultaneou s viewin g 
of  a  digitize d vide o an d it s type d transcrip t  o n a  compute r 
screen .  I n th e program ,  th e video' s transcrip t  i s  time-linke d 
so tha t  th e line s o f  tex t  mov e temporall y wit h th e video . 
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The transcrip t  m a y b e marke d wit h code s t o designat e whe n 
an episod e begin s an d ends . 

Si x level s o f  analysi s wer e develope d suc h tha t  ever y 
lesso n wa s code d i n si x passes .  Eac h pas s wa s conducte d 
by a t  leas t  tw o coder s an d intercode r  reliabilit y  wa s 
assessed .  Code s an d frequenc y dat a ar e presente d below . 

1. Identifying analogies 
The defmitio n o f  analog y use d i n thi s stud y wa s base d o n 
Centner' s structur e mappin g mode l  (1983) .  Analog y wa s 
operationalize d a s a  comparativ e structur e betwee n familia r 
objects ,  terme d th e sourc e (o r  base )  o f  th e analogy ,  an d 
relativel y unfamilia r  objects ,  terme d th e targe t  o f  th e 
analogy .  Object s wer e define d a s entitie s tha t  functio n a s 
whole s a t  a  give n leve l  o f  analysis .  Th e sourc e an d targe t 
object s ar e aligne d accordin g t o thei r  predicate ,  o r 
relational ,  structur e suc h tha t  inference s ar e draw n from  th e 
sourc e predicat e structur e t o explai n th e targe t  predicat e 
structure .  Mappin g i s define d a s th e proces s o f  alignin g an d 
drawin g inference s betwee n th e sourc e an d targe t  objects . 
Inference s ar e the n draw n from  th e sourc e structur e an d 
use d t o deriv e nove l  knowledg e abou t  th e paralle l  targe t 
structure .  Severa l  constraint s gover n whic h mapping s ar e 
made i n eac h analogy ,  sinc e al l  possibl e mapping s ar e no t 
typicall y complete d (se e Holyoa k &  Thagard ,  1989) . 

Coder s use d a  conservativ e measur e o f  analogy ,  markin g 
onl y unit s wher e a  source ,  a  target ,  an d clea r  structura l 
mappin g betwee n th e sourc e an d targe t  coul d b e identifie d 
i n discours e o r  explici t  gestures .  T w o example s illustrat e 
typica l  analogies .  Reliabilit y  betwee n th e tw o coder s wa s 
calculate d o n 10 5 protocol s i n 4  lesson s ( 1 8 % percen t  o f  th e 
tota l  sample) .  Agreemen t  wa s 8 6 % .  Difference s wer e 
resolve d i n discussio n an d consensu s betwee n th e coders . 

Figur e 1  provide s a n illustratio n o f  th e typ e o f  analog y 
typicall y identifie d i n th e data .  Thi s i s a  transcrip t  o f  a n 
analog y presente d b y a  teache r  t o a  whol e class .  Th e 
teache r  i s standin g a t  th e board ,  wher e th e formul a fo r 
circumferenc e an d a  drawin g o f  a  circl e i s projecte d behin d 
him . 

Adaptin g th e 
inferenc e (thi s 
objec t  wil l  b e a n 
externa l  layer )  t o 
th e contex t  o f  a 
geometri c circl e 

circumferenc e 
righ t  there . 

((teache r  use e a  pointe r  t o 
ru n alon g th e outsid e edg e o f 
th e circl e o n th e overhea d 
projector) ) 

Constructio n o f 
Sourc e object : 

Highlightin g th e 
predicat e 
structure : 

Externa l  laye r 
of  (peel ,  orange ) 

Mapping : 
orang e pee l  t o 
circumferenc e 

Teacher :  No w here' s ho w I 
alway' s looke d a t 
it .  We'r e gonn a 
sa y this -  thi s 
circl e righ t  her e 
i s a n orang e 
It s a n orang e 
Alright ? 
It s a n orang e 
Now let s sa y we'r e 
gonn a tak e stic k 
a needl e i n th e 
orang e n '  suc k 
out  everythin g 
insid e excep t  fo r 
th e peelin g o f  th e 
orange . 

((demonstrate s gesturally)) . 
Okay we'r e gos -
we'r e gonn a 
preten d lik e 
that' s ou r 

Figur e 1 :  Exampl e Analog y 
A tota l  o f  10 3 analogie s wer e identifie d a s verball y 

produce d b y classroo m participants .  Lesso n include d a 
mean o f  4. 1 analogie s {S D =  2.6) .  Th e rang e fo r  individua l 
lesson s wa s betwee n 1  an d 1 1 analogies .  Thu s i n ever y 
lesso n examined ,  a t  leas t  on e explici t  analog y uni t  wa s 
coded . 

2. Participant Organization. 
Eac h analog y uni t  wa s examine d t o recor d th e role s 

playe d b y teacher s an d students .  Base d o n empirica l  an d 
computationa l  model s o f  analogy ,  coder s specificall y 
determine d whethe r  a  teacher ,  a  student ,  a  grou p o f  students , 
or  n o on e generate d th e fou r  step s o f  analogica l  reasonin g 
demonstrate d abov e i n figur e 1  (source ,  target ,  mapping , 
inferenc e an d adaptation ,  an d proble m solving) . 

Finding s reveale d tha t  mos t  analogie s wer e initiate d b y 
teachers ,  an d thos e produce d b y student s tende d t o b e highl y 
superficia l  an d onl y occurre d i n tw o classroom s ( 3 % o f  th e 
tota l  numbe r  o f  analogie s coded) .  Teacher s produce d 8 4 % 
of  sources ,  7 7 % o f  targets ,  an d 8 9 % o f  mappings .  Student s 
had a  comparativel y m o r e activ e rol e i n developin g 
inference s an d adaptin g the m t o targe t  contexts ,  produce d 
2 7 % alon e o r  collaborativel y wit h th e teacher .  Finally , 
student s wer e mos t  activ e i n completin g computation s t o 
provid e final  answer s t o targe t  problems .  Althoug h onl y 
4 2 % o f  analogie s ha d a n explici t  answer ,  student s supplie d 
3 8 % o f  thos e answers . 

3. Source Structure 
I n orde r  t o examin e th e type s o f  source s an d target s 

produce d typicall y i n thes e mathematic s analogies ,  th e 
structur e o f  th e sourc e an d th e targe t  wer e independentl y 
code d fo r  eac h analog y unit .  Fiv e classificatio n categorie s 
wer e used .  Ther e were :  1 )  decontextualize d mat h problem , 
2)  contextualize d mat h proble m (i.e. ,  a  wor d proble m se t  i n 
a non-mat h context) ,  3 )  schem a (genera l  rule ,  n o surfac e 
features) ,  an d 4 )  outsid e mat h phenomena .  I f  mor e tha n on e 
sourc e wa s use d t o explai n th e sam e target ,  o r  th e targe t  wa s 
state d i n tw o ways ,  th e sourc e wa s code d "  multiple. "  Se e 
Figur e 2  fo r  sampl e analogie s o f  eac h structure . 

Intercode r  reliabilit y  wa s calculate d separatel y fo r  codin g 
sourc e an d target .  2 2 protocol s wer e use d from 3  lesson s 
(approximatel y 1 5 % o f  th e analogie s coded) .  Reliabilit y 
was calculate d t o contro l  fo r  chanc e usin g Cohen' s Kappa , 
yieldin g k=1 2 an d A=8 1 fo r  sourc e an d targe t  reliabilit y 
(acceptabl e t o goo d levels) . 

Bot h th e source s an d target s displaye d significan t 
difference s betwee n th e frequency  wit h whic h eac h structur e 
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categor y wa s used ,  X *  (4 )  =  26.5 ;  68.4 ;  p  <.00 1 i n bot h 
cases .  Whil e bot h source s an d target s wer e mos t  likel y t o 
be decontextualizc d mat h problem s ( 4 0 % an d 4 4 % ) ,  al l  fou r 
categorie s wer e represented .  Th e nex t  larges t  proportio n o f 
target s wer e mat h schcma s (33%) ,  suggestin g tha t  teacher s 
wer e usin g analogie s no t  onl y t o promp t  solution s t o singl e 
problems ,  bu t  als o t o ai d i n developin g mor e genera l 
schemas .  Th e mos t  substantia l  distinctio n occurre d betwee n 
object s outsid e th e domai n o f  mathematic s use d a s source s 
and targets .  1  S % o f  source s wer e outsid e th e domai n o f 
mathematics ,  whil e onl y 1  ou t  o f  10 3 target s wa s a  non -
mat h phenomenon .  Thi s i s no t  entirel y unexpecte d sinc e th e 
mat h classroo m i s oriente d toward s mathematic s learning , 
but  i t  i s  conceivabl e tha t  mathematic s classroom s woul d 
discus s ho w t o appl y mat h structure s t o understan d real -
worl d problems .  Finally ,  ther e wer e mor e multipl e source s 
use d (16% )  tha n multipl e version s o f  th e targe t  (5%) . 

Table 1: Structural composition of analogy sources and 
target s 

Strictur e 

Not  mat h 
Contextualize d 
Decontextualizc d 
Schema 
Multipl e 
Tota l 

Frequenc y 
Sourc e 
15 
19 
41 
12 
16 
103 

Targe t 
1 
18 
45 
34 
5 
103 

The overal l  leve l  o f  similarit y betwee n th e surfac e 
feature s o f  th e sourc e an d th e targe t  wa s code d o n a  fou r 
poin t  scale ,  a s suggeste d b y researc h indicatin g tha t  thi s 
relationshi p govern s th e reasonin g use d t o solv e a n analog y 
(e.g .  Ross ,  1987 ;  Gic k &  Holyoak ,  1983) . 

1 

2 

Sourc e 

Outside-mat h 
phenomena: 

I t  s  lik e balancin g a 
scale ,  matte r  does n t 
disappear ,  s o t o kee p 
i t  balanced ,  whateve r 

we d o t o und o on e 
sid e w e hav e t o d o t o 

th e other . 
Contextualize d mat h 

problem : 
Let s sa y yo u v e go t 

money.  I f  yo u los t  8 8 
cent s an d the n yo u 
los t  5  cent s more , 
woul d yo u ad d o r 

subtrac t  t o fin d ou t 
th e tota l  amoun t  yo u 

lost ? 

Targe t 

Decontextualizc d 
mat h problem : 
I t  i s  divide d b y 

negativ e sixty ,  s o 
we multipl y b y 

negativ e sixt y o n 
bot h sides . 

Mat h schem a 
When yo u hav e a 
negativ e numbe r 

minu s anothe r 
number ,  d o yo u 
ad d o r  subtract ? 

Surfac e 
Similarit y 

Far 
distanc e 

Schema 
involve d 

3 

4 

Decontextualizc d 
mat h problem : 

Ok,  do n t  pu t  al l  tha t 
othe r  stuff .  What  i f  i t 
was jus t  16/20 .  H o w 
woul d yo u reduc e it ? 

Decontextualizc d 
mat h problem : 
H ow woul d yo u 
multipl y these ? 
( x +  2y)( x +  y ) 

Decontextualize d 
mat h problem : 

N ow let s chang e 
th e integer s t o 

monomial s wit h 
variables .  S o 

the n ho w woul d 
we reduc e 

I5x/z'/25x^y ? 
Decontextualizc d 

mat h problem : 
I n tha t  case ,  ho w 

woul d yo u 
multipl y (5x + 

yXx +  3y ) 

Low 
similarit y 

Hig h 
similarit y 

Figur e 2 :  Analog y structur e an d surfac e similarit y 

Table 2 shows the frequencies of the surface similarity 
betwee n analog y source s an d targets .  Ther e wer e n o 
significan t  frequenc y differenc e a m o n g th e fou r  categories , 
; ^  (3 )  =  3.05 8 p=.3 ,  indicatin g tha t  al l  fou r  type s o f  analog y 
construction s wer e regularl y used . 

Table 2: Surface similarity between source and target 

Surfac e Similarit y 
Schema involve d 
Far  distance/ /  outside-mat h 
source/targe t  involve d 
L o w surfac e similarit y 
Hig h surfac e similarit y 
Tota l 

Frequenc y 
28 
19 

31 
25 
103 

4.  Functio n 

The functio n o f  eac h analog y uni t  wa s code d t o examin e 
th e contex t  an d purpos e fo r  analog y use .  Primarily ,  thi s 
cod e examine d whethe r  th e analog y wa s directe d towar d 
explainin g a  concept ,  a  procedure ,  o r  a  combinatio n o f  th e 
two .  Additionally ,  a  separat e cod e marke d whethe r  th e 
analog y wa s implemente d followin g evidenc e o f  a  studen t 
havin g troubl e wit h a  proble m o r  concept . 
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Code 
1 

Code 
2 

Code 
3 

Code 
4 

Mathematica l 
Functio n 

Bein g a  mat h 
student . 

Teac h concept s 
only . 

Teac h concept s 
and procedure s 

Teac h 
procedure s 

only . 

Paraphrase d Example s 

Remove th e parentheses ,  ver y 
carefully .  Kin d o f  lik e i f  yo u wer e 
a bom b squa d calle d i n t o diffus e 
a bomb .  I f  yo u mes s u p th e firs t 
step ,  th e whol e proble m wil l  blo w 
up i n you r  fac e a t  th e end ! 
When yo u 'r e addin g fractions , 
thin k abou t  you r  denominator s a s 
units ,  lik e centimeter s o r  feet . 
When yo u ad d length ,  th e unit s 
must  b e th e sam e i n orde r  t o ad d 
them. 
Ok d o yo u remembe r  ho w w e 

foun d th e perimete r  an d are a o f 
polygon s las t  week ? Thi s tim e i t 
i s  th e sam e concep t  bu t  w e ar e 
goin g t o us e th e formula s t o solv e 
fo r  circumferenc e an d are a o f  a 
circle . 
What  wer e th e step s w e use d t o 
solv e th e las t  example ? O K let s 
do th e sam e thin g i n thi s problem . 
Firs t  let s facto r  th e numerato r 
and denominato r  an d the n we'l l 
see wha t  w e ca n cancel. . 

Figur e 3 :  Analog y Functio n 

The mathematical function of each identified analogy 
reveale d tha t  som e fimction s wer e mor e frequen t  tha n other s 
X^  (3 )  =  20.1 ,  /7<.001 .  Th e ra w frequencie s ar e show n i n 
Tabl e 3 .  Teacher s wer e mos t  likel y t o us e analogie s t o 
teac h procedure s only .  Th e frequenc y distributio n m a y b e 
relate d t o th e tendenc y o f  U S teacher s t o teac h mor e 
procedure s tha n concept s durin g a  singl e lesso n (Stigle r  et . 
al ,  1998) . 

Table 3: Frequency of mathematical analogy functions. 

Funct io n 
Bein g a  mat h studen t 
Concept s onl y 
Concept s an d Procedure s 
Procedure s onl y 

Tota l 

Frequenc y 
12 
19 
30 
42 
103 

Sourc e Structur o 

oontoxtJuMZ M 
^<lKontarti i lZ« d 

proc*dur w onJ y 

Figur e 4 :  Sourc e structur e accordin g t o m a t h teachin g 
function . 

Second, in order to determine whether the structure of the 
w h o l e analog y i s  relate d t o th e fiinction ,  a  Pearso n ch i 
squar e w a s per fo rme d t o c o m p a r e th e surfac e similarit y 
b e t w e e n th e sourc e an d targe t  o f  eac h ana log y wi t h it s 
function .  Thi s tes t  reveale d tha t  ther e w a s a  significan t 
relationshi p be twee n thes e variables ,  y ^  (3 )  =  37. 5 / K . O O O l . 
Fa r  distanc e analogie s w e r e a lmos t  exclusivel y u s e d t o 
explai n concept s o r  concept s paire d wi t h procedures .  I n 
contrast ,  relationa l  m a p p i n g s wit h h ig h surfac e similarit y 
be twee n source s an d target s w e r e almos t  exclusivel y use d t o 
teac h procedure s only .  S c h e m a s w e r e m o r e likel y t o b e 
use d i n analogie s demonstrat in g concepts ,  bu t  w e r e als o 
regularl y use d t o teac h procedures .  L o w surfac e similarit y 
analogies ,  a n d m a p p i n g s b a s e d o n a  decontextual ize d 
mathemat i c s object ,  w e r e use d m o r e frequentl y t o teac h 
procedure s tha n concepts . 

Surfac e simllaht y 
^Kchsma Invdvtd 

•Imlvtt y 
•Irrtlvtty 

a)nc«p l  preien t prooedur w onl y 

We wer e intereste d i n whethe r  th e fiinction  o r  purpos e o f 
th e analog y w a s relate d t o th e typ e o f  analog y produced . 
T w o step s wer e take n t o investigat e thi s question .  First ,  a 
Pearso n ch i  squar e w a s per forme d t o c o m p a r e analog y 
functio n wit h th e structur e o f  sourc e generated .  Thi s tes t 
reveale d tha t  ther e i s a  significan t  relationshi p be twee n th e 
sourc e generate d an d th e structur e o f  eac h analogy ,  % (12 ) 
= 35.8,;K.001 . 

Figur e 5 :  Surfac e similarit y accordin g t o m a t h teachin g 
fiinction . 

289 



Discussio n 

The present findings suggest that analogies arc regularly 
produce d i n U S mathematic s classrooms ,  an d ar c generate d 
i n reliabl e structura l  patterns .  Thes e pattern s var y a s a 
functio n o f  th e immediat e contex t  an d purpos e o f  th e 
analogy .  Th e specifi c  natur e o f  thes e relationship s sugges t 
tha t  analog y generatio n i s highl y constraine d an d organize d 
by th e goa l  o f  th e analogy .  W h e n th e goa l  o f  th e analog y 
was t o teac h conceptua l  information ,  teacher s wer e mor e 
likel y t o us e distanc e analogies ,  schemas ,  an d lowe r  surfac e 
similarit y tha n whe n the y wer e teachin g mat h procedure s 
alone . 

Pattern s o f  analog y usag e als o reveale d interestin g 
association s betwee n teachers '  analog y practice s an d 
previou s research .  Teacher s frequentl y presente d multipl e 
sources ,  technique s tha t  hav e bee n demonstrate d t o facilitat e 
schema acquisitio n an d transfe r  (e.g. ,  Gic k &  Holyoak , 
1983) .  Thu s i t  i s  possibl e tha t  teacher s m a y b e usin g 
intuitiv e theorie s o f  analog y t o guid e thei r  analog y 
productio n toward s a n effectiv e teachin g tool . 

I n addition ,  teacher s provide d substantia l  structur e fo r 
eac h analogy ,  perhap s becaus e the y ar e awar e tha t  noticin g 
analogie s i s a  difficul t  task ,  a s ha s bee n frequentl y 
demonstrate d experimentally .  Whil e th e teacher s 
assistanc e make s th e analog y mor e likel y t o b e complete d 
successfull y tha n i f  student s wer e responsibl e fo r  generatin g 
mor e components ,  however ,  thi s desig n provide s littl e 
informatio n t o th e teache r  abou t  whethe r  student s ar e 
actuall y performin g analogica l  reasonin g whe n analogie s 
ar e produce d i n thi s way .  Althoug h teacher s frequentl y 
aske d student s t o participat e i n producin g analogies ,  the y 
m ay no t  b e awar e tha t  th e wa y mos t  student s participat e 
does no t  requir e tha t  the y perfor m highe r  orde r  comparativ e 
reasoning . 

Further ,  educationa l  researc h suggest s tha t  enablin g 
student s t o generat e prediction s an d inference s abou t 
unknow n proble m type s ca n b e highl y beneficia l  fo r  thei r 
transfe r  performanc e (e.g .  Carpenter ,  Fcnnema ,  Fuso n & 
Hiebert ,  Human ,  Murray ,  Olivie r  &  W e m e,  1999) .  Thes e 
findings  therefor e sugges t  tha t  teacher s migh t  b e reducin g 
th e leamm g benefit s o f  analog y b y highl y structurin g th e 
comparison s fo r  students .  Thi s i s a n empirica l  questio n tha t 
i s  currentl y unde r  investigation . 
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Abstrac t 

I n thi s pape r  w e investigat e th e rol e o f  categor y siz e i n 
category-base d induction .  I n a  serie s o f  thre e experiment s w e 
aske d participant s abou t  th e strengt h o f  inductiv e inference s 
from  aibitnu y subordinat e categorie s t o thei r  superordinates . 
We sho w tha t  peopl e us e bot h subordinat e an d superordinat e 
categor y siz e a s a  cu e i n category-base d inductio n 
(Experiment s 1  &  2) .  However ,  th e result s o f  Experimen t  3 
sho w tha t  th e efTec t  o f  subordinat e categor y siz e i s smalle r 
when th e categorie s ar e sai d t o b e simila r  tha n whe n sai d t o b e 
dissimilar .  O n th e basi s o f  thi s resul t  w e sugges t  tha t  peopl e 
use categor y siz e a s a n indicatio n o f  ho w muc h uncertaint y 
remain s cooconin g th e superordinat e rafte r  tha n a s a  mean s 
of  assessin g ho w representativ e th e categor y i s a s a  sampl e o f 
th e superordinate .  W e conclud e wit h a  discussio n o f  possibl e 
strategie s fo r  inductiv e reasoning . 

One of the functions of categories is to promote inductive 
inference .  K n o w i n g tha t  on e se t  o f  instance s possesse s a 
certai n featur e allow s u s t o conside r  whethe r  othe r  set s ar e 
als o likel y t o posses s th e sam e feature .  Fo r  example , 
knowledg e du U al l  o f  th e chair s i n th e lectur e roo m w e ar e 
currend y i n ar e m a d e o f  plasti c wil l  assis t  u s i n makin g a 
predictio n abou t  th e chair s i n di e lectur e theatr e nex t  door , 
th e cafeteri a a t  th e en d o f  th e corrido r  an d th e provost' s 
office .  Th e experiment s t o b e reporte d i n thi s pape r  wer e al l 
concerne d wit h th e rol e playe d b y informatio n abou t 
category-siz e i n suc h inductiv e inferences .  The y as k 
whethe r  participant s ar c mor e likel y t o projec t  a  propert y i f 
i t  i s  possesse d b y instance s o f  a  large r  categor y dia n o f  a 
smalle r  categor y an d whethe r  peopl e ar c mor e confiden t 
abou t  conclusion s concernin g larg e o r  smal l  groups . 
Furthermore ,  i f  peopl e d o tur n ou t  t o b e sensitiv e t o siz e 
cue s i n thi s manner ,  wha t  kin d o f  reasonin g underlie s thei r 
us e o f  suc h cues ? A s w e wil l  se e below ,  ther e ar e a  variet y 
o f  way s i n whic h categor y siz e migh t  influenc e people' s 
judgement s o f  inductiv e strength . 

Othe r  researcher s hav e bee n intereste d i n inductio n base d 
on categorie s an d ther e ar e severa l  model s o f  categorica l 
inductio n i n th e literatur e al l  designe d t o captur e betwee n 1 2 
an d I S phenomen a (fo r  a n excellen t  review ,  se e Heit ,  2000) . 
O ne facto r  tha t  i s  c o m m o n t o al l  o f  thes e model s i s inter -
categor y similarit y (Osherso n e t  al ,  1990 )  o r  featura l 
overla p betwee n categorie s (Sloman ,  1993) .  T o illustrat e 

h o w similarit y migh t  affec t  th e strengt h o f  a n inductiv e 
inferenc e conside r  th e argument s belo w wher e th e statemen t 
abov e th e lin e i s a  premis e an d th e statemen t  belo w th e lin e 
i s a  conclusion .  Wit h argument s o f  thi s typ e participant s ar e 
aske d t o assum e th e premis e t o b e tru e an d t o evaluat e th e 
degre e t o whic h i t  support s th e conclusion . 

Robins have an ulnar artery 
Thrushe s hav e a n ulna r  arter y Argumen t  I 

;t9l?ins have an lOntf Wtqy 
Flamingo s hav e a n ulna r  arter y Argumen t  2 

As the categories in Argument 1 are more similar than those 
i n Argumen t  2 ,  peopl e wil l  judg e th e forme r  t o b e stronge r 
tha n th e latter .  W h e r e th e conclusio n categor y i s 
superordinat e t o th e premis e category ,  a s i n Argumen t  3 
below ,  th e degre e t o whic h th e premis e categor y i s typica l 
of  di e superordinat e categor y inform s people' s judgement s 
of  inductiv e strengd i  (se e Rips ,  1975) . 

Robin s hav e a n ulna r  arter y 
Bird s hav e a n ulna r  arter y Argument s 

A secon d facto r  which ,  i n a t  leas t  on e mode l  o f  category -
base d induction ,  impact s upo n judgement s o f  argumen t 
strengt h i s 'coverage '  (Osherso n e t  al ,  1990) .  Coverag e i s 
th e degre e t o whic h th e premis e categorie s ar e simila r  t o 
instance s o f  th e conclusio n categor y (or ,  i n case s wher e th e 
conclusio n categor y i s  no t  superordinat e t o th e premis e 
categories ,  t o instance s o f  th e neares t  superordinat e 
categor y containin g bot h premis e an d conclusio n 
categories) .  So ,  fo r  example .  Argumen t  4  belo w woul d 
normall y resul t  i n greate r  rating s o f  inductiv e strengt h tha n 
woul d Argumen t  5 . 

German Shei:^erxls produce phagocytes 
Poodle s produc e phaeocyty s 
Al l  dog s produc e phagocyte s Argumen t  4 

German shepherds produce phagocytes 
Doberman s produc e phagocyte s 
Al l  dog s produc e phagocyte s Argumen t  5 
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As th e premis e categorie s i n Argumen t  4  ar e simila r  t o • 
greate r  rang e o f  instance s o f  th e conclusio n categor y tha n 
ar e th e premis e categorie s i n Argumen t  5 ,  th e forme r  i s 
judge d t o b e stronge r  tha n th e latter .  I n general ,  th e mor e 
divers e ar c th e premis e categories ,  th e stronge r  i s th e 
argumen t  (althoug h fo r  exception s se e Sloman ,  1993) . 

Ther e ar e severa l  thing s t o not e abou t  muc h o f  th e 
existin g woii c o n category-base d induction .  First ,  althoug h 
rarel y formall y contraste d wit h normativ e model s o f 
inductio n (fo r  a n exceptio n se e Heit ,  1998) ,  man y o f  th e 
effect s i n th e literatur e hav e a n intuitivel y stron g normativ e 
basis .  Fo r  example ,  bot h effect s o f  similarit y an d coverag e 
migh t  b e expecte d unde r  th e assumptio n tha t  participant s 
ar e sensitiv e t o th e representativenes s o f  th e sample s abou t 
whic h the y hav e som e information .  Sample s tha t  ar e eithe r 
simila r  to ,  o r  typica l  of ,  th e populatio n t o whic h th e 
propert y wil l  b e projected ,  are ,  intuitivel y a t  least ,  mor e 
representativ e o f  tha t  population .  Similarly ,  divers e set s o f 
premise s intuitivel y see m t o b e mor e representativ e o f  th e 
premise s tha n ar e non-divers e premises . 

A secon d characteristi c o f  previou s wor k o n category -
base d inductio n i s tha t  researcher s hav e bee n intereste d i n 
investigatin g th e effect s o f  categor y knowledg e o n inductiv e 
judgement s concernin g natura l  kinds .  A s i t  i s no t  normall y 
possibl e t o kno w th e siz e o f  man y naturall y occurrin g 
categorie s (fo r  example ,  h o w man y member s ar e ther e o f 
th e categor y 'bird"? )  researc h ha s tende d t o concentrat e o n 
th e rol e playe d b y inter-categor y relationships .  Thi s ma y b e 
contraste d wit h wor k on ,  fo r  example ,  statistica l  judgemen t 
wher e bot h th e a  prior i  probabilitie s o f  th e hypothese s a s 
wel l  a s th e probabilit y  o f  th e evidenc e give n eac h 
hypothesi s ha s bee n manipulated .  B y presentin g participant s 
wit h problem s concernin g arbitrar y categorie s i n whic h 
categor y siz e wa s manipulated ,  th e wor k t o b e describe d 
her e attempte d t o addres s th e rol e tha t  categor y siz e play s i n 
category-base d induction . 

Category Size and Category-Based Induction 

Conside r  th e followin g scenario : 
672 peopl e wor k i n a  1 0 stor y offic e bloc k C f  these ,  31 3 
wor k o n floor  2  an d 3 5 wor k o n floor  7 . 

Give n thi s scenario ,  whic h o f  thes e argument s i s th e 
strongest ? 
Al l  31 3 peopl e wh o wor k o n floor  2  hav e a n 
ideotit v numbe r  beginnin g wit h th e lette r  Z 
Al l  67 2 peopl e wh o wor k i n th e offic e bloc k 
have a n identit y numbe r  beginnin g wit h th e lette r  Z  Argumen t  6 

Al l  3 S peopl e wh o wor k o n floor  7  hav e a n 
iJCntit v niMx T beginnip g wit h th y lette r  Z 
Al l  67 2 peopl e wh o wor k i n th e offic e bloc k 
have a n identit y numbe r  beginnin g wit h th e lette r  Z 

Ther e ar e a t  leas t  tw o reason s fo r  preferrin g Argumen t  6  t o 
Argumen t  7 .  Th e first  lin e o f  reasonin g i s tha t  th e sampl e 
siz e i n Argumen t  6  i s large r  tha n tha t  i n Argumen t  7 .  A s 
large r  sample s ar e hel d t o b e mor e representativ e o f  th e 
population s from  whic h the y ar e draw n tha n ar e smal l 
samples ,  Argumen t  6  i s stronge r  tha n Argumen t  7  (fo r  a 
recen t  discussio n o f  th e psychologica l  literature s o n 
sensitivit y t o sampl e siz e se e Sedlmeie r  &  Gigerenzer , 
1997 ,  an d Kere n &  Lewis ,  2000) .  However ,  sinc e Nisbet t  e t 
al' s  (1983 )  wor k o n statistica l  heuristic s i n induction ,  i t  ha s 
bee n know n tha t  th e variabilit y  o f  th e featur e bein g 
projecte d interact s wit h sampl e siz e t o determin e inductiv e 
strength .  Fo r  example ,  Nisbet t  e t  a l  foun d tha t  onl y a  ver y 
smal l  sampl e wa s require d fo r  participant s t o projec t 
feature s fo r  whic h ther e i s littl e withi n categor y variabilit y 
(e.g .  colou r  i n a  specifi c  specie s o f  bird )  wherea s a  muc h 
large r  sampl e wa s require d fo r  th e projectio n o f  mor e 
variabl e features .  I n th e scenari o above ,  th e informatio n tha t 
peopl e wor k o n differen t  floor s m a y sugges t  variabilit y  i n 
staf f  identit y numbers .  Tha t  is ,  i f  categor y structur e i s mad e 
salien t  b y a  scenario ,  sampl e siz e ma y no t  b e considere d 
relevan t  i n determinin g th e strengt h o f  th e inference . 

The typ e o f  reasonin g describe d abov e relie s o n indirec t 
inference .  Tha t  is ,  a n inferenc e abou t  characteristi c o f  a 
populatio n i s mad e o n th e basi s o f  evidenc e abou t  th e 
prevalenc e o f  tha t  characteristi c amongs t  member s o f  a 
sample .  A  les s sophisticated ,  bu t  mor e direct ,  wa y o f 
makin g th e inferenc e i s t o thin k abou t  th e san^l e a s a 
proportio n o f  th e population .  Thus ,  i f  a  larg e proportio n o f 
th e populatio n i s know n t o posses s th e characteristic ,  the n 
ther e i s les s uncertaint y abou t  th e remainin g member s o f  th e 
populatio n an d hence ,  a  greate r  probabilit y  tha t  th e 
characteristi c i s  universall y possessed . 

I f  w e fin d tha t  participant s ar e sensitiv e t o categor y siz e 
when aske d t o evaluat e category-base d inductiv e inferences , 
the n th e questio n arise s a s t o wha t  for m o f  statistica l 
reasonin g underlie s tha t  sensitivity .  Th e firs t  tw o 
experiment s t o b e reporte d her e wer e designe d t o 
investigat e premis e an d conclusio n categorie s a s cue s t o 
inductiv e reasonin g whils t  th e final  experimen t  wa s 
designe d t o compar e contrastin g account s o f  an y categor y 
siz e effect . 

E x p e r i m e n t  1 

M e t h o d 

Argument  7 

A tota l  o f  4 0 participant s from  th e undergraduat e populatio n 
of  th e Universit y o f  Durha m (Stockto n campus )  too k par t  i n 
thi s experiment .  O f  these ,  1 1 wer e mal e an d 2 9 wer e 
female .  Th e averag e ag e o f  participant s wa s 2 2 years . 

E3q)erimen t  1  ha d a n entirel y withi n participant s design . 
The dependen t  variabl e wa s th e numbe r  o f  problem s fo r 
whic h participant s chos e a s stronges t  th e argumen t 
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concernin g a  larg e premis e category .  Eac h participan t 
receive d a  se t  o f  instruction s an d eigh t  reasonin g problems . 
Eac h proble m describe d a  supcrordinat e categor y an d tw o 
subordinat e categories .  Th e absolut e siz e o f  eac h categor y 
was describe d suc h tha t  th e Larg e subordinat e categor y wa s 
25-40% ,  an d th e Smal l  subordinat e categor y 5-8% .  o f  th e 
siz e o f  th e superordinat e category .  Participant s receive d 
problem s suc h a s th e following : 

Extensive research has shown that there are several 
strain s o f  th e dreaded ,  an d alway s fatal ,  Xanthra x virus . 
1,00 0 peopl e ar e know n t o hav e die d f ro m th e virus . 
O ne for m o f  th e viru s i s Strai n 6  fro m whic h 30 0 peopl e 
hav e died .  Anothe r  for m i s Strai n 3  fro m whic h 6 0 
peopl e hav e die d 

and were then asked to indicate which of two arguments 
was th e stronger .  Thes e argument s consiste d o f  a  premise , 
concernin g on e o r  othe r  o f  th e subordinat e categories ,  an d a 
conclusio n concernin g th e superordinat e categor y 

Xanthrax Strain 6 produces a blotchy rash in sufferers 
Al l  1,00 0 Xanthra x fatalitie s displaye d a  blotch y ras h 

Xanthrax Strain 3 produces a blotchy rash in sufferers 
Al l  1,00 0 Xanthra x fatalitie s displaye d a  blotch y ras h 

The order in which the arguments appeared was controlled 
whils t  th e eigh t  problem s appeare d i n on e o f  eigh t  randoml y 
determine d orders .  Th e othe r  seve n problem s concerne d 
book s i n a  library ,  article s fio m severa l  issue s o f  a  journal , 
th e ag e o f  tree s i n a  forest ,  house s sol d b y a n estat e agent , 
worker s i n a n offic e block ,  characteristic s o f  historica l 
artefact s an d work s o f  art . 

Results and Discussion 

As expected, participants displayed a marked preference for 
argument s involvin g th e larg e subordinat e category .  Ou t  o f 
a m a x i m u m o f  eight ,  th e mea n numbe r  o f  suc h argument s 
selecte d a s bein g stronge r  wa s 6.1 3 (S.D .  =  1.99) .  Th e 
differenc e betwee n th e numbe r  o f  larg e subordinat e 
categor y argument s tha t  wer e selecte d a s stronge r  an d th e 
number  tha t  woul d b e predicte d b y chanc e wa s statisticall y 
significan t  acros s al l  proble m content e (  t  (40 )  =  6.76 ,  p  < 
.001) .  Thi s preferenc e fo r  larg e premis e categorie s wa s als o 
statisticall y significan t  i n al l  eigh t  proble m content s (x2(l ) 
> 8  i n 7  ou t  o f  th e eigh t  cases) .  Respons e frequencies , 
broke n d o w n b y content ,  ar e displaye d i n Tabl e 1 . 

Th e result s o f  Experimen t  1  confir m ou r  intuitio n tha t 
participant s ar e mor e likel y t o projec t  a  propert y t o a 
superordinat e categor y fro m a  larg e rather  tha n a  smal l 

subordinate .  I n Experimen t  2  w e kep t  subordinat e categor y 
siz e constan t  and ,  instead ,  manipulate d th e siz e o f  th e 

Table I: Large and Small argument selection from 
Experimen t  1 . 

PTQblc m Conten t 

EHsease 
Librar y 
Housin g 
Fores t 
Journa l 
Offic e Bloc k 
Artefact s 
Galler y 

Subordinat e Categor y 

srnal i 
13 
8 
11 
10 
10 
10 
7 
6 

larg e 
27 
32 
29 
30 
30 
30 
33 
34 

superordinat e category .  Ou r  stron g intuitio n wa s tha t 
participant s woul d b e happies t  projectin g a  featur e t o a 
small ,  rather  tha n a  large ,  category .  A n analogou s effec t 
exist s i n th e literatur e (Osherso n e t  al ,  1990 )  wher e 
participant s hav e bee n demonstrate d t o prefe r  projection s t o 
lowe r  level ,  an d henc e smaller ,  categories . 

A secon d ai m o f  thi s experimen t  wa s t o demonstrat e 
categor y siz e effect s i n a  betwee n participant s design .  Th e 
literatur e o n bas e rat e neglec t  (se e Koehler ,  1996 )  contain s 
demonstration s tha t  participant s ar e mor e likel y t o tak e th e 
bas e rate  int o accoun t  whe n bas e rate  i s manipulate d withi n 
particif>ants .  Hence ,  i n Experimen t  2  w e wishe d t o 
investigat e whethe r  participant s woul d tak e categor y siz e 
int o accoun t  i n a  betwee n participan t  design . 

E x p e r i m e n t  2 

M e t h o d 

Th e experimen t  ha d a  2  x  3  mixe d design .  Populatio n siz e 
was manipulate d betwee n participant s whils t  eac h 
participan t  receive d thre e differen t  problem s askin g the m t o 
rate  th e strengt h o f  a n inductiv e argument . 

A tota l  o f  11 6 participant s fro m th e undergraduat e 
populatio n a t  th e Universit y o f  Durha m (Stockto n Campus ) 
too k par t  i n thi s experiment .  O f  these ,  5 8 wer e mal e an d 5 8 
wer e female .  Th e averag e ag e o f  participant s wa s 2 1 years . 

Participant s receive d a  bookle t  containii ^  a  se t  o f 
instruction s followe d b y thre e reasonin g tasks .  Thes e task s 
aske d participant s t o evaluat e th e strengt h o f  argument s 
projectin g a  featur e possesse d b y a  subordinat e categor y t o 
al l  member s o f  it s  superordinate .  Th e problem s concerne d 
sub-type s o f  a  disease ,  individua l  productio n line s i n a 
factory ,  an d differen t  variant s o f  a  plastic .  Participant s wer e 
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requeste d t o rat e th e strengt h o f  th e argument s o n a  I-1 0 
scal e (ver y wea k -  ver y strong) . 

I n case s wher e th e superordinat e categor y wa s small ,  th e 
subordinat e categor y accounte d fo r  betwee n 4 5 an d 5 5 % o f 
th e superordinate .  W h e n th e superordinat e categor y wa s 
large ,  subordinat e categorie s accounte d fo r  betwee n 5  an d 
8 % o f  th e large r  category .  Importantly ,  onl y th e siz e o f  th e 
superordinat e categor y wa s altere d i n thi s experiment . 
Approximatel y equa l  number s o f  participant s attempte d th e 
problem s i n eac h o f  th e si x possibl e orders . 

Results and Discussion 

The mean s an d standar d deviation s from  thi s experimen t  ar e 
presente d i n Tabl e 2 .  A  2x 3 Anov a analysi s reveale d a 
significan t  effec t  o f  populatio n siz e o n th e strengt h rating s 
assigne d t o argument s ( F (1 ,  114 )  =  5.32 ,  M S E =  9.98 , 
p<.03) .  A s expected ,  th e mea n rating s fo r  larg e populatio n 
argument s (mea n =  2.81 ,  S.D .  =  1.68 )  wer e significantl y 
smalle r  tha n fo r  th e smal l  populatio n argument s (mea n = 
3.59 ,  S.D .  =  1.96) .  Neithe r  o f  th e othe r  effect s teste d b y th e 
analysi s wer e significant . 

Table 2: Means and standard deviations from Experiment 2. 

COPditio n 

Larg e 
Smal l 

Diseas e 
3.8 4 (2.41 ) 
2.7 4 (2.07 ) 
3.29(2.31 ) 

Conten t 
Factor y 
3.14(2.23 ) 
2.8 4 (2.07 ) 
2.99(2.14 ) 

Plasti c 
3.79(2.71 ) 
2.84(1.96 ) 
3.3 2 (2.40 ) 

As expected ,  participant s rate d argument s projectin g 
feature s t o smal l  conclusio n categorie s mor e highl y tha n 
the y di d argument s concernin g larg e conclusio n categories . 
However ,  on e strikin g aspec t  o f  thes e result s i s tha t  mea n 
rating s o f  argumen t  strengt h wer e ver y low .  I t  woul d appea r 
that ,  a t  leas t  i n a  betwee n participant s design ,  makin g 
subordinat e categorie s salien t  i n th e scenari o cause s 
participant s t o doub t  th e conclusio n regardles s o f  conclusio n 
categor y size .  On e possibl e reaso n fo r  thi s i s tha t 
participant s m a y expec t  ther e t o b e difference s betwee n 
subordinat e categories .  Thi s expectatio n m a y contribut e t o 
thei r  unwillingnes s t o projec t  a  featur e t o th e superordinat e 
on th e basi s o f  evidenc e concernin g onl y on e subordinate . 
I n Ejqjerimen t  3  w e investigate d th e effect s o f  explici t 
informatio n abou t  similaritie s an d dissimilaritie s betwee n 
subordinat e categorie s o n rating s o f  inductiv e strength . 

Experiment 3 

Experiments 1 and 2 have demonstrated that participants are 
sensitiv e t o bot h subordinat e an d superordinat e categor y 
when evaluatin g th e strengt h o f  inductiv e arguments .  I n 
Experimen t  3  w e atten^te d t o contras t  tw o possibl e 

account s o f  people' s us e o f  categor y siz e a s a  cu e fo r 
induction . 

Th e firs t  accoun t  w e considere d wa s tha t  people' s 
judgement s ar e affecte d b y subordinat e categor y siz e 
becaus e the y us e a  sampl e siz e heuristi c (se e Nisbet t  e t  al , 
1983) .  Tha t  is ,  peopl e realis e tha t  large r  sample s ar e mor e 
representativ e o f  th e populatio n fro m whic h the y ar e draw n 
tha n ar e smalle r  samples .  Alternatively ,  peopl e m a y reaso n 
tha t  a  larg e subordinat e leave s a  smalle r  proportio n o f  th e 
superordinat e unaccounte d fo r  tha n a  smal l  subordinat e an d 
hence ,  make s fo r  a  stronge r  argument . 

T o tes t  thes e alternativ e account s w e gav e on e grou p o f 
participant s reaso n t o believ e tha t  al l  subordinat e categorie s 
i n th e domai n wer e simila r  whils t  tellin g anothe r  grou p tha t 
the y wer e dissimilar .  Ou r  reasonin g wa s tha t  'similar ' 
problem s shoul d resul t  i n fewe r  attribution s o f  variabilit y  t o 
th e superordinat e category .  I f  participant s wer e cautiou s i n 
usin g a  sampl e siz e heuristi c i n Experimen t  1  du e t o worrie s 
abou t  th e representativenes s o f  th e sample ,  the n fo r  'similar " 
problem s participant s i n thi s experimen t  shoul d b e les s 
cautiou s an d a  greate r  effec t  o f  categor y siz e shoul d b e 
observed .  O n th e othe r  hand ,  'dissimilar "  problem s shoul d 
produc e eve n mor e cautio n an d a  smalle r  effec t  o f  categor y 
size . 

An alternativ e hypothesi s i s tha t  th e effec t  o f  categor y 
siz e i n Experimen t  1  m a y hav e bee n du e t o a n assumptio n 
tha t  th e subordinat e categor y wa s unrepresentativ e o f  th e 
superordinate .  Tha t  is ,  participant s m a y hav e bee n unwillin g 
t o projec t  a  propert y t o th e superordinat e becaus e th e 
subordinat e categor y fo r  whic h informatio n wa s availabl e 
m ay no t  hav e 'covered "  th e superordinat e category . 
Accordingly ,  participant s m a y hav e endorse d inference s 
fro m larg e premis e categorie s mor e strongl y becaus e larg e 
premis e categorie s leav e fewe r  case s unaccounte d fo r  i n th e 
conclusio n category .  Thus ,  tellin g participant s tha t  th e 
subordinat e categorie s i n th e scenari o ar e simila r  m a y caus e 
the m t o rel y les s o n categor y siz e a s a  cu e an d t o assig n 
hi^e r  rating s o f  inductiv e strengt h regardles s o f  categor y 
size .  Explicitl y  tellin g the m tha t  member s o f  th e 
superordinat e ar e dissimila r  m a y lea d the m t o rel y eve n 
mor e heavil y o n sampl e size . 

Method 

Eigh t  mal e an d 5 2 femal e undergraduat e student s (averag e 
age 2 7 years )  fro m th e Universit y o f  Durham' s Stockto n 
C a m p us too k par t  i n thi s experimen t  whic h ha d a  2  x  2 
entirel y withi n participant s design .  Th e factor s manipulate d 
wer e th e similarit y sai d t o hol d betwee n subordinat e 
categorie s i n eac h o f  th e problem s (simila r  vs .  dissimilar ) 
and th e siz e o f  th e subordinat e categor y (larg e vs .  small) . 

Eac h participan t  receive d a  nine-pag e bookle t  comprisin g 
a se t  o f  instruction s an d eigh t  inductiv e reasonin g problems . 
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I n eac h o f  thes e problem s participant s wer e tol d tha t 
instance s o f  s  subordinat e categor y possesse d a  featur e an d 
wer e aske d t o evaluat e th e strengt h o f  a n argumen t 
projectin g thi s featur e t o al l  member s o f  th e superordinat e 
category .  Th e problem s concerne d worker s i n a n offic e 
block ,  symptom s o f  a  disease ,  feature s o f  handmad e chairs , 
material s use d b y a n engin e manufacturer ,  propertie s o f  a 
typ e o f  plastic ,  th e typ e o f  materia l  use d i n indigenou s art , 
productio n line s i n a  factory ,  an d stoc k a t  a  fis h farm .  Eac h 
participan t  receive d on e versio n o f  eac h proble m an d tw o 
problem s i n eac h conditio n o f  th e experiment .  Eac h proble m 
conten t  appeare d equall y ofte n i n eac h conditio n o f  th e 
experimen t 

T h e problem s wer e designe d s o tha t  th e larg e subordinat e 
categor y wa s 4 S - S S % o f  th e siz e o f  th e superordinat e 
category ,  whils t  th e smal l  subordinat e categor y containe d S -
8 % o f  th e superordinat e peculation .  T o achiev e th e 
similarit y manipulatio n participant s wer e explicitl y  tol d tha t 
some similarity/dissimilarit y existe d betwee n al l  member s 
of  th e superordinat e category .  Fo r  example ,  i n th e offic e 
bloc k proble m participant s wer e tol d tha t  th e worker s eithe r 
worke d fo r  th e same ,  o r  different ,  division s o f  a  company . 

Results and Discussion 

As participant s complete d tw o problem s pe r  conditio n o f 
th e design ,  w e calculate d a  m e a n scor e pe r  conditio n fo r 
eac h participant .  W e carrie d ou t  a  2  x  2  entirel y withi n 
participant s A N O V A o n thi s data ,  th e mean s fro m whic h 
m ay b e see n i n Figur e 1 .  Ou r  similarit y manipulatio n ha d a 
h i ^ y significan t  effec t  upo n th e rating s o f  argumen t 
strengt h ( F (1 ,  59 )  =  24.70 .  M S E =  10.38 ,  p<.001) .  M e a n 
rating s o f  argumen t  strengt h wer e highe r  fo r  categorie s 
containin g simila r  member s (8.15 )  tha n fo r  categorie s 
containin g dissimila r  member s (6.08) .  Thi s findin g 
replicate s previou s wor k (e.g .  Nisbet t  e t  al ,  1983 ) 
suggestin g tha t  withi n categor y variabilit y  significantl y 
affect s people' s willingnes s t o projec t  a  propert y fro m a 
sampl e t o a  population . 

Figure 1; Interaction between Category Size and Similarity 
fro m E>q)erimen t  3 

•  Larg a 
Categor y 

D Smal l 
Categor y 

Simila r  Dissimila r 

Member Similarity 

Our  categor y siz e manipulatio n als o ha d a  significan t 
effec t  o n rating s o f  argumen t  strengt h ( F (1,59 )  =  6.03 ,  M S E 
» 7.19 ,  p<.02) .  Argument s involvin g th e larg e subordinat e 
categor y wer e rate d a s stronge r  (7.54 )  tha n thos e involvin g 
th e smal l  subordinat e (6.69) .  Althoug h th e interactio n 
betwee n thes e factor s di d no t  approac h significanc e (F(l , 
59 )  -  .34 ,  M S E =  8.21 ,  p  >  .5) ,  planne d comparison s 
reveale d a  significan t  effec t  o f  categor y siz e whe n categor y 
members wer e sai d t o b e dissimila r  bu t  no t  whe n the y wer e 
sai d t o b e similar . 

W h en participant s ar e explicitl y  tol d tha t  th e member s o f 
th e superordinat e categor y ar e similar ,  premis e categor y 
siz e cease s t o hav e a  significan t  effec t  o n judgement s o f 
inductiv e strength .  Instead ,  i t  woul d appea r  tha t  categor y 
siz e i s mor e importan t  unde r  condition s wher e indirect ' 
inductiv e inferenc e fro m a  subordinat e t o a  superordinat e i s 
likel y t o b e unsafe .  Thi s suggest s tha t  categor y siz e 
fiinction s a s a n indicato r  o f  th e numbe r  o f  case s fo r  whic h 
uncertaint y remains . 

General Discussion 

Our finding, that category size acts as a cue in category-
base d inductiv e inference ,  i s entirel y nove l  (i f  no t  entirel y 
unexpected) .  Likewise ,  th e findin g tha t  th e effec t  o f 
categor y siz e decrease s whe n participant s ar e explicitl y  tol d 
tha t  subordinat e categorie s ar e simila r  i s  als o nove l  W e wil l 
discus s possibl e interpretation s o f  thes e finding s an d thei r 
implication s fo r  th e questio n o f  strateg y us e fo r  induction . 

Th e result s o f  Experimen t  3  migh t  b e regarde d a s bein g 
consisten t  Avit h Nisbet t  e t  all s  finding s a s i n thei r  stud y 
participant s wer e foun d t o b e insensitiv e t o sampl e siz e 
w h en th e propert y tha t  the y wer e require d t o projec t  wa s 
unlikel y t o vary .  Similarly ,  ou r  participant s wer e als o 
relativel y insensitiv e t o sampl e siz e whe n tol d tha t  ther e 
wer e similaritie s betwee n subordinat e categories .  I t  migh t 
eve n b e argue d tha t  participants '  greate r  sensitivit y t o 
sampl e siz e i n th e dissimila r  conditio n i s als o consisten t 
wit h Nisbet t  e t  al' s  result s an d i s evidenc e tha t  participant s 
realise d tha t  i n condition s o f  variability ,  a  larg e sampl e i s 
safer . 

We ar e unsur e abou t  thi s readin g o f  th e result s becaus e 
we fin d i t  implausibl e tha t  participant s tol d tha t  ther e wer e 
dissimilaritie s betwee n subordinat e categorie s shoul d 
conside r  a  bigge r  subordinat e categor y mor e likel y t o b e 
representativ e o f  th e populatio n tha n a  smalle r  subordinate . 
We fin d i t  m u c h mor e plausibl e tha t  participant s attribute d 
greate r  strengt h t o argument s tha t  accounte d fo r  th e mos t 
populatio n members .  I t  i s  plausible ,  however ,  tha t  i n th e 
simila r  condition ,  participant s projecte d feature s t o th e 
populatio n o n th e basi s o f  characteristic s o f  th e sample . 
Eve n i n th e smal l  categor y siz e condition ,  premis e 
categorie s alway s ha d mor e tha n 2 0 members .  Thi s figur e 
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was chose n a s 2 0 wa s th e larges t  sampl e siz e give n t o 
participant s i n Nisbet t  e t  al ^  experiment .  Give n th e 
existenc e o f  a  subordinat e categor y structure ,  participant s 
may hav e considere d th e increas e i n inductiv e strengt h fro m 
smal l  t o large r  premis e categorie s t o b e insubstantial . 

We conten d tha t  ou r  result s sugges t  tha t  peopl e ar e 
flexibl e i n th e strategie s tha t  the y adop t  fo r  inductiv e 
inference .  I n condition s o f  lo w variability ,  peopl e wil l 
projec t  propertie s t o a  populatio n o n th e basi s o f  th e 
characteristic s o f  a  sample .  However ,  wher e hig h variabilit y 
exists ,  peopl e ma y b e mor e likel y t o bas e thei r  judgement s 
of  inductiv e strengt h o n th e numbe r  o f  case s outstanding . 

The 'direct '  strateg y i s a  ver y interestin g one ,  partl y 
becaus e i t  ha s bee n somewha t  neglecte d i n th e literatur e 
(althoug h se e Evan s &  Dusoir ,  1977) .  Th e condition s fo r  it s 
applicatio n ar e populatio n siz e bein g bot h finit e an d 
approximatel y known .  I n addition ,  w e suspec t  tha t  a  'direct ' 
strateg y wil l  b e use d i n condition s wher e th e populatio n i s 
small .  Thi s i s becaus e indirec t  inductio n onl y become s 
necessar y wher e th e populatio n i s larg e o r  infinit e an d i t  i s 
difficult ,  o r  impossible ,  t o chec k al l  members .  Wit h smal l 
population s a  direc t  strateg y base d o n checkin g a s man y 
members a s possibl e i s mor e tractable . 

Evidenc e tha t  grou p siz e ca n affec t  ho w peopl e perfor m 
inductio n come s fro m W a n g (1996 )  wh o showe d tha t  th e 
demonstratio n o f  classi c framin g effect s depend s o n th e siz e 
of  th e grou p bein g reasone d about .  Hi s explanatio n fo r  thi s 
findin g i s tha t  w e posses s social-grou p domain-specifi c 
reasonin g abilities .  A s W a n g onl y gav e scenario s 
concernin g socia l  group s t o hi s participants ,  w e ar e 
unwillin g t o subscrib e t o th e notio n o f  social-groi ^  domain -
specifi c  abilities .  However ,  w e agre e tha t  th e huma n specie s 
i s likel y t o hav e mad e inference s abou t  relativel y smal l 
population s throughou t  mos t  o f  it s  history .  I n addition , 
forma l  notion s o f  inductio n evolve d relativel y recentl y (se e 
Gigerenze r  e t  al ,  1989) ,  mos t  probabl y i n respons e t o a  nee d 
fo r  saf e inference s abou t  populatio n whos e siz e wa s 
unknowabl e o r  infinite .  Althoug h th e 'direct '  strateg y i s 
primitiv e whe n compare d t o mor e indirect '  form s o f 
induction ,  suc h a  strateg y ma y wor k ver y wel l  wit h smal l 
populations . 
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Abstrac t 

"Faded" examples are exan^le problems that provide a 
solution ,  bu t  first  requir e smdent s t o generat e a  portio n o f  th e 
solutio n themselves .  Empirica l  studie s hav e show n tha t  suc h 
example s ca n b e mor e effectiv e teachin g aid s tha n completel y 
worke d example s tha t  requir e n o wor k fro m th e student . 
Cascad e i s a  mode l  o f  problem>solvin g skil l  acquisitio n tha t 
was originall y develope d t o explai n othe r  empirica l 
regularitie s associate d wit h huma n proble m solvin g an d 
learning ,  mos t  notabl y th e self-explanatio n effect .  Pas t 
researc h demonstrate d tha t  Cascad e migh t  als o explai n th e 
mechanism s underlyin g di e efTectivenes s o f  exampl e feding. 
Thi s pape r  analyze s ne w protoco l  data ,  an d finds  tha t  i t  i s 
consisten t  wit h prediction s derive d ftx>m  Cascade . 

Overview 

Renkl ,  Atkinson ,  an d Maie r  (2000 )  empiricall y 
demonstrate d th e qualitativ e resul t  that ,  whe n leamin g 
problem-solvin g skills ,  student s studyin g a  serie s o f  "faded " 
exaiî )le s sho w improve d post-tes t  performanc e ove r 
student s studyin g onl y completel y worke d examples .  Jone s 
and Fleischma n (2001 )  argu e tha t  thi s resul t  ca n b e 
explaine d b y Cascad e (VanLehn ,  Jones ,  &  Chi ,  1991) ,  a 
computationa l  mode l  o f  problem-solvin g skil l  acquisition . 
Cascad e wa s originall y develope d t o understan d th e 
mechanism s o f  th e self-explanatio n effec t  (Chi ,  Bassok , 
Lewis ,  Reimann ,  &  Glaser ,  1989 ;  PiroU i  &  Anderson , 
1985) .  Jone s an d Fleischma n demonstrate d tha t  th e 
mechanism s underlyin g self-explanatio n migh t  als o explai n 
th e effectivenes s o f  studyin g fade d examples .  Althoug h 
the y showe d tha t  Cascad e i s  consisten t  wit h th e fadin g 
result ,  th e explanatio n involve d assumption s tha t  ha d no t  ye t 
bee n teste d empirically .  Therefor e Jone s an d Fleischma n 
(2001 )  finishe d wit h a  smal l  se t  o f  prediction s an d 
suggestion s fo r  ne w experiment s t o confir m o r  disput e 
Cascade' s account .  Sinc e tha t  time ,  Renkl ,  Atkinson ,  an d 
thei r  colleague s hav e ru n additiona l  experiments ,  collectin g 
detaile d transcript s o f  subject s studyin g tw o type s o f  fade d 
sequence s o f  problems .  Althoug h th e experiment s ar e no t 
ye t  complete ,  w e hav e bee n abl e t o perfor m a  qualitativ e 
analysi s o f  th e protoco l  dat a fo r  eigh t  o f  th e subjects . 
Additionally ,  w e hav e fme-tune d Cascade' s knowledg e bas e 
(bu t  no t  it s  underlyin g mechanisms )  t o mor e faithfull y 
model  th e curren t  data .  Thi s pape r  report s th e resul t  o f  usin g 
Cascad e t o develo p a  qualitativ e analysi s o f  th e eigh t 
subjects .  Th e primar y resul t  i s  tha t  th e finding s remai n 

consisten t  wit h Cascade' s accoun t  o f  exampl e fading ,  a s 
wel l  a s th e prediction s mad e b y Jone s an d Fleischma n 
(2001) . 

Bacl(ground 

Year s o f  researc h hav e demonstrate d effectiv e technique s 
fo r  teachin g student s problem-solvin g skill s  i n a  variet y o f 
tas k domains .  I n particular ,  a  numbe r  o f  studie s sho w tha t 
student s benefi t  fro m bein g give n a  serie s o f  completel y 
worke d exampl e problems ,  followe d b y a  serie s o f 
unworke d practic e problem s (e.g. ,  Ch i  e t  al. ,  1989 ;  Piroll i  & 
Anderson ,  1985 ;  Renkl ,  1997 ,  Vanl^hn ,  1996) .  Othe r 
studie s sho w tha t  th e effectivenes s o f  suc h a  curriculu m 
depend s i n par t  o n th e willingnes s o f  th e student s t o explai n 
th e worke d example s t o themselve s i n detail ,  rathe r  tha n 
simpl y givin g th e example s a  superftcia l  rea d (Ch i  e t  al. , 
1989 ;  Fergusson-Hessle r  &  d e Jong ,  1990 ;  Piroll i  & 
Bielaczyc ,  1989) .  VanLeh n an d Jone s (1993a ,  1993b ; 
VanLeh n e t  al ,  1991 )  develope d Cascad e i n orde r  t o 
determin e th e cognitiv e mechanism s behin d thi s self -
explanatio n effect .  I n essence ,  Cascad e suggest s tha t 
thoroug h stud y o f  worke d example s hel p student s 
consciousl y expos e an d patc h gap s i n thei r  tas k knowledge . 
I n addition ,  self-explanatio n provide s contextua l  memorie s 
tha t  ca n guid e ftjture  proble m solvin g b y analog y t o familia r 
examples . 

Subsequen t  experiment s b y Renk l  e t  al .  (2000 )  sugges t 
tha t  studen t  leamin g ca n improv e eve n furthe r  b y fadin g a 
curriculu m fro m fiiUy  worke d example s t o partiall y  worke d 
examples .  Th e partiall y  worke d example s provid e a 
complet e solutio n t o th e proble m (a s wit h full y  worke d 
examples) ,  bu t  fu-s t  requir e student s t o deriv e on e o r  mor e 
step s o n thei r  own .  Thi s i n tur n require s th e student s t o 
understan d th e res t  o f  th e exampl e i n a t  leas t  enoug h detai l 
t o b e abl e t o attemp t  a  solution . 

Jone s an d Fleischma n (2001 )  argu e tha t  th e reaso n fade d 
example s improv e leamin g i s tha t  the y retai n muc h o f  th e 
guidanc e provide d b y th e contex t  o f  a  solve d example ,  bu t 
the y forc e th e student s t o wor k o n particula r  part s o f  th e 
problem ,  i n tur n possibl y forcin g the m t o expos e an d patc h 
knowledg e gaps .  Thi s i s i n contras t  t o studyin g completel y 
worke d examples ,  wher e i t  i s  basicall y u p t o th e student s t o 
decid e whethe r  the y ar e goin g t o pu t  an y effor t  int o 
understandin g th e example s (becaus e th e student s ar e no t 
require d t o produc e an y answer s i n tha t  case) .  Thi s 
argumen t  cam e directl y fi-o m th e assumptio n tha t  Cascad e i s 

'  Th e secon d autho r  i s als o affiliate d wit h Soa r  Technology ,  Inc . 

298 

mailto:esfleisc@colby.edu
mailto:rjones@coiby.edu


an accurat e mode l  o f  huma n proble m solvin g an d learnin g 
(a t  thi s leve l  o f  abstraction) . 

Jone s an d Fleischma n ra n Cascad e o n a  moc k "faded " 
curriculu m i n orde r  t o demonstrat e th e plausibilit y  o f  thei r 
hypothesis .  Thi s exercis e confirme d tha t  th e propose d 
explanatio n i s a  sufficien t  accoun t  o f  th e genera l  fadin g 
results ,  bu t  th e explanatio n rest s o n a  numbe r  o f 
assumption s tha t  ha d no t  ye t  bee n confirme d b y empirica l 
data .  Th e firs t  assumptio n wa s tha t  th e classica l  physic s 
proble m domai n (implemente d i n Cascad e an d studie d b y 
Chi  e t  al. ,  1989 )  i s sufficientl y simila r  t o computin g simpl e 
probabilitie s (studie d b y Renk l  e t  al. ,  2000) .  Th e secon d 
assumptio n wa s tha t  Cascade' s underlyin g processe s 
accuratel y matc h wha t  subject s d o whe n learnin g fro m 
fade d examples .  Dat a ha d simpl y no t  ye t  bee n collecte d t o 
argu e thi s poin t  eithe r  way .  Thus ,  Jone s an d Fleischma n 
(2001 )  presente d thre e specifi c  prediction s t o b e confirme d 
or  denie d b y subsequen t  empirica l  research : 

1.  "Fade d example s caus e effectiv e learnin g b y 
forcin g th e studen t  t o encounte r  an d overcom e 
an impasse. " 

2.  Ther e i s likel y "...a t  leas t  som e benefi t  t o 
exampl e fadin g fro m th e learnin g o f  searc h 
contro l  knowledge. " 

3.  'Th e primar y benefi t  o f  a  fade d exampl e i s tha t 
i t  force s th e studen t  t o proces s part s o f  th e 
exampl e tha t  the y migh t  otherwis e ignore. " 

The y als o suggeste d tha t  thes e prediction s b e teste d wit h 
ne w experiment s tha t  includ e th e collectio n o f  protoco l  data . 

The curren t  wor k tackle s bot h o f  thes e issues .  T o begi n 
with ,  Renk l  an d Atkinso n (an d thei r  colleagues )  hav e 
initiate d a n additiona l  stud y t o collec t  mor e detaile d subjec t 
data ,  includin g transcribe d talk-alou d protocol s generate d 
by th e subject s whil e studyin g an d solvin g problems . 
Althoug h thei r  experimen t  an d analysi s i s no t  ye t  complete , 
the y provide d u s wit h eigh t  initia l  transcripts ,  enablin g u s t o 
generat e a  partia l  codin g tha t  test s th e prediction s liste d 
above . 

We hav e als o generate d a  n e w tas k knowledg e bas e fo r 
computin g probabilities ,  s o Cascad e ca n solv e precisel y 
the y sam e problem s give n t o th e subject s i n th e n e w 
experiments .  Thi s allow s u s t o remov e a  mode l  assumption , 
and verif y th e Cascad e result s wit h a  mor e accurat e matc h 
t o th e data .  Th e nex t  sectio n describe s th e method s w e use d 
t o generat e th e ne w knowledg e bas e an d encod e th e 
protocols .  Th e followin g section s presen t  th e result s o f 
thos e activitie s i n mor e detail . 

Methods 

Give n th e stud y materia l  presente d t o th e experimenta l 
subjects ,  w e firs t  performe d a  thoroug h tas k analysis .  Thi s 
involve d identifyin g th e probabilit y  equation s require d fo r 
solvin g th e se t  o f  stud y problems .  Thi s se t  serve s a s th e 
targe t  knowledg e bas e dia t  w e woul d expec t  a  "perfec t 
learner "  t o hav e acquire d afte r  complet e stud y o f  th e 
curriculum .  Th e tas k analysi s allowe d u s t o replac e 
Cascade' s physic s tas k knowledg e wit h tas k knowledg e 

abou t  computin g probabilities .  I t  i s  importan t  t o not e tha t 
we onl y change d Cascade' s tas k knowledge .  W e di d no t 
chang e an y o f  th e underlyin g problem-solvin g o r  learnin g 
mechanism s buil t  int o Cascade .  Onc e w e define d th e targe t 
knowledg e base ,  w e represente d eac h proble m a s a  se t  o f 
give n an d sough t  quantities ,  usin g Cascade' s representatio n 
languag e withi n Prolog . 

Afte r  doin g th e tas k analysis ,  w e ra n Cascad e o n eac h 
proble m i n orde r  t o perfor m a  conten t  analysis .  Th e conten t 
analysi s record s th e require d equation s fo r  eac h solution . 
Thi s allow s u s t o predic t  interaction s betwee n performanc e 
on separat e problem s b y a  singl e subject .  Fo r  example ,  i f  a 
subjec t  fail s  t o us e a n identifie d equatio n i n on e proble m (a s 
suggeste d b y a n erro r  combine d wit h protoco l  evidence) , 
but  the n correctl y solve s a  subsequen t  proble m tha t  require s 
th e sam e equation ,  w e ca n safel y hypothesiz e tha t  som e sor t 
of  learnin g too k plac e eve n i f  ther e i s n o direc t  evidenc e o f  a 
learnin g episod e i n th e protoco l  transcript .  Thi s help s u s 
trac k learnin g acros s a  serie s o f  problems .  Th e conten t 
analysi s als o help s constrai n th e encodin g o f  th e subjec t 
protocols .  I n th e fac e o f  ambiguou s utterance s tha t  lea d t o a 
correc t  solution ,  w e ca n generall y infe r  whic h equation s th e 
subjec t  mus t  hav e use d correctly . 

Our  fina l  tas k wa s t o encod e th e subjec t  protocol s fo r 
behavio r  episode s relevan t  t o th e prediction s reporte d 
above .  Futur e wor k (whe n al l  subjec t  protocol s ar e 
available )  wil l  contai n thoroug h quantitativ e analyse s o f 
variou s protoco l  encodings .  Fo r  th e curren t  effort ,  however , 
we performe d a  qualitativ e analysis ,  lookin g fo r  genera l 
trend s i n th e data .  Th e goa l  wa s t o investigat e whethe r  ther e 
wer e an y relationship s betwee n exampl e fadin g an d 
learning ,  th e us e o f  analogie s fo r  searc h control ,  an d th e 
generatio n o f  self-explanations .  W e constraine d th e 
protoco l  encodin g b y performin g a  goa l  decompositio n t o 
matc h eac h subjec t  protocol .  Runnin g Cascad e o n th e sam e 
problem s generate s simila r  goa l  decompositions ,  whic h w e 
ca n the n us e t o infor m th e codin g process . 

Task and Content Analysis 

As mentione d above ,  th e tas k analysi s determine d al l  o f  th e 
equations ,  o r  knowledg e chunks ,  require d t o solv e th e se t  o f 
probabilit y  problem s fro m th e empirica l  study .  W e di d no t 
includ e mor e basi c arithmeti c reasonin g (suc h a s addition , 
multiplication ,  an d th e abilit y  t o isolat e variables )  i n th e 
analysis .  Thi s i s  because ,  fo r  th e domain s Cascad e ha s bee n 
use d t o stud y s o far ,  i t  simplifie s th e mode l  t o assum e tha t 
subject s hav e wel l  rehearse d knowledg e o f  thes e tasks .  Fo r 
th e problem s i n question ,  w e identifie d twelv e distinct , 
require d equations .  S o m e o f  th e equation s comput e simpl e 
probabilitie s b y dividin g th e cardinalit y o f  variou s set s o f 
objects .  Th e tas k knowledg e include s case s fo r  choosin g 
object s a t  rando m wit h an d withou t  replacement .  Th e targe t 
knowledg e bas e als o include s variou s equation s fo r 
combinin g probabilities .  Thes e includ e th e specia l 
multiplicatio n rul e 

P(e l  an d e2 )  =  P(el )  x  P(e2 ) 
th e additio n rul e 
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So I  hav e a  tota l  o f  1 2 bottle s an d ther e ar c 4  tha t  ar e turne d int o 
vinegar .  S o a  tota l  o f  4  vinega r  an d 8  drinkable .  Probabilit y  o f 
vinega r  i s 1/ 3 an d drinkabl e i s 2/3 .  N o w i f  w e tak e on e the n 
we'r e lef t  with...Ther e i s a  I  i n 3  chanc e tha t  tha t  wil l  b e 
vinegar.. . 

S:  value(p(evcntla) ) 
S:  solve(p(evcnt )  =  size(8electionpool )  /  size(totalpool) ) 

S:  value(size(selectionpool) ) 
F:  value(size(selectionpool) )  =  4 
S:  value(size(totalpool) ) 
F:  value(sizc(totalpool) )  =  1 2 

F:  solve(p(event )  =  size(selectionpool )  /  size(totalpool)) :  1/ 3 
F:  valuc(p(evcntla))« = 1/ 3 

Tabl e 1 .  A  protoco l  excerp t  an d it s correspondin g analysi s i n th e 
for m o f  a  Cascad e trace . 

P(e l  o r  e2 )  =  P(el )  +  P(e2 )  -  P(e l  an d e2 ) 
and th e subtractio n rul e 

P(note )  =  l -P(e) . 
I t  i s  wort h comparin g som e feature s o f  thi s domai n wit h 

classica l  mechanics ,  th e domai n use d i n previou s studie s 
wit h Cascade .  Th e physic s an d probabilitie s domain s shar e 
th e featur e o f  involvin g mostl y symboli c problem-solvin g 
skills ,  whic h w e fee l  i s  th e definin g characteristi c tha t 
allow s Cascad e t o mode l  bot h well .  However ,  ther e ar e als o 
some potentiall y  significan t  difference s betwee n th e tw o 
domains . 

T o begi n with ,  th e targe t  knowledg e bas e fo r  computin g 
probabilitie s i s m u c h smalle r  tha n th e physic s knowledg e 
base .  I n contras t  t o th e curren t  se t  o f  1 2 equations .  Cascad e 
require d explici t  representatio n o f  6 2 separat e chunk s o f 
knowledg e fo r  classica l  physics .  Anothe r  significan t 
differenc e i s tha t  subject s ofte n relie d o n common-sens e 
reasonin g t o explai n an d lear n physic s skills .  Thus ,  th e 
Cascad e mode l  fo r  physic s include d a  numbe r  o f  genera l 
common-sens e rule s tha t  coul d b e use d t o guid e th e learnin g 
o f  correc t  (an d sometime s incorrect )  physic s knowledge .  I n 
contrast ,  ther e seem s t o b e m u c h les s opportunit y t o 
generat e common-sens e explanation s fo r  th e rule s o f 
probabilitie s (althoug h ther e ar e certainl y some) .  I n th e 
protocol s w e hav e studie d s o far ,  subject s generall y mad e 
littl e us e o f  common-sens e principle s whe n the y go t  stuck . 

T o perfor m th e conten t  analysis ,  w e encode d th e 
problem s provide d b y Renk l  an d Atkinso n int o Cascade' s 
representation .  Thi s essentiall y  involve d translatin g th e 
problems '  give n an d sough t  quantitie s int o a  Prolog-styl e 
predicat e representation .  Onc e complete ,  w e ra n Cascad e t o 
ensur e i t  coul d solv e eac h proble m wit h th e complet e 
knowledg e base .  Eac h proble m ru n generate d a n executio n 
trac e tha t  provide s explici t  detai l  abou t  whic h equation s ar e 
necessar y t o solv e eac h problem .  Wit h thes e tool s i n hand , 
we proceede d t o analyz e eac h subjec t  protoco l  t o trac k th e 
usag e o f  individua l  equations ,  self-explanatio n behavior ,  th e 
us e o f  analog y t o guid e proble m solving ,  an d learning . 

Protocol Analysis 

T h e basi c approac h t o th e protoco l  analysi s wa s t o assum e 
tha t  Cascad e provide s a n accurat e mode l  o f  eac h subject' s 
behavio r  an d the n t o loo k fo r  inconsistencies .  W e patterne d 
thi s approac h afte r  Jone s an d VanLehn' s (1992 )  evaluatio n 
of  Cascade' s abilit y  t o mode l  th e fme-graine d behavio r  o f 
individua l  subject s studyin g an d solvin g physic s problems . 

For  eac h subject-proble m pair ,  w e generate d th e 
hypothetica l  solutio n trac e tha t  Cascad e woul d hav e t o 
generat e i n orde r  t o produc e th e utterance s observe d i n th e 
subject .  W e allowe d ourselve s t o tun e th e trac e onl y b y 
assumin g tha t  Cascad e ha s missin g o r  incorrec t  knowledg e 
abou t  computin g probabilities .  A n y othe r  discrepancie s 
betwee n Cascad e an d th e protoco l  dat a ar e marke d agains t 
Cascade' s abilit y  t o explai n th e subject' s performance . 
Tabl e 1  present s a n exampl e protoco l  excerp t  an d th e 
correspondin g Cascad e trac e tha t  matche s th e interna l 
behavio r  suggeste d b y th e subject' s utterances . 

We constructe d Cascade-lik e trace s fo r  a  numbe r  o f 
problems ,  an d use d thos e result s t o guid e th e res t  o f  ou r 
protoco l  analysis .  Recal l  tha t  th e prediction s presente d b y 
Jone s an d Fleischma n (2001 )  focuse d o n self-explanation , 
force d impasses ,  knowledg e acquisitio n from  impasses ,  an d 
knowledg e tuning .  Thus ,  ou r  protoco l  analysi s focuse s o n 
thes e thre e issues . 

Self-Explanation 

For  Cascade' s accoun t  o f  fadin g t o b e correct ,  i t  mus t  mea n 
tha t  subject s ten d t o generat e mor e self-explanation s (o r 
problem-solvin g activity )  fo r  fade d example s tha n the y d o 
fo r  completel y worke d examples .  Thi s predictio n i s born e 
out  i n th e protoco l  dat a w e examined .  Subject s rarel y 
engage d i n self-explainin g o n full y worke d examples . 
Subject s wer e muc h mor e engage d i n th e fade d examples , 
presumabl y becaus e th e fade d example s demande d the m t o 
generat e som e kin d o f  answer .  Th e protocol s sho w 
evidenc e tha t  sometime s eve n thi s wa s no t  enoug h t o ensur e 
sel f  explanation .  Sometimes ,  subject s woul d simpl y "clic k 
through "  th e fade d portion s o f  th e examples ,  an d ski p o n t o 
th e solutions .  Fo r  example ,  afte r  revealin g a  solutio n step , 
one subjec t  simpl y sai d "Boy...summmsumm... I  don' t 
k n o w thi s right  now, "  an d proceede d t o th e nex t  step . 
However ,  ther e wer e certainl y m a n y mor e instance s o f  self -
explanatio n fo r  fade d example s tha n ther e wer e fo r 
completel y worke d examples . 

Impasses 

Subject s encountere d impasse s durin g full y  worke d 
example s eve n mor e rarel y tha n the y bothere d t o self -
explai n th e examples .  Thi s i s becaus e a  subjec t  canno t 
experienc e a n impass e withou t  first  engagin g i n som e self -
explanation .  However ,  subject s experience d man y impasse s 
when workin g o n fade d examples .  Thi s i s because ,  i f  th e 
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subjec t  mad e a  mistake ,  the y receive d relativel y immcdiui c 
feedbac k b y the n bein g show n th e correc t  solutio n step .  I f 
th e subjec t  bothere d t o rea d th e reveale d solution ,  the y 
woul d hav e t o acknowledg e a  discrepanc y an d g o bac k t o 
refigur e things .  Th e followin g excerp t  show s a n exampl e o f 
a subjec t  firs t  readin g a  completel y worke d exampl e 
(Proble m S )  wit h n o impasse ,  an d the n workin g a  fade d 
exampl e (Proble m 6 )  tha t  force s a n impasse .  Bot h problem s 
requir e precisel y th e sam e se t  o f  equation s t o generat e a 
correc t  solution . 

Proble m 5 : 
S:  Okay ,  let' s  se e here .  Probabilit y  i s  1/1 0 tim e 1/5 , 
okay,  I  se e h o w the y di d it ,  allright .  Probabilit y  o f 
stitchin g and/o r  colo r  defect s i s 1/1 0 plu s 1/ S minu s 
th e tota l  probabilit y  that' s 1/50 ,  an d tha t  equal s 
(read s aloud )  okay ,  next . 

Problem 6: 
S:  Okay ,  allright .  N o w .  Thi s i s th e difference ,  that' s 
goin g t o b e 1  minu s th e 2/5 0 plu s th e 23/50 ,  that' s 
goin g t o be ,  1  minu s okay ,  2/5 0 or ,  2/5 0 equal s .04 , 
and plu s 23/5 0 equal s .46 ,  now ,  .4 6 an d .04 ,  giv e m e 
.50 ,  1  minu s .5 0 equal s .50 ,  so ,  I' m doin g thi s right , 
i t  shoul d b e .50 ,  no ,  okay ,  allright ,  let' s  see ,  okay ,  I 
gues s I... ,  okay ,  s o that' s 1  minu s that ,  okay ,  I  se e 
what  I  did . 

I n thi s excerpt ,  th e subjec t  essentiall y  jus t  read s Proble m 
5 an d claim s t o understan d i t  (whic h is ,  paradoxically ,  a 
hallmar k o f  subject s tha t  ar e no t  doin g enoug h sel f 
explanation) .  Th e subjec t  generate s a n answe r  t o Proble m 6 
tha t  the y thin k i s correct ,  bu t  whe n the y revea l  th e correc t 
solutio n ste p the y discove r  the y ar e wrong .  Thi s force s a n 
impasse .  I n thi s particula r  excerpt ,  ther e i s n o convincin g 
evidenc e tha t  th e subjec t  actuall y resolve d th e impass e an d 
learne d th e correc t  solutio n sequence ,  bu t  th e impass e a t 
leas t  gav e the m th e opportunity .  Th e followin g section s 
discus s analysi s o f  actua l  learnin g episode s i n th e protocols . 

Knowledge Acquisition 

We wer e surprise d t o find  n o obviou s episode s o f 
knowledg e acquisitio n i n th e protocols .  Tha t  is ,  w e foun d 
no evidenc e tha t  subjec t  wer e missin g entir e chunk s o f 
knowledg e tha t  the y wer e the n abl e t o discove r  i n respons e 
t o a n impasse .  Thi s wa s particularl y surprisin g becaus e 
Jone s an d Fleischma n (2001 )  assume d a  ke y rol e fo r 
knowledg e acquisitio n episode s durin g thei r  initia l  Cascad e 
stud y wit h physic s problems .  I t  appear s tha t  thi s i s a  plac e 
wher e difference s i n th e tas k domain s ar e significant .  A s 
mentione d previously ,  knowledg e acquisitio n episode s wer e 
an extremel y importan t  par t  o f  Cascade' s accoun t  o f  th e 
self-explanatio n effec t  fo r  th e physic s domain .  However ,  i n 
al l  o f  th e protocol s fo r  subjec t  computin g probabilities ,  i t 
appear s tha t  the y ahead y iaioY /  al l  o f  th e equation s the y 
need ;  the y jus t  hav e no t  ye t  learne d th e right  time s t o us e 
them .  Thi s i s admittedl y a  subtl e distinctio n tha t  canno t 
alway s b e verifie d i n th e protoco l  data ,  s o w e pla n t o giv e i t 
a muc h close r  loo k i n futur e studies .  However ,  sinc e ou r 

origina l  proposa l  gav e suc h a  larg e rol e t o knowledg e 
acquisition ,  w e fee l  w e ar e bein g conservativ e b y suggestin g 
tha t  ther e ar e n o knowledg e acquisitio n episode s a t  al l  i n th e 
curren t  protoco l  data .  Ther e ar e clearl y othe r  type s o f 
learnin g episode s i n th e data ,  whic h w e describ e below ,  an d 
we fee l  tha t  thos e remai n consisten t  wit h Cascade' s 
prediction s abou t  fading . 

Knowledge Tuning 

O ne o f  th e prediction s abou t  Cascade' s accoun t  o f  fadin g 
was tha t  fadin g enable s student s t o tun e knowledg e the y 
hav e alread y acquired ,  b y allowin g the m t o us e i t  i n a  usefii l 
problem-solvin g context .  I n Cascade ,  al l  knowledg e tunin g 
occur s vi a a  proces s o f  analogica l  searc h control .  Thus ,  w e 
expec t  t o se e subject s lear n afte r  the y hav e successfull y 
draw n a n analog y betwee n tw o problems .  W e observe d 
m a ny suc h episode s i n th e curren t  protoco l  data .  Th e 
followin g excerp t  provide s on e o f  th e cleares t  examples : 

Proble m 2 : 
S:  ...Th e chanc e o f  i t  bein g drinkabl e i s 8  t o 1 1 s o 
th e probabilit y  o f  he r  drinking ,  probabilit y  tha t  th e 
firs t  bottl e i s vinega r  bu t  th e secon d i s drinkable ,  2 
re d ball s an d 2  whit e ball s i s 4 ,  probabilit y  i s 1/ 2 s o 
i f  w e multipl y 1/ 3 time s 8/1 1 tha t  wil l  b e 8/33.. . 

Proble m 2  involve s a  collectio n o f  bottle s containin g win e 
an d vinegar .  However ,  i n th e middl e o f  th e excerpt ,  th e 
subjec t  make s a n explici t  analogica l  referenc e t o Proble m 1 , 
whic h deal s wit h selectin g a  particula r  configuratio n fro m a 
collectio n o f  re d an d whit e balls .  I n a  subsequen t  proble m 
tha t  use s precisel y th e sam e solutio n technique ,  th e subjec t 
easil y solve s th e proble m correctly ,  withou t  an y evidenc e o f 
an impass e o r  over t  analogica l  reference . 

I t  seem s clea r  tha t  thi s particula r  episod e involve s 
knowledg e tunin g vi a analogy .  Ther e ar e othe r  episode s o f 
knowledg e tunin g tha t  ar e no t  overtl y analogical .  Th e 
curren t  Cascad e mode l  dictate s tha t  al l  knowledg e tunin g 
occur s b y analogy ,  bu t  tha t  happen s a t  a  lo w enoug h 
cognitiv e leve l  tha t  i t  i s  difficul t  t o prov e o r  disprove . 
Certainl y ther e ar e m a n y cognitiv e theorie s tha t  posi t  som e 
sor t  o f  similarity-base d m e m o r y fo r  skill s  an d facts . 

Ther e i s on e aspec t  o f  knowledg e tunin g tha t  Cascad e 
doe s no t  mode l  well .  S o m e subjec t  protocol s sho w 
basicall y th e sam e patter n a s th e excerp t  above ,  bu t  th e 
tunin g occur s mor e graduall y acros s 3  o r  4  problems . 
Cascade' s knowledg e tunin g mechanis m i s mor e o f  a n all -
or-nothin g proposition .  A s soo n a s Cascad e solve s on e 
proble m b y analogy ,  i t  ca n immediatel y retriev e th e sam e 
knowledg e i n similarl y structure d futur e problems .  Thi s 
seems t o b e a  clea r  weaknes s i n th e Cascad e model . 
However ,  i t  doe s no t  invalidat e Cascad e basi c accoun t  o f 
fading .  Th e subjec t  protocol s sho w tha t  th e us e o f  analog y 
occur s mor e frequentl y durin g fading-drive n impasse s tha n 
durin g th e stud y o f  completel y worke d examples . 

I n prio r  Cascad e studie s i n th e physic s domain ,  ther e wer e 
stron g interaction s betwee n th e knowledg e tunin g an d 
knowledg e acquisitio n mechanism s (VanLeh n &  Jones , 
1993b) .  W e expec t  tha t  simila r  interaction s coul d hel p 
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explai n th e effectivenes s o f  fadin g examples .  However , 
sinc e w e hav e s o fa r  see n n o evidenc e o f  knowledg e 
acquisitio n i n th e curren t  study ,  i t  ha s no t  bee n importan t  t o 
analyz e potentia l  interactions . 

Conclusions 

We conclud e b y reiteratin g th e prediction s tha t  Jone s an d 
Fleischma n (2001 )  propose d t o gathe r  evidenc e fo r 
Cascade's  accoun t  o f  th e benefi t  o f  fiade d examples : 

1.  "Fade d example s caus e effectiv e learnin g b y 
forcin g th e studen t  t o encounte r  an d overcom e 
an impasse. " 

2.  Ther e i s likel y "...a t  leas t  som e benefi t  t o 
exampl e fadin g fro m th e learnin g o f  searc h 
contro l  knowledge. " 

3.  'Th e primar y benefi t  o f  a  fade d exampl e i s tha t 
i t  force s th e studen t  t o proces s part s o f  th e 
exampl e tha t  the y migh t  otherwis e ignore. " 

We fee l  tha t  ou r  initia l  analysi s o f  protoco l  dat a fro m 
Renkl ,  Atkinson ,  an d colleague s confirm s eac h o f  thes e 
prediction s t o som e extent .  Th e basi c effec t  i s  strong : 
student s ofte n d o no t  expen d muc h effor t  o n understandin g 
completel y worke d examples ,  bu t  fadin g th e example s give s 
th e student s a  stron g impetu s t o d o so .  Thi s encouragemen t 
t o wor k ou t  portion s o f  th e example s lead s t o mor e 
opportunitie s t o identif y incorrec t  (o r  incorrectl y applied ) 
knowledge ,  whic h i n tur n provide s opportunitie s t o correc t 
or  tun e tha t  knowledge .  W e wer e surprise d t o fin d tha t 
knowledg e acquisitio n di d no t  appea r  t o pla y a  significan t 
rol e i n th e probabilitie s tas k domain .  However ,  futur e 
analysi s wil l  mor e closel y searc h fo r  suc h episodes .  I n 
addition ,  althoug h i t  make s th e mode l  les s interestin g i n 
some ways ,  th e preponderanc e o f  analogica l  knowledg e 
tunin g i s entirel y consisten t  wit h th e Cascad e model .  Sinc e 
Jone s an d Fleischman' s (2001 )  origina l  stud y o f  fadin g wit h 
Cascad e di d no t  focu s strongl y o n knowledg e tunin g 
(becaus e i t  playe d les s o f  a  rol e i n th e physic s domain) ,  a n 
importan t  fijture  tas k i s t o r\i n a  thoroug h se t  o f  experiment s 
wit h Cascad e t o confir m tha t  knowledg e tunin g ca n accoun t 
fo r  al l  o f  th e observe d improvement s i n problem-solvin g 
skill . 

I t  i s  als o certainl y possibl e tha t  futur e analysi s wil l 
uncove r  dat a tha t  i s  inconsisten t  wit h Cascade' s predictions . 
Wit h thi s possibilit y  i n mind ,  ou r  nex t  cours e o f  actio n i s t o 
gathe r  eve n mor e dat a an d perfor m a  mor e thoroug h 
quantitativ e analysis .  W e als o expec t  tha t  w e wil l  fin d som e 
ways i n whic h Cascad e shoul d b e improved .  Fo r  example , 
we alread y kno w tha t  th e knowledg e tunin g mechanis m 
shoul d b e adjuste d t o accoun t  fo r  mor e gradua l  form s o f 
knowledg e tunin g observe d i n th e subjects .  An y furthe r 
mismatche s o f  th e mode l  t o th e dat a shoul d als o serv e t o 
improv e ou r  understandin g o f  h o w human s lear n problem -
solvin g skill s  and ,  a s a  consequence ,  infor m ho w w e ough t 
t o teac h them . 
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Abstrac t 

In a recent paper. Lera Boroditsky and Lauren A. 
Schmid t  (2000 )  examine d th e degre e t o whic h th e 
linguisti c categor y o f  grammatica l  gende r  o f  noun s 
influence s people' s perceptio n o f  th e cognitiv e categor y 
of  biologica l  gender ,  o r  sex .  Thei r  conclusio n wa s tha t 
Englis h speakers '  intuition s abou t  th e gende r  o f  certai n 
noun s (anunals )  correlat e wit h th e gende r  assigne d t o 
thos e noun s i n language s suc h a s Germa n an d Spanish . 
Mor e important ,  the y foun d tha t  people' s idea s abou t  th e 
putativ e biologica l  gende r  (sex )  o f  object s ar e strongl y 
influence d b y th e grammatica l  gende r  o f  thos e object s i n 
thei r  nativ e language .  I n thi s stud y I  sough t  t o reproduc e 
Boroditsk y an d Schmidt' s result s i n orde r  t o sho w tha t 
th e interpretatio n the y supplie d i s unwarranted ,  an d tha t 
th e author s conflat e th e concept s o f  biologica l  gende r 
(sex )  an d "forma l  gender" ,  w^ic h i s employe d b y mos t 
Indo-Europea n language s (a s oppose d t o "natura l 
gender" ,  i n English) .  I  compar e th e intuition s o f  2 0 
America n monolingual s wit h th e statistic s o f  forma l 
gende r  a s i t  appear s i n 1 4 Indo-Europea n languages . 
Moreover ,  I  discus s th e possibl e origi n an d evolutio n o f 
gende r  i n suc h languages ,  an d sugges t  a n explanatio n fo r 
th e relation  betwee n grammatica l  an d biologica l  gender . 

Introduction 
Th e ide a tha t  ou r  nativ e languag e m a y shap e ou r 
Aought ,  i n par t  o r  i n whole ,  i s  usuall y associate d wit h 
th e wor k o f  W h o r f  an d Sapir ,  i n wha t  i s know n a s "th e 
Sapir-Whor f  hypothesis "  (Whorf ,  1956) .  Thi s i s  a n 
intriguin g hypothesi s becaus e i t  implie s tha t  differen t 
culture s — speakin g differen t  language s — m a y 
perceiv e th e worl d i n differen t  ways .  Fo r  example , 
wherea s on e cultur e m a y differentiat e object s o n th e 
basi s o f  shape ,  anothe r  cultur e m a y differentiat e the m 
o n th e basi s o f  materia l  (Ima i  an d Gentner ,  1997) ,  an d 
thi s m a y b e reflecte d i n th e correspondin g languages . 
T o 'wia t  extent ,  then ,  doe s languag e (an d culture )  forc e 
a person' s cognitio n t o perceiv e th e worl d i n on e w a y 
rathe r  tha n another ? 

A possibl e manifestatio n o f  thi s ide a wa s examine d 
b y Boroditsk y an d Schmid t  (hencefort h B & S ) ,  i n 
studyin g th e w a y grammatica l  an d biologica l  gende r 
interfer e wit h eac h othe r  i n th e mind s o f  nativ e speaker s 
o f  language s suc h a s Spanis h an d German .  B & S 
suppor t  th e ide a tha t  a  speake r  whos e languag e assign s 
th e gender s masculin e an d feminin e t o noun s — 

whethe r  the y refe r  t o people ,  animals ,  things ,  o r  idea s 
— i s boun d t o subliminail y thin k o f  a n objec t  a s havin g 
a correspondin g biologica l  gender ,  mal e o r  female .  (T o 
avoi d circumlocutions ,  I  us e th e wor d "sex "  t o refe r  t o 
biologica l  gender ,  reservin g "gender "  fo r  th e 
grammatica l  category. ) 

B & S ' s proposa l  rest s o n th e assumptio n tha t  ther e i s 
an inheren t  equatin g o f  th e concept s o f  gende r  an d se x 
i n suc h a  speaker' s mind .  So ,  fo r  example ,  a  youn g 
learne r  o f  a n Indo-Europea n languag e employin g 
"forma l  gender "  coul d associat e a  specifi c  categor y o f 
noun s discernibl e onl y throug h th e behavio r  o f 
neighborin g word s (say ,  th e feminin e nouns )  wit h a 
perceptua l  propert y o f  entitie s o f  th e worl d (say ,  th e 
femalenes s o f  individuals) ,  eve n befor e encounterin g 
th e word s fo r  "feminine "  an d "masculine" .  Althoug h 
th e latte r  poin t  t o a  certai n relatio n betwee n gende r  an d 
sex (whic h undoubtedl y exists) ,  w e wil l  se e tha t  suc h a n 
assumptio n i s  untenable .  First ,  however ,  w e shoul d 
briefl y revie w th e categor y o f  gende r  a s i t  appear s i n 
variou s languages ,  i n orde r  t o imderstan d wha t  i t  is ,  an d 
what  relatio n w e m a y expec t  betwee n th e concept s o f 
gende r  an d sex . 

Althoug h m a n y peopl e ar e familia r  wit h gende r  a s i t 
appear s i n Indo-Europea n languages ,  th e notio n o f 
gende r  a s understoo d b y linguist s i s  muc h mor e 
general .  A s a  "definition" ,  I  wil l  follo w Charle s F . 
Hockett' s  description :  "Gender s ar e classe s o f  noun s 
reflecte d i n th e behavio r  o f  associate d words "  (Hockett , 
1958:231) .  A  characterizatio n lik e thi s i s  genera l 
enoug h t o encompas s al l  nou n categorie s tha t  linguist s 
cal l  "genders" ,  whethe r  the y ar e labele d "masculine" , 
"feminine" ,  "neuter" ,  " common" ,  o r  eve n "clas s IV" . 

A languag e m a y hav e tw o o r  mor e classe s o f  noun s 
tha t  qualif y a s genders ,  o r  i t  m a y hav e none ,  i n whic h 
cas e w e sa y tha t  th e languag e lack s a  gende r  system . 
Suc h i s th e cas e wit h severa l  o f  th e majo r  familie s o f 
Asia n language s (e.g. ,  Mandari n Chinese) .  Tamil ,  a 
m e m b er  o f  th e Dravidia n famil y i n sout h India ,  divide s 
noun s int o "rational "  (i.e. ,  people ,  gods )  an d "non -
rational "  (animals ,  an d everythin g else) ,  an d furthe r 
subdivide s rationa l  gende r  int o "masculine "  an d 
"feminine "  (Corbett ,  1991:8-10) .  Thus ,  Tami l  employ s 
a "natura l  gende r  system" ,  whic h mean s tha t  give n th e 
semantic s o f  a  nou n w e ca n predic t  it s  gender ,  an d vice -
versa .  English ,  a  Germani c language ,  ha s a  natura l 
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gende r  syste m lik e Tamil ,  reflecte d onl y i n personal . 
possessive ,  an d reflexiv e pronouns .  Ther e ar c a  fe w 
exception s t o semanti c association :  '^he "  m a y b e use d 
fo r  a  shi p o r  country ,  'heTihe "  fo r  a n anima l  (o f 
unknow n sex) ,  an d 'it "  fo r  downgradin g human s 
(Mathio t  an d Roberts ,  1979) .  Othe r  language s sho w a 
les s well-define d assignmen t  base d o n semantics : 
Zande ,  a  languag e spoke n mainl y i n th e Democrati c 
Republi c o f  th e Congo ,  assign s noun s generall y t o fou r 
genders :  masculine ,  feminine ,  animal ,  an d neute r 
(Corbett ,  1991:14) .  Ther e arc ,  however ,  abou t  8 0 
exceptions ,  includin g suc h concept s a s heavenl y an d 
meta l  objects ,  an d edibl e plants ,  whic h ar e place d i n th e 
anima l  gender .  Dyirbal ,  a n Australia n language ,  als o 
has fou r  genders ,  denote d b y 'blas s I ,  II ,  III ,  an d I V .  I t 
has bee n show n (Dixon ,  1972:308-12 )  tha t  mal e 
humans an d non-huma n animate s belon g t o clas s I ; 
femal e humans ,  water ,  fire ,  an d fightin g t o clas s II ; 
non-fles h foo d t o clas s III ;  an d everythin g els e t o clas s 
rv .  Thus ,  th e rule s ar e semanti c bu t  non-obvious . 
However ,  childre n learnin g th e languag e d o no t  appea r 
t o lear n th e gende r  o f  noun s individually . 

Turnin g n o w t o typica l  Indo-Europea n languages ,  w e 
see a n eve n smalle r  dependenc e o n semantics .  Noun s 
denotin g peopl e —assigne d t o masculin e o r  feminin e 
gende r  accordin g t o se x — ar e a  minority .  Th e 
'bxceptions "  (non-sexe d object s assigne d t o eithe r  o f 
thos e tw o genders )  ar e th e majority ,  thu s makin g th e 
semanti c associatio n a  rathe r  useles s predicto r  fo r  th e 
gende r  o f  a  noim .  Thi s fact ,  a s w e shal l  see ,  i s ver y 
importan t  fo r  a  correc t  assessmen t  o f  B&S' s work . 

B&S's Experiment 1 

I n thei r  firs t  experiment ,  B & S investigate d whethe r  'th e 
grammatica l  gender s o f  noun s d o i n par t  reflec t  th e 
propertie s o f  thei r  referents "  (Boroditsk y an d Schmidt , 
2000:2) .  I f  true ,  the y predicte d " a correspondenc e i n th e 
assignmen t  o f  gender s acros s languages ,  an d als o a 
correspondenc e betwee n Spanis h an d Germa n gender s 
and Englis h speakers '  naiv e intuitions" .  Althoug h thei r 
testin g o f  th e predictio n o f  correspondenc e acros s 
language s wa s rathe r  inadequat e (regardin g th e numbe r 
of  languages ;  I  improv e thi s tes t  i n th e presen t  study) , 
the y di d a  mor e thoroug h tes t  o f  th e naiv e intuition s o f 
15 Englis h speakers ,  non e o f  w h o m wer e familia r  wit h 
eithe r  Spanis h o r  Germa n (thoug h w e d o no t  kno w i f 
the y wer e monolinguals) .  Th e subject s wer e aske d t o 
exclusivel y classif y eac h o f  5 0 anima l  name s an d 8 5 
names o f  artifact s a s eithe r  masculin e o r  feminin e ( B & S 
do no t  giv e a  lis t  o f  thos e words) . 

Thei r  compariso n o f  gende r  agreemen t  betwee n 
Spanis h an d Germa n yielde d a  correlatio n coefficien t  o f 
r  =  0.21 ,  p  <  0.05 .  This ,  the y terme d a n 'Appreciabl e 
agreement" .  Althoug h I  woul d thin k a  valu e o f  r  =  0.2 1 
(hence ,  r ^  =  0.04 )  indicate s a  rathe r  appreciabl e 
jt^agreement ,  B & S pointe d ou t  tha t  th e tw o language s 

'fagree d mor e o n th e gender s o f  animal s (t=.39 ,  p<.01) , 
[than ]  o n th e gender s o f  artifact s (r=.10 ,  p<.35)" . 

T o tes t  B&S' s hypothesi s o n th e agreemen t  o f  gende r 
acros s languages ,  I  examine d 8 4 c o m m o n noun s i n 1 4 
Indo-Europea n languages .  Th e noun s wer e chose n s o 
tha t  the y represente d more-or-les s c o m m o n referents : 
2 0 artifacts ,  2 2 natura l  objects ,  2 0 abstrac t  ideas ,  an d 2 2 
animals .  Th e 1 4 language s wer e chose n s o tha t  a  fairl y 
representativ e se t  o f  th e Indo-Europea n famil y tre e wa s 
obtaine d (thre e Germanic :  Dutch ,  German ,  Icelandic ; 
fou r  Romance :  French ,  Italian ,  Spanish ,  Portuguese ; 
thre e Slavic :  Polish ,  Russian ,  Serbo-Croatian ;  on e 
Celtic :  Irish ;  an d als o Albanian ,  Greek ,  an d Kurdish. ) 
Nativ e speaker s verifie d m y choice s o f  noun s 
(originall y collecte d fro m dictionaries )  fo r  al l  language s 
but  Albanian ,  Dutch ,  an d Icelandic .  Th e ful l  assignmen t 
of  gender s i s give n i n Appendi x A . 

The result s o f  m y stud y sho w that ,  predictably ,  th e 
close r  language s ar e i n th e famil y tree ,  th e mor e the y 
agre e o n gender .  Language s a s clos e linguisticall y a s 
Portugues e an d Spanis h sho w a  coefficien t  o f 
determination '  r ^  =  0.75 .  However ,  th e coefficien t 
betwee n Spanis h an d Germa n i s r ^  =  0.09 ,  p < O . O l  (so , 
r  =  0.30 ;  compar e wit h B&S' S r  =  0.21) ,  an d th e on e 
betwee n Spanis h an d Russia n i s r ^  =  0.03 ,  exhibitin g a 
complet e uncorrelatednes s (se e Tabl e 1) .  Overall , 
language s tha t  belon g t o differen t  subfamilie s (e.g. ,  a 
pai r  forme d b y a  Romanc e an d a  Germani c language ) 
sho w appreciabl e disagreement .  Fo r  language s i n th e 
same subfamily ,  th e par t  o n whic h the y agre e — a s 
give n b y th e coefficien t  r ^  — i s explicabl e no t  b y 
referenc e t o an y inheren t  c o m m o n intuitio n o f  peopl e 
on th e se x o f  thing s lik e a  boo k an d a  tree ,  bu t  b y 
referenc e t o th e fac t  tha t  Indo-Europea n language s 
evolve d fro m a  c o m m o n ancesto r  language ,  whic h 
employe d gender ,  probabl y on e wit h a  stron g semanti c 
basis .  A s language s diverged ,  s o di d gende r 
assignments ,  precisel y becaus e ther e i s n o objectiv e an d 
universa l  basi s o n whic h t o decid e th e gender/se x o f 
'flower" ,  o r  th e ide a o f  'War" ,  o r  eve n th e word s fo r 
'tat "  an d 'butterfly" .  (Se e Appendi x A :  eac h o f  thes e 
word s i s nearl y evenl y assigne d —c los e t o 5 0 % — 
betwee n th e masculin e an d feminin e genders. )  Tabl e 1 
shows th e coefficient s o f  determinatio n (r̂ )  betwee n th e 
14 languages . 

B&S' s secon d predictio n i s tha t  Englis h nativ e 
speakers '  naiv e intuition s abou t  th e gende r  o f  notm s 

'  Sinc e I  observe d n o negativ e conelation ,  I  prefe r  t o us e r̂ , 
th e coefficien t  o f  determination ,  rathe r  tha n r ,  th e correlatio n 
coefficient ,  becaus e th e forme r  ha s a  natura l  interpretation , 
whic h th e latte r  lacks :  r ^  show s th e proportio n o f  variatio n i n 
one populatio n tha t  i s explaine d b y th e variatio n i n th e othe r 
population .  T o b e precise ,  I  shoul d enq>lo y th e non-parametri c 
r,̂ :  Spearma n ran k coefficien t  o f  determination ,  sinc e th e 
population s ar e highl y non-normal .  However ,  i n ou r  cas e 
difference s betwee n ?  an d r, *  appea r  onl y i n th e secon d 
decima l  place ,  s o I  wil l  kee p referrin g t o r ^  i n orde r  t o 
facilitat e th e compariso n wit h B & S ^  results . 
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Tabl e 1 :  Coefficient s o f  determinatio n (r̂ )  fo r  th e 1 4 
languages ,  plu s Englis h inonolingual s ('En' ,  las t  row) . 

French 
Fr  Hltalia n 
It  32BBPortugues e 
Pt  .3 7 J2MSpanis h 
Sp .4 4 .24^5]i|Dutc h 
Du .0 4 .0 0 . O o T ^ i G e r m a n 
Ge .0 7 .0 3 .0 6 .09^4§Blcelandi c 
I c .14.12.17.2 1 .0 7 J 9 m r i s h 
I r  .0 1 .0 0 .0 3 .0 4 .0 1 .02^l]MPolis h 
PI  .05.02.06.13.06.14.11^1|lRussia n 
Ru .0 0 .0 1 .0 1 .0 3 .0 2 .0 6 .0 4 .00^9|HSerbo-Croatia n 
Se .0 4 .0 9 .0 2 .0 3 .0 6 .0 5 .0 6 .0 1 .18TTMAlbama n 
Al  .1 1 .1 1 .18.1 5 .0 1 .1 3 .16.0 2 .0 1 .O l^OMGree k 
Gr  .14.10.09.1 1 .0 0 .1 4 .1 5 .0 0 .0 3 .0 2 . 1 4 M 9 j |  Kurdis h 
Ku.0 7 .0 2 .08.10.09.1 1 .09.00.04.0 1 .0 1 . 1 5 ^ 4 ^  av g 
En .0 0 .0 1 .0 1 .0 1 .0 7 .0 5 .0 3 .0 1 .0 3 .0 4 .0 3 .0 3 .0 1 .1 1 .0 3 

should show a correspondence with the assignment of 
gende r  i n othe r  Indo-Europea n languages .  T o tes t  thi s 
predictio n I  aske d 2 0 monolingua l  nativ e America n 
Enghs h ̂ >eaker s (1 0 male s an d 1 0 females )  t o assig n a 
gender ,  eithe r  masculin e o r  feminine ,  t o eac h o f  th e 8 4 
noun s liste d i n Appendi x A .  Subject s showe d a 
remarkabl e consistenc y amon g themselve s (averag e 
standar d deviatio n s  =  0.18) ,  especiall y fo r  word s tha t 
hav e a  natura l  associatio n wit h malenes s an d potenc y 
(e.g. ,  hammer ,  boulder ,  thunder ,  attack ,  war ,  lion) ,  o r 
wit h femalenes s an d beaut y (e.g. ,  flower,  happiness , 
love ,  butterfly) .  Th e averag e assignment s o f  gender s b y 
Englis h monolingual s for m a  ISt h population ,  whic h 
was compare d agains t  eac h o f  th e 1 4 studie d language s 
t o determin e th e degre e o f  correlation .  Th e las t  ro w i n 
Tabl e 1  show s th e value s o f  r ^  fo r  eac h case .  W e se e 
tha t  th e opinio n o f  nativ e Englis h speaker s o n gende r 
shows a  ver y wea k correlatio n wit h eac h o f  th e 1 4 
languages ,  excep t  possibl y Kurdis h (whic h ca n b e 
attribute d t o statistica l  error) .  N o negativ e correlatio n 
was observed .  Th e averag e o f  al l  r ^  i s  < r ^  =  0.03 .  Th e 
p-value s (indicatin g linea r  relationships )  ar e statisticall y 
insignifican t  ( p >  0.05 )  fo r  al l  language s bu t  Dutch , 
German,  an d Kurdish .  However ,  i t  shoul d b e note d tha t 
th e p-value s ar e boun d t o converg e t o zer o give n a  larg e 
enoug h sampl e size .  Wha t  i s importan t  i s no t  whethe r  a 
linea r  relationshi p exists ,  suggeste d b y th e /7-values ,  bu t 
th e magnitud e o f  correlation ,  give n b y r̂ . 

To explai n wh y th e correlatio n betwee n Englis h 
speakers '  intuition s an d gende r  assignmen t  i n th e 1 4 
studie d language s i s s o weak ,  w e mus t  understan d th e 
cognitiv e processe s o f  gende r  acquisitio n i n suc h 
languages .  Youn g learner s o f  Indo-Europea n language s 
wit h forma l  gende r  migh t  notic e th e clos e correlatio n 
betwee n gende r  an d se x whe n th e nou n bein g referre d 
t o i s a  perso n (o r  eve n a  pe t  o f  a  know n sex) .  However , 
learner s coul d no t  mis s noticin g th e clea r  unrelatednes s 
of  gende r  an d se x whe n th e objec t  bein g referre d t o i s 

not  a n animal ,  an d thu s lack s sex .  I n th e youn g learner' s 
world ,  th e noun s fo r  whic h gende r  an d se x correlat e 
nicel y ar e a  smal l  minorit y compare d t o thos e fo r  whic h 
th e tw o notion s canno t  b e correlate d (becaus e se x i s no t 
one o f  th e perceive d propertie s o f  th e objec t  referre d t o 
by th e noun) .  Th e situatio n i s depicte d i n Figur e 1 . 

masculin e noun s feminin e noun s 

sex-unrelate d 1 sex-unrelate d 

male s female s 

Figur e 1 :  Gende r  vs .  se x i n 'forma l  gender "  language s 

The sizes of the areas in Figure 1 are schematic, but 
relevant .  Assumin g th e learner' s cognitiv e mechanism s 
ar e tune d towar d noticin g th e statistic s an d learnin g th e 
regularitie s o f  thi s world ,  w e conclud e tha t  th e learne r 
of  suc h a  languag e shoul d no t  fin d th e linguisti c 
categor y o f  gende r  a  particularl y goo d predicto r  o f  th e 
cognitiv e percep t  o f  sex .  W e shoul d not e that ,  a t  a n 
earl y (pre-school )  age ,  th e learne r  i s obliviou s t o th e 
fac t  tha t  th e nam e o f  a n observe d categor y o f  noun s i s 
'hiasculine" ,  a  wor d closel y associate d wit h maleness , 
whil e anothe r  categor y i s calle d 'feminine' *  th e learne r 
simpl y notice s th e categories .  Later ,  durin g forma l 
education ,  th e suspecte d (weak )  relatio n betwee n th e 
notion s o f  gende r  an d se x m a y b e reinforced ,  bu t  i t 
happen s a t  a  tim e whe n th e learne r  ha s alread y acquire d 
th e linguisti c categor y o f  forma l  gender ,  an d ha s 
alread y note d that ,  a s Figur e 1  suggests ,  gende r  i s no t  a 
goo d predicto r  o f  sex ,  an d th e tw o notion s ar e onl y 
loosel y related . 

On th e contrary ,  learner s o f  language s tha t  en^lo y 
'hatura l  gender" ,  suc h a s English ,  notic e th e clos e 
correlatio n betwee n gende r  an d sex .  Fo r  suc h 
languages ,  th e situatio n i s depicte d i n Figur e 2 . 

masculin e noun s 
sex-unrelate d 

feminin e noun s 

female s i male s 

neute r  noun s sex-relate d (? ) 

Figur e 2 :  Gende r  vs .  se x i n 'hatura l  gender"language s 
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I n thi s case ,  th e intersectio n o f  masculine ,  feminine , 
and neute r  noun s havin g th e 'fcorrcct "  correlatio n wit h 
th e percept s 'hiale" ,  'female" ,  an d 'bthcr' *  i s  large .  Th e 
clos e correlatio n betwee n gende r  an d se x thu s turn s th e 
percep t  o f  se x int o a  goo d predicto r  o f  th e grammatica l 
categor y o f  gender ,  an d vice-versa .  Thi s fac t  ma y lea d 
speaker s o f  language s employin g natura l  gende r  int o 
conflatin g th e tw o ideas ,  an d possibly ,  a s th e B & S 
pape r  implicitl y  suggests ,  thinkin g tha t  nativ e speaker s 
of  language s wit h forma l  gende r  m a y perfor m a  simila r 
conflation .  W e shoul d not e i n passin g tha t  on e o f  th e 
meaning s o f  th e wor d 'Render "  i n Englis h i s 'th e stat e 
of  bein g male ,  female ,  o r  neuter ;  sex "  (Oxfor d Englis h 
Dictionary ,  1993) .  Thus ,  i n English ,  th e questio n 'Wha t 
i s  you r  gender? "  i s a  meaningfu l  on e t o as k a  person .  I n 
Gree k o n th e othe r  hand ,  a  typica l  Indo-Europea n 
languag e employin g forma l  gender ,  th e sam e questio n 
("pi o eene h t o geno s sou?' )  i s  absurd ,  becaus e i t 
in̂ )Iie s th e questione d entit y i s  a  nou n —aki n t o askin g 
i n English :  'Nvha t  i s yom -  declension? " 

B&S's Experiment 2 

I n thei r  secon d experiment ,  B & S attempte d t o tes t 
whethe r  '{)eople' s idea s abou t  th e gender s o f  object s 
ar e strongl y influence d b y th e grammatica l  gender s 
assigne d t o thes e object s i n thei r  nativ e language " 
(Boroditsk y an d Schmidt ,  2000 :  Abstract) .  B & S base d 
thei r  hypothesi s o n a n earlie r  stud y (Konishi ,  1993 ) 
wher e Germa n an d Spanis h speaker s judge d noun s tha t 
wer e masculin e i n thei r  language s t o b e highe r  i n 
potenc y tha n feminin e ones ,  an d th e teste d noun s 
belonge d t o opposit e gender s i n th e tw o languages . 
Subject s assigne d subjectivel y a  potenc y valu e fo r  eac h 
noun ,  o n a  7-poin t  scale .  B & S presente d 2 4 pair s 
consistin g o f  a  nou n (e.g. ,  '^oon' )  an d a  prope r  nam e 
(e.g. ,  'Erica' )  t o 1 6 Germa n an d 2 5 Spanis h nativ e 
speaker s durin g a  learnin g phase .  Al l  noun s wer e give n 
i n English .  Th e subjects '  memor y o f  th e se x o f  th e 
prope r  nam e tha t  ha d bee n associate d wit h a  nou n wa s 
examine d durin g th e testin g phase .  A s expected , 
subject s wer e bette r  abl e t o remembe r  th e correc t  se x 
( 8 2 % correct )  whe n th e se x (e.g. ,  'female" )  matche d 
wit h th e gende r  (e.g. ,  'feminine') ,  tha n whe n thi s wa s 
not  th e cas e ( 7 4 % correct) .  Sinc e th e noun s wer e 
chose n t o hav e opposit e gender s i n th e tw o languages , 
subject s showe d opposit e memor y biases .  B & S 
conclude d tha t  't>eople' s idea s abou t  th e gender s o f 
object s ar e strongl y influence d b y th e grammatica l 
gender s assigne d t o thos e object s i n thei r  nativ e 
language. " 

As wit h experimen t  1 ,  wha t  i s importan t  i s no t  th e 
observatio n tha t  ther e i s a n interferenc e i n memor y 
retentio n betwee n gende r  an d sex ,  bu t  th e explanatio n 
fo r  thi s phenomenon .  B & S tacitl y  assum e peopl e mak e 
a direc t  connectio n betwee n th e concept s 'taasculine " 
and 'hiale" ,  an d betwee n 'feminine "  an d 'female" . 

Thi s direc t  connectio n m a y b e 'traversed "  i n th e 
Spanis h speaker' s min d whe n presente d wit h th e wor d 
'hioon "  (i n Spanish :  "  luna" ,  o f  feminin e gender) ,  s o 
tha t  the y matc h th e 'femaleness "  o f  th e m o o n wit h th e 
femalenes s implie d b y a  nam e lik e 'Karla" .  A  Germa n 
speake r  performin g th e sam e tas k (bein g presente d wit h 
'hioon "  -  'Karla' )  woul d experienc e inhibitio n 
betwee n moon' s 'taaleness "  (i n German :  "  Mond" , 
masculine) ,  an d Karla' s femaleness ,  resultin g i n slightl y 
wors e memor y performance . 

Plausibl e a s thi s explanatio n migh t  appear ,  i t  make s 
mor e sens e i n th e min d o f  a  nativ e speake r  o f  a  natura l 
gende r  languag e (suc h a s English) ,  wher e 'hiale "  -
'taasculine"an d 'female" -  'feminine"nearl y coincid e 
conceptually .  Fo r  a  nativ e speake r  o f  a  forma l  gende r 
languag e thi s explanatio n seem s t o b e simplisticall y 
projectin g th e natural-gende r  speaker' s vie w o f  th e 
worl d ont o everyon e else .  A n alternativ e explanatio n i s 
tha t  th e interferenc e i s cause d b y a  m u c h mor e indirec t 
relatio n betwee n nou n an d prope r  nam e tha n wha t  B & S 
hypothesize .  Fo r  example ,  th e wor d 'hioon "  i n a 
Spanis h speaker' s min d evoke s involuntarily ,  instantly , 
and subliminally ,  th e Spanis h wor d "luna" .  Thi s wor d i s 
of  feminin e gender ,  an d i s relate d t o th e feminin e 
endin g "-a" ,  th e pronou n "  ella" ,  an d s o on .  Th e prope r 
name 'Karla "  i s  als o o f  feminin e gende r  i n th e Spanis h 
speaker' s min d ( 7 5 % o f  al l  femal e name s teste d b y 
B & S ende d i n "-a" ,  th e marke r  o f  Spanis h morpholog y 
fo r  feminin e nouns) ,  an d thu s instantl y an d subliminall y 
relate d t o th e sam e grammatica l  item s ("ella" , 
'feminine" ,  etc) .  W e shoul d not e tha t  I  mak e n o 
referenc e t o 'hioon' s sex "  i n thi s conceptua l  plan .  I n 
othe r  words ,  ther e i s a  lo t  o f  overla p i n linguisti c 
connection s betwee n 'hioon"-'luna"an d 'Karla "  i n th e 
Spanis h speaker ^  mind. ^  N o experimenta l  settin g ca n 
seve r  thes e Hnguisti c connections ,  an d allo w u s t o tes t 
exclusivel y th e connection s 'feminine "  -  'female "  an d 
'hiasculine "  -  'hiale" .  I  d o no t  clai m tha t  suc h direc t 
connection s d o no t  exis t  i n th e min d o f  a  forma l  gende r 
language' s speaker .  Suc h connection s d o exist .  The y 
m ay b e learne d i n school ,  wher e th e word s fo r 
'hiasculine "  an d 'feminine "  ar e use d a s label s fo r 
categorie s o f  noun s th e nativ e speake r  ha s alread y 
acquire d a t  a  ver y earl y stage ;  o r  the y m a y b e base d o n 
th e smal l  numbe r  o f  sex-relate d nouns .  Wha t  I  d o clai m 
i s tha t  experiment s suc h a s th e on e describe d b y B & S 
(an d Konishi )  d o no t  necessaril y  detec t  th e direc t 
influenc e o f  a  suppose d 'Se x o f  nouns "  o n cognitio n i n 
speaker s o f  language s wit h forma l  gender ,  bu t  instea d 
th e ver y intricat e an d indirec t  connection s betwee n 
gende r  an d se x i n suc h languages ,  whic h ar e o f  bot h a 
perceptua l  a s wel l  a s a  linguisti c nature . 

Thi s argumen t  i s weake r  fo r  Germa n speakers ,  bu t  the n w e 
ar e no t  give n th e differenc e i n performanc e betwee n Germa n 
and Spanis h subject s i n B&S' s secon d experiment . 
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Evo lu t i o n o f  G e n d e r 

What  coul d th e origi n o f  grammatica l  gende r  be ? B & S 
hin t  a t  possibl e c o m m o n intuition s o f  peopl e acros s 
languages ,  an d attemp t  t o quantif y thi s assumptio n b y 
examinin g th e intuition s o f  speaker s o f  English . 
I  performe d a  simila r  compariso n o f  suc h intuition s 
agains t  Indo-Europea n languages ,  an d foun d tha t  suc h 
intuition s d o no t  sho w an y particula r  correlatio n wit h 
th e studie d language s (Tabl e 1) .  Moreover ,  i t  woul d b e 
meaningfu l  t o tal k abou t  suc h a  correlatio n i f  language s 
agree d amon g themselves .  Otherwise ,  i f  w e find a 
correlatio n betwee n th e intuition s o f  monolingua l 
speaker s o f  Englis h and ,  say ,  Kurdish ,  w e d o no t  hav e 
any reaso n t o assum e ther e i s anythin g othe r  tha n 
chanc e involved .  Lookin g bac k a t  th e dat a i n Tabl e 1 , 
we se e tha t  th e onl y agreemen t  tha t  ca n b e observe d 
among language s i s betwee n member s o f  th e sam e 
subfamil y (e.g. ,  Portuguese-Spanish ,  etc.) .  Th e mor e 
phylogeneticall y distan t  th e languages ,  th e lowe r  thei r 
correlatio n i s (allowin g fo r  statistica l  errors) .  Thi s hint s 
at  a  possibl e answe r  t o th e gender-origi n question . 

That  al l  Indo-Europea n language s evolve d from a 
c o m m on ancesto r  i s indisputable .  I t  i s  plausibl e t o 
assume tha t  thi s ancesto r  languag e employe d a  gende r 
system ,  possibl y on e wit h a  semanti c basis .  Bu t  wha t 
coul d hav e cause d it s m o d e m descendant s t o assig n 
gender s suc h a s masculin e an d feminin e t o inanimat e 
objects ? A n d h o w ca n a  'Jjure "  syste m ( I  mentione d 
Tami l  a s a n exampl e i n th e introduction )  evolv e int o th e 
m o d em chao s an d disagreement ? 

The answe r  som e author s hav e give n t o thes e 
question s i s tha t  th e origi n o f  gende r  i s purel y formal : 
some suffixe s o f  sex-differentiabl e nouin s acte d a s 
attractors ,  an d create d th e gender s i n a  purel y formal , 
non-semanti c wa y (Brugmann ,  1899) .  Thi s leave s ope n 
th e questio n o f  wha t  cause d sex-differentiabl e nouns , 
rathe r  tha n an y othe r  category ,  t o becom e attractors . 
Anothe r  possibl e answe r  i s tha t  i n som e language s th e 
initiall y  semanti c neute r  gende r  wa s lost ,  an d th e voi d 
was filled  b y masculin e an d feminin e gender s bein g 
assigne d t o previousl y neute r  nouns .  Suc h a  proces s ca n 
be observe d toda y i n Russian ,  wher e neute r  noun s ar e 
onl y 1 3 % o f  th e total ,  an d loanword s enterin g th e 
languag e g o primaril y t o th e masculin e gender ,  bu t  als o 
t o th e feminin e (Corbett ,  1991:317) .  Thi s hypothesi s 
doe s no t  tak e int o accoun t  language s tha t  retai n th e 
neute r  gender ,  an d stil l  assig n masculin e an d feminin e 
gender s t o inanimat e object s (German ,  Greek ,  etc.) . 

An alternativ e hypothesi s i s tha t  masculin e an d 
feminin e assignment s t o inanimat e object s existe d eve n 
i n th e origina l  Indo-Europea n ancestor .  Althoug h suc h 
assignment s see m nonsensica l  today ,  the y migh t  hav e 
'inad e sense "  i n th e remot e past ,  a t  leas t  amon g th e fe w 
speaker s o f  th e ancesto r  language ,  base d o n animisti c 
conception s o f  th e world .  I t  coul d hav e appeare d 
natura l  t o a  particula r  cultur e that ,  fo r  example ,  a  ston e 
i s o f  femal e sex .  However ,  a s th e origina l  languag e 

evolved ,  idea s abou t  th e stone' s se x changed ,  too .  Sinc e 
ther e i s n o objectiv e wa y t o agre e o n somethin g lik e th e 
sex o f  a  stone ,  th e 'bpinions "  amon g descendan t 
language s evolve d differently .  Wha t  w e observ e toda y 
appear s a s a  purel y forma l  an d arbitrar y assignment , 
sinc e th e origina l  'Reasons "  hav e bee n lost .  On e 
predictio n o f  thi s hypothesi s i s tha t  gende r  evolutio n i n 
suc h language s shoul d b e traceabl e throug h a  wea k 
agreemen t  betwee n phylogeneticall y proxima l 
languages .  I  believ e th e presen t  wor k support s thi s 
implication ,  althoug h fiirthe r  investigatio n o f  th e 
hypothesi s i s clearl y needed . 
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A p p e n d i x A :  W o r d s E x a m i n e d 

The 8 4 word s i n fou r  categorie s ar e liste d below .  Fo r 
th e abbreviation s use d fo r  th e 1 4 language s se e Tabl e 1 
(i n text) .  Th e code s o f  gende r  value s ar e a s follows :  - I 
fo r  masculine ,  0  fo r  neuter ,  1  fo r  feminine .  An y 
intermediat e value s reflect  th e fac t  tha t  mor e tha n on e 
assignmen t  wa s possibl e fo r  a  nou n (e.g. ,  'Sea "  i n 
German an d Spanish) ,  o r  mor e tha n on e nou n o f 
differin g gende r  corresponde d t o th e sam e concept . 
Blank s indicat e tha t  I  coul d no t  obtai n th e appropriat e 

gende r  (o r  th e wor d i s no t  nativ e t o th e language) .  Th e 
las t  colum n (En )  present s th e averag e assignment s o f  2 0 
America n Englis h monolinguals .  Word s marke d wit h a 
sta r  (* )  wer e disambiguate d fo r  subject s w h o wer e 
aske d t o assig n a  gende r  a s follows :  tabl e (furniture) ; 
chai r  (furniture) ;  for k (utensil) ;  bridg e (ove r  river); 
pape r  ( a shee t  of) ;  be d (furniture) ;  ke y (lockin g a  door) ; 
watc h (measurin g time) ;  sta r  (o n sky) ;  gol d (metal) ; 
power  (o f  ideas ,  o f  wealth) ;  revolutio n (o f  people) . 

Artifact s 
door 
wal l 
table' ^ 
chair ' 
spoo n 
folk * 
knif e 
car 
hous e 
bridge * 
pisto l 
book _ 
paper ' 
bed* 
hammer 
key ' 
hat 
shir t 
watch * 
penci l 

Fri t  P tSpDuGcIc I rP lRuSeA lGrK u E n 

1 1 
-1 0 
1 
1 
1 -
1 

-1 
1 
1 

- I  -
-1 
-1 -
- 1 
-1 -
- I  -
1 

-1 -
0 
1 -

-1 Natura l  Object s 
sky - 1 -
sun 
moon 
star -
tre e 
sea 
river 
thunde r 
rai n 
fores t 
boulde r 
mountai n 
lak e 
ai r 
win d 

-1 -
1 
1 

-1 
1 -

-1 -
-1 -
1 
1 

-1 -
1 

-1 -
-1 
-1 -

earthquak e - 1 -
ston e 
flowe r 
gold * 
wate r 
islan d 
fir e 

1 
1 -

-1 -
1 
1 

-1 -

0-

1 1  1 - 1 0 
-1 1  - 1 - 1 
1- 1 0- 1 -

- 1 - 1 0 1 
- 1 - 1 0 1 
1 1  0- 1 -
0 0- 1 1  -
1 0  0-1 -
0 0  0-1 -
1 1 - 1 -
0 1  1  - 1 -
0 0  0- 1 
0 0  - 1 - 1 -
0 0  1 1 0 

-1 - 1 - 1 - 1 
-1 -1- 1 1  -
-1 - 1 - 1 - 1 -
0 0  1 1 
0 1-1- 1 
0- 1 - 1 - 1 

1 1  - 1 
-1 - 1 1 
1 0  1 

.0 0 
-.1 0 
.4 7 

1 0  -.2 0 
1 0 

-1 0 
1 0  1 
1 0 

0 1 
1 1 

-1 0  1 
-1 0 

.6 0 

.1 6 
-.5 0 
-.5 0 
-.1 6 
-.2 0 
-.7 0 
.1 6 
.2 0 
.4 7 

-1.0 0 -1 0  1 
1 0 
1 0- 1 
1 0 

-1 0- 1 

-.5 8 
1 -.3 0 

-.4 0 
-.5 0 
-.2 0 

-1 - 1 1 
I  1  1 

-1 0  1 
-1 - 1 1 
-1 0- 1 
0-. 5 1 

-1 0 
-1 1 
-1 0 

0- 1 - 1 
-1 - 1 1 
-1 0- 1 

0- 1 0- 1 
1 0- 1 

-1 - 1 1 

0 0  0- 1 
0 0  0- 1 

-1 1 
1 - 1 

0 0  0  1 
0 0  0- 1 

1 - 1 
1 

-1 -
-1 -
-1 -
1 
1 
0-

-1 -
0- 1 - 1 

-1 - 1 1 
1 0- 1 

0 0  0- 1 
0 0  0- 1 
O l i o 
0 0-1 1 

-1 -
-1 -
0 I 
1 
1 -

-1 -

- 1 1 
1 - 1 
1 - 1 
1 - 1 
1 - 1 0 0  0- 1 

-1 - 1 
-1 1 

0 0-1- 1 
-1 - 1 
-1 1 
0- 1 
1 - 1 
0- 1 
1 - 1 

-1 1  .6 0 
-1 0  -.1 0 
0 1  .2 0 
0 1  .4 0 
0 1  -.3 0 
1 1  .2 0 
0 - 1 .2 6 
1 1  -1.0 0 
1 .7 0 
0 0  -.3 0 
1 -1.0 0 
0 - 1 -.6 8 
1 1  .5 0 

-1 0  .2 0 
-1 .5 0 
-1 1  -.4 0 
1 - 1 -.8 0 
0 1  .9 0 

-1 - 1 -.1 0 
0 1  .5 8 
0 1  -.0 5 
1 - 1 -.7 0 

Abstr .  Idea s 
justic e 1  1 
freedom  1  I 
democrac y 1  1 

Fri t  P tSpDuGe lc I rP lRnSeA lGrK u E n 

ide a 
grou p 
anger 
surpris e 
questio n 
hunge r 
power * 
lov e 
revolutio n 
friendship 
war 
religio n 
answer 

1 1 
-1 - 1 
1 1 
1 1 
1 1 
1 1 

-1- 1 
-1 1 
1 1 
1 1 
1 1 
1 1 
1 1 happines s - 1 1 

sadnes s 
attac k 
defens e 

Animals 
cat 
dog 
hors e 
lio n 
elephan t 
snijc e 
tige r 
antelop e 
ant 
fl y 
butterfl y 
bee 
bir d 
wol f 
fo x 
fis h 
sparro w 
pengui n 
chimp . 
bear 
spide r 
whal e 

1 1 
1 - 1 
1 1 

1 1 1 1 
1 1 - 1 1 
1 1 1 1 
1 1 0 1 

•1 - 1 - 1 1 
1 1 1 - 1 
1 1 1 1 
1 1 1 1 
1 1-1- 1 

• 1 1 1 1 
• 1 - 1 1 1 
1 1 1 1 
1 1 1 1 
1 1-1- 1 
1 1 - 1 1 
1 1 0 1 
1 1 0 0 
1 1 0 1 
•1 - 1 - 1 - 1 
I  1  . 5 1 

0 -11 1 
. 5 1 1 1 
0-11 1 
1-11 1 

-1-11 1 
1 1-1- 1 
1- 1 0- 1 
110 - 1 
0- 1 - 1 - 1 

1 1  1 
1-11 1 
1 1 1 1 
0-11 1 
0-11 1 
1 - 1 1  I 
0- 1 1- 1 
1-1 0 0 
0-1- 1 1 
1-1- 1 0 
1 1 1 1 

1 1 1 1 
1 1 1 1 
1 1  1 
1 1 1 1 
1-11 1 
0-1- 1 1 
0 1  1 
0 1 1 1 
1 1 1 1 
1 1 1 1 
1 1 1 1 
1 - 1 1 
0 1 1 1 

-1 1  - 1 . 3 
1 1 1 0 

- 1 1 1 1 
1 1 1 1 
1 1 1 1 

-1-11 1 
1 1 1 1 

-1 - 1 - 1 
-1 - 1 - 1 
-1 - 1 - 1 
-1 - 1 - 1 
-1 1- 1 
-1- 1 1 
-1 1  - 1 
1 1  - 1 
1 1  1 
1 1  1 

-1 1  1 
1 1  1 

-1 1  - 1 

-1 1  1 
-1 - 1 - 1 
-1 0 0 
-1 - 1 - 1 
-1 - 1 - 1 
1 1  1 

-1 - 1 - 1 
-1 1  1 
1 1  1 
1 1  1 
1 - 1 0 
1 1  1 

-1 - 1 - 1 

-1 - 1 - 1 
-1 - 1 - 1 
-1 - 1 - 1 
0- 1 - 1 

-1 1  - 1 
-1 1  - 1 
-1 - 1 - 1 
1 - 1 1 

-1 - 1 1 
1 1  1 
0- 1 - 1 
.5 1  1 
-1 - 1 - 1 

1 1  1 
1 - 1 - 1 

•1 - 1 - 1 
•1 - 1 - 1 
•1 - 1 - 1 
1 1  - 1 
•1 - 1 - 1 
1 1 

•1 - 1 1 
1 1  1 
1 - 1 1 
1 1  0 
1 1  - 1 

-1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 
-1 1  1 
-1 - 1 - 1 
-1 - 1 - 1 
-1 - 1 - 1 
-1 - 1 - 1 
0 0- 1 
1 - 1 1 
1 1  1 

0- 1 - 1 
1 0- 1 
•1 1  - 1 
1 0- 1 
1 0- 1 
1 - 1 -1 -
1 1  1 
1 - 1 0 

.3 - 1 - 1 
•1 - 1 1 
•1 - 1 - 1 

1 - 1 
•1 - 1 0 
.5- 1 0 
1 - 1 - 1 

•1 - 1 - 1 

1 1  1 
1 1  - 1 
1 - 1 - 1 
1 - 1 - 1 
1 0 
1 - 1 - 1 
1 - 1 1 
1- 1 1 

1 1 
-1 - 1 
0- 1 
0 

-1 - 1 
0- 1 
1- 1 
1 
0 1 
1 1 
1 1 
1 
0- 1 

-1 - 1 
1 - 1 
0- 1 
0 

-1 
-1 
1 
1 
1 - 1 

-.5 0 
.0 0 

-.3 0 
.2 0 
.2 0 

-.7 0 
.6 0 
.2 6 

-.3 7 
-.7 0 
.7 9 

-.7 0 
.6 0 

-.8 9 
.3 0 
.0 5 

1.0 0 
.7 0 

-.9 0 
-.6 0 
.5 8 
.8 0 
.1 0 
.9 0 
.6 0 
.9 0 
50 
10 
00 
30 
90 
50 
60 
90 
20 
37 
50 
.2 0 
30 
80 
10 
60 
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Abstrac t 

As information systems become more complex and 
presen t  ti n increasingl y ric h amoun t  o f  informatio n 
t o users ,  interruption s presen t  a n eve r  large r  hurdl e 
t o operationa l  efficiency .  Use r  interfac e tedinologie s 
intende d t o suppor t  increase d user-contro l  o f  th e 
trcmsition s betwee n computer-base d task s ca n hel p 
mitigat e tha t  obstacle .  W e presen t  a  three-pronge d 
approac h tha t  combine s dynami c interruptio n co -
ordinatio n suppor t  wit h contex t  revie w m«iianism s 
t o ai d use r  navigatio n throug h interruptions .  Thes e 
mechanism s ar e implemente d withi n a  spoke n di -
alogu e interfac e syste m fo r  a  radio-base d human -
softwar e agen t  militar y logistic s task . 

Introduction 
Mode r n informatio n technologie s continu e t o suc -
cessfull y delive r  eve r  mor e powerfu l  informatio n 
products .  Thi s increas e i n power ,  however ,  ca n sup -
por t  th e use r  i n performin g task s quickl y an d ac -
curatel y onl y i f  user s ca n exploi t  thi s increase d in -
formatio n flo w fo r  thei r  o w n needs .  Peopl e hav e a 
limite d capacit y fo r  informatio n managemen t  tha t 
directl y affect s th e qualit y o f  thei r  decision-makin g 
i n stressfu l  real-worl d tasks .  I f  th e ever-increasin g 
informatio n strea m i s no t  properl y managed ,  thes e 
h u m an capacitie s coul d becom e overloaded .  Th e ne t 
resul t  i s  tha t  th e adoptio n o f  a  ne w informatio n tech -
nolog y ca n actuall y caus e a n overal l  decreas e i n mis -
sio n performance . 

N e w,  mor e powerfu l  informatio n technologie s m a y 
increas e th e volum e o f  importan t  informatio n de -
livere d t o decision-makers ,  bu t  a t  th e sam e tim e 
increas e th e frequency  o f  interruption s o f  thos e 
decision-makers ,  degradin g thei r  informatio n man -
agement  capacity .  T h e numbe r  o f  alert s tha t  inter -
rup t  liser s affect s ho w the y manag e thei r  limite d at -
tentiona l  cognitiv e resources .  A n interruptin g aler t 
cause s user s t o switc h from  thei r  curren t  tas k t o th e 
n e w aler t  task .  Afte r  completin g th e aler t  task ,  user s 
must  switc h task s agai n t o resum e wha t  the y ha d 
bee n doin g prio r  t o th e interruption .  T h e cognitiv e 
demeind s o f  thes e contex t  switche s increas e th e effec -
tiv e workloa d o f  users ,  whic h i n tur n increase s th e 
probabilit y  o f  menta l  mistakes . 

For  example ,  Foushe e an d Helmreic h (1988 )  foun d 
tha t  th e disruptiv e effect s o f  interruption s hav e 

cause d fligh t  error s i n commercia l  airlin e flights , 
sometime s resultin g i n fata l  crashes .  H u m a n inter -
ruptio n i s als o a  recognize d proble m i n domain s suc h 
as Nav y c o m m a n d an d contro l  system s (Osga ,  2000 ) 
an d flightdec k o r  cockpi t  system s (Barnes ,  1990 ; 
A d a ms an d Pew ,  1990 ;  A d a m s e t  al. ,  1995) . 

Th e literatur e i s ric h wit h description s o f  th e cog -
nitiv e limitation s peopl e hav e relativ e t o resumin g 
task s afte r  bein g interrupted .  Miyat a an d N o r m a n 
(1986 )  giv e a  genera l  overvie w o f  th e topic ,  dis -
cussin g foregrounde d an d backgrounde d activitie s 
an d ho w interruption s ar e th e stajidar d wa y peopl e 
switc h betwee n task s i n multitasking .  Li u an d Wick -
ens (1988 )  discus s tas k interferenc e an d th e effec t  o f 
tas k typ e i n h u m a n multitasking .  McFarlan e (2002 ) 
provide s a n in-dept h revie w o f  th e publishe d rele -
van t  theor y an d propose s bot h a  definitio n o f  h u m a n 
interruptio n an d a  taxonom y fo r  classifyin g h u m a n 
interruptions . 

Othe r  studie s investigat e th e cause s o f  th e disrup -
tiv e natur e o f  interruptions .  McLeo d an d Miero p 
(1979 )  examin e th e effec t  o f  tas k similarit y fo r  man -
ual  tasks .  Zijlstr a an d Ro e (1999 )  foun d tha t  th e 
frequency  o f  interruption s i n a n offic e environmen t 
affect s th e lengt h o f  dela y fo r  peopl e resumin g th e 
mai n task .  Latorell a (1998 )  foun d a  modalit y in -
teractio n effec t  betwee n ho w interruption s ar e pre -
sente d (aurall y o r  graphically )  an d th e typ e o f  tas k 
tha t  cockpi t  cre w member s perfor m (aura l  o r  graph -
ical) ;  differen t  combination s o f  interfac e solutio n an d 
tas k typ e resulte d i n differen t  kind s o f  advers e effect s 
on cre w behavior .  Lind e an d Gogue n (1987 )  foun d 
tha t  difference s i n ho w cockpi t  crew s interew; t  wit h 
eac h othe r  tiffec t  thei r  abilit y  t o successfull y handl e 
interruptions . 

T h e objectiv e o f  h u m a n alertin g technolog y i s 
t o cance l  th e negativ e effect s o f  h u m a n interrup -
tio n an d allo w user s t o exploi t  th e benefit s o f 
greate r  informatio n volum e fo r  makin g bette r  de -
cisions .  H u m a n alertin g mechanism s ar e bein g in -
tegrate d withi n a  broa d rang e o f  conamercia l  an d 
militar y applications .  Thes e includ e announcemen t 
mechanism s fo r  relativel y les s importan t  system s 
lik e email ,  telephone ,  voicemeul ,  interne t  mstan t 
messaging ,  cha t  rooms ,  automate d hel p system s 
(Uk e Microsoft' s  "Clippy") ,  computer-base d tutor -
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ing ,  an d shoppin g agents .  Thes e application H alu o 
includ e m a n y mission-critica l  system s includin g mil -
itar y c o m m e md an d contro l  (C2) ,  aircraf t  flightdeck 
control ,  powe r  plan t  operations ,  spacecraf t  contro l 
centers ,  an d real-tim e targetin g sentinel-agen t  sys -
tems .  McFarlan e an d Latorell a (2002 )  presen t  a n 
in-dept h discussio n o f  th e scop e an d importanc e o f 
h u m an interruptio n fo r  H C I  design . 

Approach 
Ther e ar e thre e basi c strategie s fo r  improvin g h u m a n 
performanc e o n a n interruption-lade n multitask :  (1 ) 
trainin g (Hes s an d Detweiler ,  1994) ;  (2 )  selectio n o f 
user s (Josly n an d Hunt ,  1998 ;  Joslyn ,  1995) ;  an d 
(3 )  use r  interfac e design .  Du e t o th e constraint s o f 
our  real-worl d applications ,  w e hav e focuse d ou r  ap -
proac h o n th e las t  option . 

Our  objectiv e i s t o suppor t  efficien t  tas k recover y 
afte r  interruption .  I t  i s  usefu l  t o divid e m a n y use r 
interfac e desig n approache s fo r  h u m a n interruptio n 
int o thre e phases .  T h e pre-interruptio n phas e pre -
pare s th e use r  t o transitio n fro m th e mai n tas k t o 
th e interruptin g task .  Th e mid-interruptio n phas e 
generall y focuse s o n th e user' s transitio n t o th e in -
terruptin g tas k an d include s th e user' s effort s an d 
abilit y  t o maintai n situationa l  awarenes s o f  th e mai n 
tas k whil e workin g o n th e interruptin g task .  T h e 
post-interruptio n phas e see s th e use r  retur n an d re -
orien t  t o th e contex t  o f  th e origina l  tas k tha t  wa s 
interrupted . 

Our  approac h ha s thre e peurts ,  matchin g eac h o f 
th e thre e interruptio n phases . 

Pre-interruption 

Befor e th e actua l  interruptio n take s place ,  th e inter -
fac e shoul d giv e th e use r  suppor t  fo r  quic k rehearsa l 
of  th e curren t  tas k befor e switchin g contex t  t o han -
dl e th e interruption .  Gilli e an d Broadben t  (1989 ) 
note d tha t  rehearsa l  m a y hav e potentia l  fo r  aidin g 
human interruptio n i n use r  interfac e design .  Storc h 
(1992 )  suggest s tha t  rehearsa l  m a y b e usefu l  i n di -
minishin g th e negativ e effect s o f  interruptio n afte r 
obtainin g unexpecte d result s i n experiment s unre -
late d t o rehearsal .  Detweile r  e t  al .  (1994 )  describe s 
tw o experiment s relate d t o earl y warning s o f  inter -
ruption s tha t  indicat e tha t  providin g warning s i s 
onl y marginall y usefu l  i f  th e interruptio n tas k ha s a 
lo w memor y loa d an d i s dissimila r  t o th e mai n tas k 
whil e providin g warning s ca n b e extremel y usefu l  i f 
th e interruptio n tas k ha s a  hig h m e m o r y loa d an d i s 
simila r  t o th e mai n task . 

To allo w th e use r  t o rehears e befor e interruption , 
some cu e mus t  preced e o r  accompan y th e incomin g 
alert .  Thi s cu e help s t o differentiat e betwee n th e 
mai n tas k an d interruptin g tas k context s an d ca n 
tEik e man y forms ,  suc h a s a  visua l  flash ,  a n audibl e 
beep ,  o r  a  vibration .  Becaus e ou r  particula r  appli -
cation s involv e a  spoke n dialogu e interface ,  w e hav e 
differentiate d incomin g alert s fro m th e curren t  tas k 

by havin g th e interfac e us e a  differen t  voice .  Fo r 
example ,  th e interfac e m a y us e a  femal e voic e whil e 
participatin g i n dialogu e relate d t o th e user' s curren t 
task ,  the n switc h t o a  mal e voic e whe n introducin g 
th e interruptio n t o th e user .  Thi s cu e give s th e use r 
th e opportunit y t o registe r  th e alert ,  allowin g th e 
use r  t o rehears e th e contex t  o f  th e mai n tas k befor e 
continuin g int o th e interruption . 

Mid-interruption 

When the interruption occurs, the interface should 
suppor t  use r  contro l  o f  contex t  switchin g an d hel p 
th e use r  maintai n situationa l  awarenes s o f  back -
grounde d tasks .  Thi s switc h ca n tak e m a n y forms . 
McFarlan e (2002 )  conducte d a  theory-base d experi -
ment  tha t  compare d fou r  basi c alternativ e solution s 
t o th e proble m o f  ho w t o coordinat e h u m a n inter -
ruptio n i n compute r  use r  interfaces .  Thes e fou r  so -
lution s are :  (1 )  interrup t  immediatel y an d ge t  i t 
ove r  with ;  (2 )  provid e negotiatio n suppor t  s o tha t 
th e use r  control s th e timin g an d exac t  contex t  o f 
switchin g betwee n tasks ;  (3 )  provid e intelligen t  m e -
diatio n tha t  broker s th e onse t  o f  interruptio n task s 
on behal f  o f  th e user ;  an d (4 )  th e us e o f  schedule d 
interruptio n tim e cycle s s o tha t  interruption s onl y 
occu r  durin g se t  time s o r  contexts .  O f  thes e fou r 
solutions ,  negotiatio n wa s measurabl y th e bes t  ap -
proac h fo r  al l  kind s o f  use r  performance ,  excep t  i n 
case s wher e eve n smal l  difference s i n th e timelines s 
of  handlin g interruptio n task s ar e critica l  (eithe r  th e 
curren t  tas k i s to o importan t  t o allo w distractio n b y 
th e negotiatio n process ,  o r  th e interruptin g tas k i s 
to o importan t  t o wai t  fo r  th e negotiatio n t o b e com -
pleted) . 

Our  approac h involve s th e intelligent ,  automate d 
selectio n o f  interruptio n strateg y o n a  case-by-cas e 
basis .  Ou r  selectio n criteri a i s base d o n a  dynami c 
automate d assessmen t  o f  th e relativ e importanc e be -
twee n th e curren t  tas k an d th e interruptin g task .  I f 
th e interruptin g tas k i s missio n critica l  compare d t o 
th e curren t  task ,  th e use r  i s interrupte d inmaediately . 
I f  th e curren t  tas k i s criticall y importan t  compare d 
t o th e interruptin g task ,  th e aler t  i s  hel d unti l  th e 
use r  i s finishe d wit h th e curren t  tas k (tha t  is ,  it' s 
schedule d fo r  th e nex t  cognitiv e break) .  I n al l  othe r 
cases ,  th e interruptio n i s negotiated . 

T o furthe r  ai d th e use r  i n assessin g relativ e tas k 
importance ,  w e var y th e defaul t  optio n i n negotia r 
tion .  Tha t  is ,  i f  th e interruptin g tas k appear s t o b e 
slightl y mor e importan t  tha n th e curren t  task ,  th e 
defaul t  optio n fo r  th e use r  i s t o accep t  th e interrup -
tion .  I f  th e interruptin g tas k i s no t  deeme d t o b e 
of  highe r  importance ,  th e defaul t  optio n fo r  th e use r 
i s t o defe r  th e interruptio n unti l  th e nex t  cognitiv e 
break .  Tabl e 1  present s th e ful l  interruptio n strateg y 
selectio n proces s fo r  a  three-value d priorit y system . 
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Interruptio n 
Tas k 

hig h 

mediu m 

lo w 

hig h 

Negotiated ,  defaul t  defe r 

Negotiated ,  defaul t  defe r 

Defe r  interruptio n unti l 
cognitiv e brea k 

Curren t  Tas k 

mediu m 

Negotiated ,  defaul t  in -
terrup t 
Negotiated ,  defaul t  defe r 

Negotiated ,  defaul t  defe r 

lo w 
Interrup t  immediatel y 

Negotiated ,  defaul t  in -
terrup t 

Negotiated ,  defaul t  defe r 

Tabl e 1 :  Interruptio n Strateg y Selectio n base d o n relativ e priorit y 

Post-interruptio n 

Afte r  th e interruptio n i s complet e an d th e use r  tran -
sition s bac k t o th e original ,  interrupte d task ,  th e in -
terfac e shoul d provid e recover y suppor t  t o th e user . 
Tha t  is ,  i t  shoul d provid e mechanism s t o ai d th e 
use r  i n recallin g th e contex t  o f  th e interrupte d task , 
helpin g th e use r  retur n mor e quickl y t o tha t  previou s 
task .  M a h n e t  al .  (1991 )  stat e tha t  use r  interface s 
shoul d b e designe d t o reorien t  user s t o previousl y in -
terrupte d activitie s whe n the y tr y t o resum e them . 
I n thei r  work ,  a  simpl e lo g o f  relevan t  recen t  deci -
sion s i s mad e easil y availabl e t o th e use r  fo r  refer -
ence . 

Our  approac h t o contex t  recover y involve s pro -
vidin g th e use r  command s tha t  quer y th e interfac e 
abou t  aspect s o f  th e previou s task .  I n a  spoke n dia -
logu e system ,  thi s take s th e for m o f  meta-dialogue , 
wit h possibl e querie s lik e "Wher e wa s I? "  o r  "Wha t 
was I  las t  workin g on? "  Th e use r  ca n als o as k ques -
tion s specifi c  t o th e task ,  suc h a s inquirin g whic h 
supplie s hav e bee n ordere d s o fa r  i n a  requisitio n 
application . 

Finally ,  th e use r  ca n reques t  a  ful l  progres s revie w 
of  th e interrupte d task .  Thi s provide s a  complet e re -
pla y mechanis m t o th e user ,  catchin g th e use r  u p t o 
previou s tas k contex t  quickl y an d i n detail .  I n a  spo -
ke n dialogu e system ,  thi s taJce s th e for m o f  request s 
fo r  a  summar y o f  th e tas k progres s to-date . 

Implementation 

As a  testbe d fo r  ou r  approac h t o intelligen t  alert -
in g an d interruptio n management ,  w e applie d ou r 
technique s t o a  spoke n dialogu e interface .  W e 
hav e implemente d a  numbe r  o f  speec h application s 
followin g th e Listen ,  Communicate ,  Sho w (LCS ) 
paradigm(Daniels ,  2000) .  L C S system s integrat e 
mixed-initiativ e spoke n dialogu e interactio n wit h 
mobil e intelligen t  agent s t o provid e a  natural ,  ro -
bus t  interfac e t o informatio n systems . 

I n mos t  domains ,  user s ca n us e L C S t o comman d 
agent s t o persistentl y monito r  informatio n source s 
fo r  specifi c  informatio n events .  W h e n thes e event s 
occur ,  th e agent s infor m th e L C S interface ,  whic h 
call s an d alert s th e user .  I f  th e use r  i s currentl y 

engage d i n anothe r  task ,  thi s agent-initiate d conver -
satio n ca n resul t  i n a n interruption . 

Th e spoke n dialogu e portio n o f  a n L C S syste m 
i s buil t  upo n th e Galax y architectur e develope d a t 
M I T (Senef f  e t  al. ,  1999) .  Galax y support s dis -
tributed ,  plug-suid-pla y system s i n whic h specialize d 
server s ar e coordinate d throug h a  centraUze d com -
municatio n hub .  L C S system s contai n server s spe -
cialize d fo r  speec h an d natura l  languag e processing , 
a dialogu e manage r  t o direc t  th e system' s sid e o f 
th e conversatio n wit h th e user ,  an d a n agen t  serve r 
fo r  communicatin g an d coordinatin g wit h th e agen t 
system . 

Originally ,  whe n L C S monito r  agent s woul d no -
tif y th e user ,  the y woul d communicat e t o th e di -
alogu e manage r  directl y throug h th e agen t  server . 
Th e dialogu e manager ,  whic h containe d Umite d con -
tro l  mechanism s fo r  interruption ,  woiil d interjec t  th e 
interruptin g aler t  a t  th e nex t  availabl e moment  i n 
th e dialogue .  Thi s woul d ensur e tha t  th e use r  woul d 
not  b e interrupte d mid-utterance ,  bu t  doe s no t  tak e 
int o accoun t  th e effect s o f  interruptio n o n th e user' s 
cognitiv e state . 

To integrat e ou r  ne w interruptio n techniques ,  w e 
adde d severa l  ne w server s t o th e L C S architectur e 
(se e Figur e 1  fo r  illustration) .  Th e priorit y serve r 
ascertain s th e relativ e prioritie s o f  th e curren t  an d 
interruptin g tasks .  Th e dialogu e manage r  keep s th e 
priorit y serve r  informe d o f  th e tas k i n whic h th e use r 
i s engaged ,  whil e th e agen t  serve r  communicate s th e 
priorit y o f  incomin g alerts . 

The interruptio n serve r  select s th e interruptio n 
strateg y mos t  appropriat e fo r  th e relativ e priorit y 
determine d b y th e priorit y server .  Onc e th e in -
terruptio n strateg y i s determined ,  th e interruptio n 
serve r  supervise s a s th e syste m enact s th e strategy . 
I f  th e interruptio n i s deferred ,  th e interruptio n serve r 
track s i t  t o mak e sur e tha t  th e aler t  i s  eventuall y de -
livered . 

Becaus e negotiate d interruption s requir e interac -
tio n abou t  th e interruptio n (rathe r  tha n about  th e 
interruptin g tas k itself) ,  w e implemente d a  dia -
logu e manage r  t o driv e thi s interactio n i n a  domain -
independen t  manner .  Th e negotiatio n manage r  con -
trol s th e system' s par t  o f  th e negotiatio n proces s an d 
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N*gotiitio a 
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Modifie d Q  Ne w 
Scrvc n Scrvc n 

Figur e 1 :  Th e abilit y  t o tas k multipl e agent s t o per -
for m persisten t  task s (suc h a s monitorin g informa -
tio n systems )  i s a  strengt h o f  L C S systems .  However , 
sinc e multipl e agent s m a y retur n result s a t  th e sam e 
time ,  advance d method s fo r  handlin g interruption s 
wer e required .  S o m e enhancement s t o th e standar d 
L CS architectur e wer e require d t o implemen t  thes e 
ne w interruptio n mechanisms . 

coordinate s wit h domain-specifi c  dialogu e manager s 
t o ensur e tha t  th e syste m speak s t o th e use r  i n a 
reasonable ,  focuse d manner . 

I n additio n t o constructin g th e ne w servers , 
we mad e severa l  enhancement s t o th e alread y ex -
istin g L C S infrastructure .  W e implemente d th e 
metsrdialogu e fo r  post-interruptio n contex t  recov -
er y b y addin g logi c fo r  meta-dialogu e contro l  t o th e 
domain-specifi c  dialogu e managers .  W e als o adde d 
an intuitiv e pre-interruptio n cue ,  programmin g th e 
hu b t o hav e th e syste m us e voice s fo r  interruption s 
tha t  ar e differen t  fro m th e voic e use d fo r  th e inter -
rupte d task . 

Application 

We applie d th e ne w interruptio n technique s t o a n 
L CS domai n tha t  support s Marine s i n managin g re -
quest s fo r  suppUe s usin g regula r  militar y radi o pro -
tocols .  Thi s appUcatio n wa s originall y develope d a s 
par t  o f  th e Smal l  Uni t  Logistic s (SUL )  Advance d 
Concep t  Technolog y Demonstratio n ( A C T D )  pro -
gram .  Th e spoke n languag e interfac e assist s a  Ma r 
rin e use r  i n placing ,  modifying ,  deleting ,  o r  checkin g 
th e statu s o f  a  suppl y request .  Th e S U L syste m als o 
support s th e creatio n o f  monito r  agent s t o tr£ic k re -
quest s an d notif y  th e use r  whe n eithe r  th e statu s o f 
th e reques t  change s o r  i f  th e agen t  observe s tha t  th e 
reques t  hasn' t  bee n give n attentio n ove r  a  se t  perio d 
of  time . 

I n it s origina l  implementation ,  th e S U L syste m 
woul d accomodat e thes e returnin g notificatio n activ -
itie s b y waitin g unti l  a  brea k i n th e curren t  conversa ^ 
tio n befor e providin g an y notificatio n result s t o th e 
Marine ,  regardles s o f  th e priorit y  o f  eithe r  th e no -

I M M E D I A T E :  System :  Break !  Break ! 
MAGTF-5,  thi a i n BSSGl .  Alert !  Urgen t 
Rapi d Reques t  173 8 ha s change d statu s t o b e 
canceled ,  ove r 
N E G O T I A T ED -  I N T E R R U P T :  System : 
Break !  Break !  MAGTF-5,  Thi s i s BSSGl . 
Aler t  abou t  Immediat e Rapi d Reques t 
1738...Accep t  now ? ove r 
N E G O T I A T ED -  D E F E R:  System :  Break ! 
Break !  MAGTF-5,  Thi s i s BSSGl ,  Aler t  abou t 
Routin e Rapi d Reques t  1738...Defe r  now ? 
S C H E D U L E D:  [N o interactio n unti l  th e use r 
ends th e curren t  conversation .  The n th e syste m 
contact s th e user. ]  System :  MAGTF-5 ,  MAGTF-5 , 
thi s i s  BSSGl ,  over . 

Figure 2: Example opening utterances for each inter-
ruptio n strategy .  I n al l  cases ,  a  voic e differen t  fro m 
th e on e th e use r  ha d bee n listenin g t o wa s use d fo r 
th e alert .  Not e tha t  whe n a n interruptio n occurs , 
th e use r  i s explicitl y  informe d o f  th e ne w task' s pri -
orit y t o suppor t  th e user' s decisio n t o switc h tasks . 

tificatio n activit y o r  th e curren t  task .  B y allowin g 
th e S U L syste m t o brea k int o a n ongoin g conversa -
tio n wit h importan t  news ,  w e ca n creat e a  spoke n 
dialogu e interfac e tha t  mor e realisticall y emulate s 
radi o protocols .  However ,  thi s featur e bring s wit h i t 
al l  th e challenge s associate d wit h interruption s tha t 
hav e bee n discusse d throughou t  thi s paper . 

To suppor t  interruptio n strateg y selection ,  w e es -
tablishe d a  priorit y comparisio n schem e base d o n th e 
priorit y field  o f  eac h logistic s request .  Fo r  a  S U L re -
quest ,  ther e ar e thre e priorities :  routine ,  immediate , 
an d urgent .  W e mappe d thes e prioritie s t o th e low , 
medium ,  an d hig h priorit y schem e describe d earlie r 
i n Tabl e 1 .  W e use d th e interruptio n strateg y selec -
tio n metho d describe d i n thi s pape r  t o gover n deliv -
er y o f  agen t  alerts .  Figur e 2  show s example s o f  h o w 
interruption s woul d b e presente d t o th e use r  fo r  eac h 
strategy . 

To suppor t  post-interruptio n contex t  review ,  w e 
implemente d tw o set s o f  meta-commands ,  relyin g o n 
radi o protoco l  t o guid e us .  I n th e first  case ,  th e sys -
te m repeat s jus t  it s  mos t  recentl y state d utteranc e 
fro m th e prio r  conversation .  Fo r  th e S U L domain , 
th e prowor d (tha t  is ,  a  militar y procedur e word ) 
"Rea d back "  i s used .  I n th e secon d case ,  th e syste m 
reiterate s al l  informatio n i t  ha s bee n give n abou t  th e 
curren t  task .  Figur e 3  show s a n exampl e i n whic h 
th e use r  ha s requeste d mor e tha n jus t  th e prio r  sys -
te m utterance .  Fo r  this ,  th e prowor d "Rea d bac k 
my request "  i s  used . 

I n addition ,  w e implemente d dialogu e tha t  allow s 
th e Marin e use r  t o examin e specifi c  part s o f  a  suppl y 
reques t  b y queryin g th e interfac e specificall y abou t 

313 



tha t  part .  Fo r  example ,  th e use r  migh t  ask ,  "Wh o 
i s th e poin t  o f  contac t  fo r  thi s request? "  o r  "Ho w 
many grenade s di d I  order? "  Thi s provide s th e use r 
complet e contro l  i n returnin g t o th e contex t  o f  th e 
interrupte d suppl y request .  Similti r  dialogu e sup -
port s th e use r  i n orientin g quickl y t o interruptin g 
alert s abou t  othe r  suppl y request s a s well . 

The SU L spoke n dialogu e system ,  wit h alertin g 
enhancements ,  ha s bee n demonstrate d successfull y 
multipl e time s i n operationa l  settings .  Th e en -
hance d LC S alertin g infrastructur e i s bein g use d a s 
th e basi s fo r  severa l  mor e application s tha t  wil l  b e 
field  teste d i n th e nea r  term . 

Future Work 

We ar e workin g towar d severa l  enhancement s o f 
th e curren t  LC S interruptio n mechanisms .  I n eeic h 
case ,  th e enhancement s buil d upo n a  cor e capabilit y 
presen t  i n th e curren t  system . 

Our  curren t  us e o f  overal l  tas k priorit y t o se -
lec t  interruptio n strateg y assume s tha t  a  coarse -
graine d decisio n i s sufficient .  A  more-informe d de -
cisio n woul d resul t  fro m a  finer-greuned  knowledg e 
of  wher e th e use r  i s i n th e curren t  task .  Fo r  exam -
ple ,  i n th e S\J L domain ,  th e syste m i s programme d 
wit h knowledg e o f  th e informatio n tha t  i s  necessar y 
t o full y  complet e a  suppl y request .  Wit h it s  pro -
grammed knowledg e o f  th e reques t  process ,  th e sys -
te m shoul d b e abl e t o ascertai n ho w clos e th e use r 
i s t o th e beginnin g o r  en d o f  completin g th e task ,  o r 
i f  th e use r  i s i n th e middl e o f  clarifyin g a  particula r 
ste p i n th e tas k process . 

We ar e tils o investigatin g addin g multipl e modali -
ties ,  wher e possible ,  a s a  metho d t o furthe r  differen -
tiat e interruptin g task s fro m th e curren t  task ,  takin g 
advantag e o f  modalit y effect s lik e thos e describe d i n 
(Latorella ,  1998) .  Whil e ou r  us e o f  differen t  voice s 
helps ,  th e us e o f  anothe r  modalit y t o cu e interrup -
tio n ma y prov e mor e helpfu l  t o th e use r  i n mitigatin g 
cognitiv e disruption .  Thi s approac h wil l  b e imple -
mente d an d teste d i n th e field. 

I n addition ,  w e pla n t o ad d fine r  contro l  o f  contex t 
review .  Currently ,  ou r  syste m provide s fo r  revie w o f 
prio r  contex t  i n on e o f  tw o forms :  eithe r  th e mos t 
recen t  syste m utteranc e o r  th e entir e se t  o f  know n 
informatio n item s tha t  th e syste m has .  Whil e thi s i s 
quit e useful ,  wit h long ,  comple x tasks ,  a n interme -
diat e leve l  o f  detai l  migh t  b e preferred .  We pla n t o 
construc t  an d tes t  dialogu e method s fo r  givin g th e 
user  tha t  finer  control . 

Conclusions 

The disruptiv e effect s o f  huma n interruptio n b y in -
formatio n system s i s a  seriou s concern ,  particularl y 
i n hig h stres s situation s suc h a s militar y operations . 
Ther e ar e technica l  solution s availabl e a t  al l  point s 
durin g th e interruptio n proces s t o hel p mitigat e thi s 
problem .  B y alleviatin g thi s cognitiv e disruption , 

we ca n hel p th e use r  mov e fro m tas k t o tas k mor e 
quickly ,  resultin g i n potentiall y  mor e efficient ,  les s 
error-pron e wor k b y th e user . 
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Abstrac t 

We present four problems that will have to be overcome 
by tex t  co-occurrenc e program s i n orde r  fo r  the m t o b e 
abl e t o captur e human-lik e semantics .  Thes e problem s 
are :  th e intrinsi c deformabilit y  o f  semanti c space ,  th e 
inabilit y  t o detec t  co-occurrence s o f  (esp .  distal )  abstrac t 
structures ,  thei r  lac k o f  essentia l  worl d knowledge , 
whic h human s acquir e throug h learnin g o r  direc t 
experienc e wit h th e worl d an d thei r  assumptio n o f  th e 
atomi c natur e o f  words .  B y lookin g a t  a  numbe r  o f  ver y 
simpl e questions ,  base d i n pa n o n ho w human s d o 
analogy-making ,  w e sho w jus t  ho w fa r  on e o f  th e bes t  o f 
thes e program s i s  from  bein g abl e t o caphir e rea l 
semantics . 

Introduction 

"Yo u shal l  kno w a  word, "  wrot e J .  R .  Firt h i n 1957 ,  "b y 
th e compan y i t  keeps. "  Thi s idea ,  i n on e for m o r 
another ,  underUe s th e statistica l  stud y o f  th e co -
occurrenc e o f  lexica l  item s i n larg e tex t  corpora .  Thi s 
burgeonin g fiel d o f  researc h ha s bee n mad e possibl e t o 
a larg e exten t  b y th e read y availabilit y  o f  vas t  database s 
of  tex t  tha t  ca n b e automaticall y scanne d b y computer . 
Whil e w e certainl y d o no t  disput e th e valu e o f  th e 
sutistica l  stud y o f  larg e tex t  corpora ,  w e tak e issu e wit h 
th e clai m tha t  lexica l  co-occurrenc e alon e ca n captur e 
real-worl d semantics .  W e focu s o n fou r  mai n problem s 
wit h co-occurrenc e analysi s programs : 

•  the y d o no t  tak e int o accoun t  th e intrinsi c 
deformabilit y o f  semanti c spac e du e t o context -
dependence ; 

•  th e canno t  detec t  co-occurrence s o f  abstrac t 
structures ,  especiall y whe n the y ar e highl y distal ; 

•  the y lac k o f  essentia l  worl d knowledge ,  whic h 
humans acquir e throug h learnin g o r  direc t 
experienc e wit h th e world ; 

•  the y assum e tha t  word s ar e "atomic "  entities . 
Thes e issue s ar e one s tha t  wil l  hav e t o b e effectivel y 
deal t  wit h b y tex t  analysi s technique s i n orde r  fo r  the m 
t o captur e eve n elementar y huma n semantics .  Thes e 
point s wil l  b e examine d i n th e contex t  o f  huma n 
analogy-making . 

Th e remainde r  o f  thi s pape r  i s organize d a s follows . 
We begi n b y discussin g th e relationshi p betwee n 
analogy-makin g an d concep t  meanin g an d sho w w h y 
curren t  co-occurrenc e program s woul d hav e s o m u c h 
difficult y wit h thi s broade r  vie w o f  concep t  meaning . 
We the n conside r  on e o f  th e bes t  recen t  co-occurrenc e 
programs ,  PMI-I R (Tumey ,  2001a )  an d sho w jus t  h o w 
fa r  thi s progra m i s fro m bein g abl e t o plausibl y respon d 
(i.e. ,  i n a  human-lik e manner )  t o eve n th e simples t 
possibl e analogies . 

T h e intrinsi c de formab i l i t y o f 

s e m a n t i c s p a c e 

We wil l  tak e issu e wit h on e o f  th e mai n principle s 
underlyin g L S A (Landaue r  an d Dumais .  1997) ,  H A L 
(Lun d &  Burgess ,  1996 )  an d othe r  program s base d o n 
lexica l  analysi s o f  larg e corpor a -  namely ,  tha t  "Th e 
meanin g o f  a  wor d ca n b e though t  o f  a s a  locatio n i n 
semanti c spac e an d th e dimensionalit y o f  tha t  spac e an d 
th e locatio n o f  an y wor d withi n i t  ca n b e recovere d fro m 
estimate s o f  th e distanc e betwee n wor d pairs. "  (Fletche r 
& Linzie ,  1998) .  Th e implicatio n i s tha t  word s hav e 
stable ,  fixe d location s i n semanti c space .  Whil e thi s i s 
obviousl y no t  entirel y false ,  thi s principl e overlook s th e 
fac t  tha t  thes e location s i n semanti c spac e ar e higM y 
contex t  dependent .  The y no t  onl y can ,  bu t  mus t  b e abl e 
t o mov e considerabl y i n semanti c spac e dependin g o n 
th e contex t  i n whic h the y ar e t o b e used . 

Conside r  a  ver y simpl e example .  A  "cla w hammer " 
would ,  unde r  mos t  circumstances ,  b e clos e i n semanti c 
spac e t o term s lik e "ball-pee n hammer, "  "hit, "  "pound, " 
"nail, "  "saw "  and ,  even ,  "club. "  However ,  if ,  whil e 
nailin g a  floor ,  yo u suddenl y hav e a  bac k itch ,  th e 
"claw "  par t  o f  th e h a m m er  wil l  likel y becom e muc h 
mor e salien t  a s a  back-scratcher ,  rathe r  tha n a  nail -
remover .  You r  realizatio n tha t  yo u ca n us e th e hammer 
as a  back-scratche r  temporaril y  move s th e objec t  i n 
semanti c spac e muc h close r  t o "back-scratcher, "  "itch, " 
etc. ,  tha n whe n i t  i s  perceive d onl y a s a n objec t  wit h 
whic h on e ca n driv e i n nails .  Thi s "relocation "  o f  th e 
meanin g o f  a  word/concep t  i n semanti c spac e base d o n 
contex t  i s  a t  th e ver y hear t  o f  analogy-making ,  o f 
perceivin g on e objec t  a s a n instanc e o f  anothe r  clas s o f 
object s (Chalmers ,  e t  al ,  1992 ;  Hofstadter ,  1995) .  I t  i s 
therefor e essentia l  t o an y algorith m tha t  claim s t o b e 
abl e t o automaticall y extrac t  wor d meanin g fro m ver y 
larg e tex t  corpor a A n d i t  i s  precisel y thi s abilit y t o 
relocat e i n semanti c spac e i n a  context-dependen t 
manner  tha t  i s  currentl y beyon d th e reac h o f  al l  co -
occurrenc e techniques . 

I n shon ,  whil e co-occurrenc e technique s m a y 
plausibl y situat e a  wor d i n semanti c spac e wit h respec t 
t o it e averag e usage ,  thi s i s no t  sufficien t  t o capmr e th e 
context-dependen t  shift s i n wor d meanin g require d t o 
understan d eve n th e simples t  analogie s o n whic h s o 
much o f  ou r  cognitio n i s based .  Fo r  thi s w e nee d t o 
someho w extract ,  a t  th e ver y least ,  abstrac t  relationa l 
informatio n concernin g th e word . 
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Detect io n o f  (distal )  abstrac t  structure s 

Acquirin g th e semantic s o f  a  particula r  wor d allow s u s 
t o rat e th e qualit y o f  association s betwee n tha t  wor d an d 
othe r  words .  T o plausibl y clai m tha t  a  progra m ha s 
acquired ,  o r  eve n partiall y  acquired ,  th e semantic s o f  a 
wor d mean s tha t  i t  shoul d giv e word-associatio n rating s 
tha t  ar e a t  leas t  approximatel y simila r  t o thos e give n b y 
humans (French ,  1990) .  W e wil l  us e thi s ratin g 
techniqu e t o judg e th e performanc e o f  tex t  co -
occurrenc e programs . 

Ther e ar e (a t  least )  tw o differen t  base s fo r  thes e 
associations ,  eve n i f  thi s distinctio n i s no t  alway s eas y 
t o characteriz e (Chahners ,  French ,  &  Hofstadter ,  1992) . 
To say ,  "Joh n i s a  rea l  beanstalk, "  refer s t o largel y 
"surface "  attribute s o f  Joh n an d beanstalk s — namely , 
the y ar e bot h tal l  an d thin .  O n th e othe r  hand ,  whe n w e 
say "Joh n i s a  rea l  wol f  wit h th e ladies, "  w e don' t  mea n 
Joh n grow s lon g gra y hai r  aroun d w o m e n an d bite s 
them ,  bu t  rathe r  tha t  hi s relatio n wit h w o m e n i s sociall y 
predatory ,  analogou s t o a  wolf s relatio n o f  physica l 
predatio n wit h it s prey .  Th e firs t  analog y i s largel y 
altributional ,  base d essentiall y  o n c o m m o n surfac e 
feature s (i n thi s case ,  th e attribute s "tall "  an d "thin" )  o f 
Joh n an d beanstalks ,  wherea s th e latte r  analog y i s 
primaril y relational ,  base d o n a  mappin g betwee n 
John' s behaviora l  interaction s wit h w o m e n an d wolve s 
behaviora l  interaction s wit h prey .  Th e firs t  kin d o f 
associatio n ca n b e capture d b y co-occurrenc e 
techniques ,  wherea s th e latte r  — th e basi s o f  virtuall y 
al l  dee p analogy-makin g (Centner ,  1983 )  — i s stil l  wel l 
beyon d th e reac h o f  thes e techniques . 

Incorporating semantic information 

An equall y importan t  difficult y involve s th e 
unavailabilit y  t o thes e programs '  o f  crucia l  semanti c 
informatio n tha t  canno t  b e acquire d merel y b y 
examinin g wor d co-occurrences .  I n tw o o f  th e example s 
belo w thi s lac k o f  crucia l  contextua l  knowledg e — tha t 
father s ar e alway s mal e i n on e example ,  an d th e fac t 
tha t  ther e i s a n undeclare d wa r  goin g o n betwee n th e 
Israeh s an d th e Palestinian s i n th e othe r  — cause s th e 
particula r  tex t  co-occurrenc e analysi s progra m unde r 
consideratio n t o fai l  completel y i n respondin g t o th e 
simples t  question s involvin g wor d meaning .  Human s 
acquir e thi s informatio n throug h direc t  experienc e wit h 
th e worl d o r  throug h explici t  learning ,  wherea s thes e 
program s currentl y hav e n o wa y o f  acquirin g it .  Th e 
poin t  i s  that ,  whe n makin g judgment s abou t  wor d 
meaning ,  peopl e — unlik e co-occurrenc e program s — 
make us e o f  a  wealt h o f  relationa l  an d semanti c 
informatio n tha t  i s  unrelate d t o wor d co-occurrence . 

Words are not atomic entities 

Conside r  a n exampl e o f  a  "subcognitive "  questio n fro m 
Frenc h (1988 ,  1990 )  involvin g th e ratin g o f  a 
neologism .  "O n a  scal e o f  1  (awfiil )  t o 1 0 (excellent ) 
pleas e rate : 

• Flugly as the name of glamorous Hollywood 
actress . 

•  Flugl y a s th e nam e o f  a n accountan t  i n a  W .  C . 
Field s movie. " 

Humans,  o f  course ,  ca n d o thes e tw o rating s withou t 
difficulty :  Flugl y i s a  decidedl y lous y nam e fo r  a 
glamorou s Hollywoo d actres s an d a  fine  nam e fo r  a n 
accountan t  i n a  W .  C .  Field s movi e o r  a  tedd y bear .  Bu t 
h o w d o w e "know "  this ,  sinc e yo u hav e neve r  see n th e 
wor d Flugl y before ? Y o u know ,  a t  leas t  i n part ,  tha t 
Flugl y doesn' t  wor k fo r  th e nam e o f  a  glamorou s 
actres s becaus e o f  it s  componen t  part s (French ,  1990) . 
I n particular ,  i t  contain s a n unpleasing-to-the-ea r 
guttura l  "g, "  t o sa y nothin g o f  th e syllabl e "ug "  o r  th e 
entir e wor d "ugly. "  Similarly ,  w e rat e i t  a s a  goo d nam e 
fo r  a n accountan t  i n a  W .  C .  Fields '  movi e because ,  i n 
our  mind' s ear ,  w e hea r  hi m pronouncin g th e nam e a s 
"Flugleeec. "  Thi s require s phoneti c informatio n 
acquire d b y havin g hear d W .  C .  Fields '  uniqu e manne r 
of  speakin g (o r  havin g hear d other s imitatin g thi s 
manner )  an d b y th e fac t  tha t  variou s component s o f 
Flugly ,  namely ,  "ly, "  ca n b e transforme d int o a 
drawlin g "leeee. " 

The poin t  i s  tha t  word s contai n part s tha t  contai n 
crucia l  informatio n tha t  contribute s t o th e overal l 
meanin g o f  th e word .  Co-occurrenc e program s ar e 
currentl y insensitiv e t o thi s information .  A n d i t  i s  no t 
clea r  tha t  b y extendin g thei r  analyse s t o th e lette r  o r 
syllabl e leve l  tha t  i )  ther e woul d no t  b e a  proble m o f 
combinatoria l  explosio n an d ii )  tha t  thi s woul d b e a n 
appropriat e wa y t o acquir e thi s information . 

PMI-IR 
I n th e example s tha t  follow ,  w e wil l  conside r  th e 
performanc e o f  on e recen t  program ,  PMI-I R (Tumey , 
2001a ,  b) ,  that ,  accordin g t o it s author ,  outperform s al l 
othe r  curren t  program s o n th e mos t  widel y use d 
benchmar k fo r  program s tha t  attemp t  t o extrac t  wor d 
meanin g from  larg e tex t  corpora .  Thi s benchmar k i s 
thei r  performanc e o n th e standar d synony m selectio n 
task s tha t  ar e par t  o f  th e Tes t  O f  Englis h a s a  Foreig n 
Languag e (TOEE'L )  an d th e tes t  o f  Englis h a s a  Secon d 
Languag e (ESL) . 

The co-occurrenc e techniqu e use d b y PMI-I R i s on e 
of  a  famil y o f  "Pointwis e Mutua l  Information "  (PMI ) 
technique s develope d b y Churc h &  Hank s (1989 )  an d 
Churc h e t  al .  (1991) .  I n orde r  t o calculat e th e 
conditiona l  probabilit y  score s o n whic h i t  base s it s 
choic e o f  th e correc t  synonym ,  th e progra m querie s 35 0 
millio n page s o f  Englis h tex t  indexe d b y th e AltaVist a 
searc h engine .  Th e mos t  sophisticate d versio n o f  PMI -
I R i s abl e t o mak e us e o f  loca l  (proximal )  contex t  i n 
orde r  t o correctl y answe r  question s suc h as ,  "Ever y yea r 
i n th e earl y sprin g farmer s [tap ]  mapl e syru p from  thei r 
tree s (drain ;  boil ;  knock ;  rap). "  A s Pete r  Tumey ,  th e 
autho r  o f  PMI-IR ,  point s out ,  "th e proble m wor d tap , 
out  o f  context ,  migh t  see m t o bes t  matc h th e choic e 
word s knoc k o r  rap ,  bu t  th e contex t  mapl e syru p make s 
drai n a  bette r  matc h fo r  tap "  (Tumey ,  2001b) .  Th e 
progra m factor s i n th e contex t  provide d b y "mapl e 
syrup "  t o correctl y answe r  thi s question . 

The progra m does ,  indeed ,  perfor m impressivel y o n 
th e synony m recognitio n task .  Accordin g t o T u m e y ,  th e 
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progra m produce d th e followin g result s o n th e standar d 
TOEFT̂  an d E S L synony m recognitio n task : 

'Th e tas k o f  synony m recognitio n is ,  give n a 
proble m wor d an d a  se t  o f  alternativ e words , 
choos e th e member  fro m th e se t  o f  alternativ e 
word s tha t  i s  mos t  simila r  i n meanin g t o th e 
proble m word .  PMI-I R ha s bee n evaluate d usin g 
8 0 synony m recognitio n question s fro m th e Tes t  o f 
Englis h a s a  Foreig n Languag e (TOEFL )  an d 5 0 
synony m recognitio n question s fro m a  collectio n 
of  test s fo r  student s o f  Englis h a s a  Secon d 
Languag e (ESL) .  O n bot h tests ,  PMl-I R score s 
7 4 % .  .  .  Fo r  comparison ,  th e averag e scor e o n th e 
80 T O E F L questions ,  fo r  a  larg e sampl e o f 
applicant s t o U S college s fro m non-Englis h 
speakin g countries ,  wa s 64.5 % (Landaue r  an d 
Dumais ,  1997) .  .  .  .  Laten t  Semanti c Analysi s 
(LSA) ,  anothe r  statistica l  technique ,  score s 64 .4 % 
on th e 8 0 T O E F L question s (Landaue r  an d 
Dumais .  1997). " 

Three examples 

I n wha t  follow s w e us e a  word-ratin g techniqu e fro m 
Frenc h (1988 ,  1990 )  an d simila r  t o standar d similarit y 
judgmen t  technique s use d t o stud y ho w wor d meaning s 
ar e represente d (sec ,  fo r  example .  Rips ,  Shoben ,  & 
Smitfi .  1973) .  Th e ke y ide a i s  tha t  thes e simpl e 
question s requir e non-loca l  contex t  fo r  thei r  answer s 
(Frenc h &  Labiouse ,  2001) . 

Rating lawyers 

Our first example involves the rating of lawyers as 
variott s othe r  entities . 

"Rat e o n a  scal e o f  1  (terrible )  t o 1 0 (excellent ) 
rat e lawyer s as :  horses ,  fish,  telephones ,  stones , 
sharks ,  cats ,  flies ,  birds ,  slimeballs ,  kangaroos , 
robins ,  dogs ,  an d bastards. " 

We appUed the P\fI-IR search technique described in 
T u m ey (2001b )  usin g th e Alta-Vist a searc h engin e an d 
foun d tha t  i t  gav e th e lowes t  (i.e. ,  poorest )  rating s t o 
"Lawyer s a s slimeballs "  (1.06 )  an d "Lawyer s a s 
bastards "  (L15) ,  th e latte r  bein g roughl y equivalen t 
PMI-IR' s ratin g o f  "Lawyer s a s kangaroos "  (1.17) !  W e 
the n aske d a  grou p o f  2 6 undergraduate s a t  Willamett e 
Universit y (Oregon )  t o als o d o thes e ratings .  Thes e 
result s (Figur e 1 )  ar e muc h mor e i n lin e wit h on e migh t 
expec t  fo r  human s wit h a  clea r  understandin g o f  th e 
semantic s o f  th e wor d "lawyer "  — namely ,  lawyer s ar e 
judge d (fairl y o r  unfairly )  t o b e mos t  lik e slimeballs , 
bastards ,  dog s an d sharks ,  an d leas t  lik e telephones , 
kangaroos ,  an d birds .  PMI-IR ,  o n th e othe r  hand ,  judge s 
lawyer s t o b e mos t  lik e computers ,  cats ,  an d telephone s 
and leas t  lik e slimeballs ,  bastards ,  kangaroo s an d 
robins.  Lawyer s a s shark s o r  fish  ar e judge d t o b e 
equall y  bad .  A  compariso n o f  huma n vs .  PMI-I R result s 
can b e see n i n Figur e 1 .  I n short ,  i t  i s  ampl y clea r  tha t 
eve n fo r  thi s straightforwar d questio n abou t  lawyers ,  th e 
human semantic s o f  "lawyer "  doe s no t  eve n vaguel y 
resembl e th e semantic s extracte d b y PMI-IR . 

10 •  Humant 
•  PMI-I R 

I 
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Figur e 1 .  A  compariso n o f  PMI-I R an d huma n 
data .  Th e tw o profile s ar e clearl y ver y different . 

We also found that PMI-IR gave an extremely high 
ratin g t o "Lawyer s a s children, "  higher ,  i n fact ,  tha n an y 
of  th e choice s teste d i n Figur e 1 .  Clearly ,  somethin g i s 
wron g here :  first,  lawyer s canno t  eve n b e childre n 
(somethin g whic h PMI-I R ha s n o wa y o f  knowing )  and , 
eve n metaphorically ,  i t  jus t  doesn' t  see m right  t o us . 

Rating the plausibility of Jewish/Palestinian 
ministers '  name s 

Next we used PMI-IR to judge how good various first 
names woul d b e fo r  a n Israel i  o r  a  Palestinia n minister . 
We chos e te n traditiona l  Jewis h name s (Uri ,  Ariel , 
Moshe,  Yitzhak ,  Yehudi ,  David ,  Samuel ,  Benjamin , 
Shimon ,  an d Zeev )  an d nin e traditiona l  Ara b name s 
(Saddam ,  Usama ,  Ahmed ,  M o h a m m e d,  Salah ,  Amin , 
Khalil ,  Ashrawi ,  an d Yasser) .  W e aske d tw o separat e 
questions ,  eac h processe d independentl y b y th e 
program .  Th e first  wa s " H o w goo d i s X  [on e o f  th e 
names,  e.g. ,  Ahmed )  a s th e nam e o f  a n Israel i  minister? " 
Al l  ninetee n name s wer e rate d fo r  thi s question .  The n a 
secon d questio n wa s asked :  " H o w goo d i s X  [again ,  on e 
of  th e 1 9 names ]  a s th e nam e o f  a  Palestinia n minister? " 
Al l  1 9 name s wer e rate d fo r  thi s secon d question .  W e 
the n compare d th e rating s fo r  eac h nam e fo r  th e tw o 
question s t o determin e thei r  degre e o f  coirelation . 

Once again ,  PMI-I R fail s rathe r  spectacularly :  fo r 
example ,  i t  consider s Yasse r  t o b e almos t  a s goo d a  firs t 
name fo r  a n Israel i  ministe r  a s fo r  a  Palestinia n 
minister !  Similarly ,  Arie l  i s  judge d t o b e th e bes t  name , 
out  o f  al l  te n Jewis h name s an d al l  nin e Ara b names ,  fo r 
eithe r  a n Israel i  ministe r  o r  a  Palestinia n ministe r  .  Th e 
result s fo r  th e othe r  name s ar e show n i n Figur e 2 . 

W hy doe s th e progra m rat e Yasse r  a s a  highl y 
probabl e nam e fo r  a n Israel i  ministe r  an d Arie l  a s 
highl y probabl e fo r  a  Palestinia n minister ? Th e reaso n i s 
simple :  Becaus e th e progra m i s concerne d onl y wit h th e 
co-occurrenc e o f  words ,  i n thi s cas e th e word s Yasser , 
Ariel ,  Israeli ,  Palestinia n an d minister .  Th e fac t  tha t 
Israe l  an d Palestin e ar e currentl y wagin g a n undeclare d 
war  i s  know n t o PMI-I R onl y throug h highe r  tha n 
norma l  co-occurrence s o f  war-relate d word s an d word s 
lik e Israel ,  Palestine ,  intifada ,  etc .  I t  know s nothin g 
abou t  wars ,  abou t  thei r  cause s an d effects ,  abou t  thei r 
effect s o n societie s an d individual s i n thos e societies , 
abou t  hatred ,  abou t  destruction ,  abou t  reftigees ,  abou t 
Israel ,  abou t  Palestine ,  etc .  a d infinitum .  I t  know s onl y 
tha t  sometime s thes e word s co-occu r  wit h highe r 
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frequenc y tha n others .  Th e complet e absenc e i n PMI-I R 
of  thi s dee p relationa l  structur e i n whic h th e word s tha t 
i t  encounter s (an d concept s thes e word s represent )  ar e 
embedded i s  precisel y wh y PMl-I R fail s l o 
convincingl y answe r  eve n th e simples t  question s tha t 
requir e deepe r  relationa l  structur e an d knowledg e t o b e 
answere d plausibly . 

So,  t o retur n t o ou r  example ,  i n th e contex t  o f  th e 
curren t  crisi s i n th e Middl e Eas t  an d o f  cultura l 
specificitie s o f  ̂ t-names ,  good  name s fo r  Palestinia n 
minister s shoul d b e perceive d a s ba d name s fo r  Israel i 
minister s an d vice-versa .  PMI-I R is ,  a s w e hav e said , 
unawar e o f  th e cultura l  contex t  surroundin g thes e 
questions .  Specifically ,  PMI-I R i s  ignoran t  o f  th e 
obviou s (t o us )  cultura l  fac t  tha t  som e firs t  name s ar e 
typicall y Jewis h whil e other s ar e typicall y Ara b an d th e 
relatio n o f  tha t  cultura l  fac t  t o th e currentl y perceive d 
inappropriatenes s o f  Palestinia n minister s wit h Jewis h 
names an d vice-versa .  So ,  accordin g t o PMI-IR ,  th e 
appropriatenes s o f  a  nam e fo r  a  Palestinia n ministe r 
correlate s almos t  perfectl y (h-0.98 )  wit h th e 
appropriatenes s o f  th e sam e nam e fo r  a n Israel i  ministe r 
(Se e Figur e 2) . 

•  Israel i  niriste r 
I  L  ,  IPateElinianrTinisl g J 
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Figur e 2 .  Fo r  tw o separat e questions :  "Ho w good 
i s X  a s th e nam e o f  a n Israel i  minister? "  an d "Ho w 
good i s X  a s th e nam e o f  a  Palestinia n minister? " 
PMI-I R produce s a n almos t  a  perfec t  correlatio n 
betwee n th e appropriatenes s o f  a  give n nam e a s 
eithe r  tha t  o f  a n Israel i  o r  a  Palestinia n minister . 

Rating names of mothers and fathers 

Finally,  we decided to pick an example, simple in the 
extrem e an d fa r  remove d fro m politic s an d curren t 
events ,  tha t  relie d o n a  ver y specifi c  piec e o f  contextua l 
informatio n tha t  woul d b e availabl e t o al l  human s bu t 
not  t o a  word  co-occurrenc e analysis .  W e compare d 
PMI-IR' s answer s t o th e followin g tw o questions :  H o w 
good i s X  [ a firs t  name ]  a s th e nam e o f  a  father? "  an d 
"Ho w goo d i s X  [th e sam e first  nam e a s i n th e first 
question ]  a s th e nam e o f  a  mother? "  Fo r  eac h questio n 
we aske d PMI-E R t o rat e te n ver y commo n men' s name s 
(John ,  William ,  Stuart ,  Peter ,  Robert ,  Jack ,  Gary ,  Steve , 
Albert ,  an d Michael )  an d te n ver y commo n women' s 
names (Barbara ,  Mary ,  Patricia ,  Linda ,  Susan ,  Jennifer , 
Karen ,  Nancy ,  Elizabeth ,  an d Dorothy) . 

When judgin g th e appropriatenes s o f  a  particula r 
name a s th e nam e o f  a  fathe r  (o r  mother) ,  human s partl y 
rel y o n a  simpl e fac t  tha t  th e progra m doe s no t  hav e — 
namely ,  tha t  father s ar e invariabl y men ,  whil e mother s 
ar e invariabl y women .  Consequently ,  human s wil l 
necessaril y  rat e women' s name s lowe r  tha n men' s 

names fo r  th e question :  "Ho w goo d i s X  a s th e nam e o f 
a father? "  No t  s o PMI-IR .  Th e progra m conclude s tha t 
"John "  i s th e bes t  nam e ou t  o f  al l  twent y name s fo r  a 
fathe r  an d fo r  a  mother .  I t  rate s "Mary "  a s bein g a  ver y 
good  nam e fo r  a  fathe r  o r  fo r  a  mother .  Ditt o fo r  th e 
name "William. "  A s i n th e abov e example ,  th e 
appropriatenes s o f  a  particula r  nam e fo r  a  fathe r 
correlate s essentiall y  perfectl y (+0.99 )  wit h th e 
appropriatenes s o f  tha t  sam e nam e fo r  a  mother !  (Figur e 
3) 

Once again ,  th e progra m fail s becaus e extractin g co -
occurrence s o f  word s i n a  larg e corpu s o f  tex t  i s  simpl y 
not  goo d enoug h t o answe r  question s tha t  requir e 
abstrac t  contextua l  knowledg e o r  experience .  Again ,  th e 
proble m i s tha t  PMI-I R ha s neithe r  abstrac t  rule s no r 
worl d experienc e tha t  i t  ca n rel y on .  An d since ,  i n an y 
tex t  wher e th e wor d "father "  occurs ,  th e wor d "mother " 
wil l  generall y no t  b e fa r  away ,  PMI-I R fail s  completel y 
on thi s simpl e ratin g task . 
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Figur e 3 .  T w o question s wer e asked :  "Ho w goo d 
i s X  a s th e nam e o f  a  father? "  an d "Ho w goo d i s X 
as th e nam e o f  a  mother? "  Lackin g al l  contex t 
abou t  wha t  "fathers "  an d "mothers "  actuall y are , 
PMI-I R produce s a n almos t  a  perfec t  correlatio n 
betwee n th e appropriatenes s o f  th e names ,  mal e o r 
female ,  fo r  a  fathe r  o r  fo r  a  mother ! 

Why PMI-IR works so well on the synonym 

selectio n tas k 

Give n PMI-IR' s poo r  performanc e o n th e simpl e 
example s above ,  ho w coul d i t  b e s o goo d i n th e 
synony m selectio n Usk ,  a  tas k tha t  woul d see m t o 
requir e a  relativel y sophisticate d semanti c 
understandin g o f  word s i n orde r  t o b e don e 
successfully ? I n wha t  follow s w e wil l  briefl y examin e 
why thi s program ,  an d othe r  simila r  programs ,  mos t 
notabl y LSA ,  ar e abl e t o perfor m s o wel l  o n thi s task ,  i n 
spit e o f  thei r  inabilit y  t o d o th e example s above . 

The autho r  o f  PMI-I R claim s tha t  hi s progra m ca n 
do bette r  o n th e T O E F L an d ES L synony m test s tha n 
any othe r  curren t  compute r  progra m (Tumey ,  2(K)la,b) . 
Thi s i s  believabl e an d reasonable .  Tume y illustrate s 
PMI-IR' s performanc e o n th e synonym-findin g tas k 
wit h th e wor d lev y (a s i n "t o lev y taxes") .  Fou r  choice s 
ar e propose d — imposed ,  believed ,  requested , 
correlate d — an d th e progra m choose s on e o f  the m a s 
th e bes t  synony m base d o n ho w ofte n tha t  wor d i s clos e 
t o "levy "  i n man y W e b pages .  Th e reaso n fo r  PMI-IR' s 
succes s does ,  indeed ,  reflec t  th e semantic s o f  th e wor d 
under  consideration ,  bu t  i s  tie d mos t  directl y t o th e 
stylisti c  reason s fo r  whic h w e us e synonym s — viz. ,  s o 
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as no t  t o repea t  th e sam e wor d to o ofte n i n a  give n tex t 
or ,  especially ,  i n th e sam e paragraph .  Thi s purel y 
stylisti c  constrain t  impose s th e proximit y o f  synonyms , 
whic h i s detecte d b y PMI-IR . 

Assume yo u ar e writin g a n articl e t o b e pu t  o n a 
W eb pag e abou t  som e blunde r  tha t  occurred .  I n 
describin g thi s blunder ,  yo u ar e awar e tha t  i t  i s ba d styl e 
t o repea t  th e wor d blunde r  ove r  an d ove r  agai n i n you r 
text ,  s o yo u resor t  t o synonyms ,  suc h a s failure ,  mishap , 
mistake ,  slip ,  bungle ,  mess ,  an d s o on .  Thi s obviousl y 
produce s co-occurrence s o f  blunde r  an d mistake ,  o f 
blunde r  an d slip ,  etc. ,  an d thi s i s precisel y wha t  PMI-I R 
detects .  A  blunde r  I S (t o a  ftrst  approximation )  a 
mistake ,  whic h I S a  slip ,  etc .  Thes e word s al l  hav e 
approximatel y th e sam e dictionar y definitions .  I n othe r 
words ,  th e feature s tha t  describ e the m ar c largel y 
identical .  Thi s i s wha t  w e calle d abov e attributiona l 
similarity .  Th e poin t  i s  tha t  w e ca n expec t 
attributionall y simila r  words ,  i f  onl y fo r  stylisti c 
reasons ,  t o occu r  clos e t o on e anothe r  i n a  text .  Hence , 
PMI-IR' s excellen t  performanc e o n thi s task . 

Thi s techniqu e can ,  indeed ,  incorporat e proxima l 
context ,  a s i n th e exampl e o f  th e wor d ta p i n th e contex t 
of  "mapl e syrup. "  Bu t  mos t  analogica l  associatio n 
involve s abstrac t  contex t  derive d fro m example s that ,  i f 
the y exis t  a t  al l  i n th e tex t  corpus ,  ma y wel l  b e 
separate d b y million s o f  page s fro m th e wor d unde r 
consideration .  I t  i s  a n ope n questio n i n th e fiel d o f 
computationa l  analogy-makin g a s t o ho w thi s abstrac t 
relationa l  structur e migh t  b e store d an d indexe d fluidl y 
enoug h t o b e accessibl e fo r  late r  retrieva l  i n a  wid e 
variet y o f  context s (se e Chalmers ,  French ,  & 
Hofstadter ,  1992 ,  fo r  a  detaile d discussio n o f  thi s issue) , 
but  on e thin g i s clea r  i t  i s  no t  accessibl e t o program s 
tha t  rel y onl y o n loca l  wor d co-occurrenc e t o produc e 
thei r  semantics . 

And,  t o b e fair ,  thi s i s on e wa y i n whic h human s 
lear n attributionall y simila r  words/concepts .  Bu t  ther e 
i s muc h mor e t o "semanti c similarity "  tha n surfac e 
similarity . 

To reiterate ,  relationall y (o r  metaphorically )  simila r 
word s requir e a  grea t  dea l  mor e tha n th e detectio n o f 
attributiona l  similarit y an d physicall y proxima l  context . 
Conside r  ratin g a  banan a spli t  a s medicin e (French , 
1988 ,  1990) .  Th e numbe r  o f  time s tha t  thes e tw o item s 
wil l  occu r  togethe r  i n an y tex t  anywher e i s now ,  an d 
wil l  foreve r  be ,  infmitesimall y smal l  compare d t o th e 
othe r  association s involvin g banan a split s o r  medicine . 
For  program s tha t  extrac t  semantic s onl y fro m tex t 
corpor a thi s pose s a  seriou s problem ,  referre d t o a s th e 
proble m o f  dat a sparsenes s (Daga n e t  al. ,  1994) .  Bu t  th e 
proble m i s unavoidable .  O f  cours e th e numbe r  o f  W e b 
page s containin g th e term s "banan a split "  an d 
"medicine "  wil l  b e vanishin g smal l  becaus e i s i t  no t  a 
c o m m on associatio n a t  all ,  bu t  i t  remain s a  perfectl y 
valid ,  readil y understandabl e on e tha t  w e ca n judg e 
withou t  difficult y becaus e w e understan d i t  i n relatio n 
t o ou r  experienc e wit h th e world ,  i.e. ,  t o fact s lik e th e 
docto r  bringin g u s a  bow l  o f  ice-crea m afte r  w e hav e 
had ou r  tonsil s out ,  wit h ou r  mothe r  takin g u s fo r  a 
sunda e t o pic k u p ou r  spirit s whe n ou r  junio r  hig h 

schoo l  safet y poste r  wa s eliminate d fro m th e cit y 
competition ,  etc . 

I n othe r  words ,  describin g on e wor d i n term s o f 
anothe r  usuall y involve s muc h mor e tha n th e abov e 
kin d o f  "blunder-mistake-mishap-slip "  synony m 
searching .  I t  involve s mentall y placin g th e bot h word s 
i n a  variet y o f  relationa l  a s wel l  a s attributiona l 
context s (tha t  ca n shif t  fluidly )  an d convergin g o n a 
contex t  tha t  fit s  bot h word s (fo r  detaile d discussion s o f 
thi s see :  Chalmers ,  French ,  &  Hofstadter ,  1992 ; 
Hofstadter ,  1995 ;  etc. )  I f  bot h word s fi t  tha t  contex t 
ver y well ,  the n w e giv e th e associatio n a  hig h rating . 
The mor e difficul t  i t  i s  t o converg e o n a n appropriat e 
contex t  fo r  bot h words ,  th e lowe r  th e rating . 

PMI-IR ,  however ,  i s  incapabl e o f  extractin g thes e 
all-importan t  relationa l  an d contextua l  characteristic s o f 
situations .  Specifically ,  fo r  question s o f  th e form ,  "Rat e 
X a s a  Y, "  th e progra m i s incapabl e o f  graspin g th e 
relationa l  structur e i n whic h eac h o f  th e word s i s 
embedded an d the n o f  mappin g thos e tw o structure s 
ont o on e anothe r  i n orde r  t o determin e th e relationa l 
similarit y o f  th e words . 

Conclusions 

Whil e w e acknowledg e th e impressiv e performanc e o n 
certai n lexica l  task s o f  program s tha t  emplo y co -
occurrenc e analyse s o n larg e tex t  corpora ,  ou r 
contentio n i s tha t  thes e program s lac k th e capabilitie s 
necessar y t o acquir e rea l  (i.e. ,  human )  semantics .  Thi s 
pape r  mus t  no t  b e rea d a s a  criticis m o f  thes e method s 
per  se ,  bu t  rathe r  a s a n incentiv e fo r  researcher s t o 
develo p ne w technique s tha t  ca n incorporat e mor e o f 
th e mechanism s b y whic h w e human s acquir e 
semantics .  Thes e requirement s g o wel l  beyon d th e 
often-cite d problem s o f  th e lac k o f  syntacti c knowledg e 
(Perfetti ,  1998 )  an d conceptua l  disambiguatio n 
(Landaue r  &  Dumas ,  1997) .  W e hav e pointe d t o fou r 
proble m area s fo r  thes e programs ,  area s i n whic h w e 
believ e futur e researc h shoul d b e focused .  Thes e area s 
ar e i )  th e abilit y  t o cop e wit h th e context-dependen t 
deformabilit y  o f  semanti c space ,  ii )  th e detectio n o f  co -
occurrence s o f  abstrac t  structures ,  especiall y similar , 
but  distal ,  abstrac t  structures ,  iii )  th e mean s o f  providin g 
th e program s wit h essentia l  worl d knowledge ,  an d iv ) 
th e eliminatio n o f  th e assumptio n o f  word s a s "atomic " 
entities .  I n othe r  words ,  w e maintai n tha t  t o kno w a 
wor d i n a  manne r  eve n approximatel y equivalen t  t o ho w 
we human s kno w it ,  require s fa r  mor e tha n merel y 
knowin g th e "compan y i t  keeps. " 

I n short ,  whil e th e are a o f  tex t  analysi s o f  larg e 
corpor a i s a  fascinatin g an d promisin g one ,  w e believ e 
tha t  i n orde r  fo r  real ,  huma n semantic s t o emerg e fro m 
thes e techniques ,  th e problem s raise d i n thi s pape r  wil l 
hav e t o b e squarel y confronte d an d overcome . 
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Abstrac t 
At  th e earlies t  age s o f  development ,  perceptua l 
maturatio n i s  generall y considere d a s a  functiona l 
constrain t  t o recogniz e o r  categoriz e th e stimul i  o f  th e 
environment .  However ,  usin g a  compute r  simulatio n 
of  retina l  develq>men t  usin g Gabo r  wavelet s t o 
simulat e th e outpu t  o f  th e V I  comple x cell s (Jone s & 
Palmer ,  1987) ,  w e showe d tha t  reducing  th e rang e o f 
th e spatia l  &equencie s from  th e retinal  m a p t o V I 
decrease s th e varianc e distributio n withi n a  category . 
Th e consequenc e o f  thi s i s t o decreas e th e differenc e 
betwee n tw o exemplar s o f  th e iomecategory ,  bu t  t o 
increas e th e differenc e betwee n exemplar s from  tw o 
differen t  categories .  Thes e result s sho w tha t  reduce d 
perceptua l  acuit y produce s a n advantag e fo r 
differentiatin g basic4eve l  categories .  Finally ,  w e 
sho w tha t  th e presen t  simulation s usin g Gabor-filtere d 
inpu t  instea d o f  feature-base d inpu t  codin g provid e a 
patter n o f  statistica l  dat a convergen t  wit h previousl y 
publishe d result s i n infan t  categorizatio n (e.g. , 
Marescha l  &  French ,  1997 ;  Marescha l  e t  al ,  2000 ; 
Frenc h etal ,  2001) . 

Background 
Thi s pape r  build s o n earlie r  wor k b y Quinn ,  Eimas , 
and Rosenkrant z (1993) ,  Marescha l  an d Frenc h 
(1997) ,  Mareschal ,  French ,  an d Quin n (2000 )  an d 
French ,  Mermillod ,  Quinn ,  an d Marescha l  (2001) . 
Quin n e t  al .  (1993 )  reporte d th e followin g 
categorizatio n asymmetry .  Infant s familiarize d wit h a 
number  o f  exemplar s o f  cat s sho w significantl y 
increase d interes t  whe n subsequentl y teste d o n a n 
exempla r  o f  a  nove l  do g compare d t o a  nove l  cat . 
However ,  i f  th e infant s ar e first  familiarize d wit h 
image s o f  dog s an d the n teste d o n a  nove l  do g an d a 
nove l  cat ,  ther e i s n o significan t  differenc e i n interes t 
betwee n th e tw o tes t  stimuli .  Marescha l  an d Frenc h 
(1997 )  an d Marescha l  e t  al .  (2000 )  attribute d thi s t o 
th e greate r  varianc e o f  th e "dog "  stimul i  se t  compare d 
t o th e "cat "  stimul i  set ,  th e interpretatio n bein g tha t 
th e D o g categor y largel y subsume d th e Ca t  category . 
Thus ,  a n infan t  familiarize d o n th e les s variabl e 
category .  Cat ,  would ,  i n general ,  vie w a n exempla r  o f 

a do g a s a  nove l  stimulus ,  wherea s a n infan t 
familiarize d o n th e mor e variabl e category ,  Dog , 
woul d ten d t o perceiv e a  ca t  exempla r  a s simpl y 
belongin g t o th e already-familia r  D o g category .  This , 
we claimed ,  explaine d th e asymmetri c level s o f 
attentio n tha t  Quin n e t  al .  (1993 )  ha d observed .  T o 
furthe r  tes t  thi s hypothesis ,  Frenc h e t  al .  (2001 ) 
artificiall y  reversed  th e inclusio n relationship  b y 
carefiill y  selectin g breed s o f  dog s tha t  wer e relatively 
simila r  (i.e. ,  lo w variance )  an d highl y variabl e breed s 
of  cats .  Th e connectionis t  compute r  mode l  predicted , 
and th e experimenta l  result s wit h infant s subsequentl y 
confirme d (Frenc h e t  al. ,  2001) ,  a  reversal  i n th e 
categorizatio n asymmetr y observe d b y Quir m e t  al . 
(1993) . 

However ,  on e outstandin g questio n remained . 
Eve n though ,  intuitively ,  th e variabilit y  o f  th e Ca t 
categor y appear s t o b e les s tha n tha t  o f  th e Do g 
category ,  h o w coul d on e b e sur e o f  thi s i n an y 
quantifiabl e way ? Marescha l  an d Frenc h (1997 )  an d 
Marescha l  e t  al .  (2000 )  handle d thi s a s follows .  The y 
originall y selecte d te n feature s c o m m o n t o bot h cat s 
and dog s (hea d length ,  hea d width ,  ey e separation ,  ea r 
separation ,  ea r  length ,  nos e length ,  nos e width ,  le g 
length ,  vertica l  extent ,  an d horizonta l  extent )  an d 
measure d th e value s associate d wit h thes e feature s fo r 
eac h o f  th e photo s o f  th e 1 8 Ca t  exemplar s an d 1 8 
D og exemplar s use d i n thei r  experiments .  Eve n 
thoug h thi s choic e o f  feature s wa s base d o n 
experimenta l  dat a wher e infant s typicall y loo k a t  th e 
hea d an d fac e region  o f  th e stimulu s whe n the y 
observ e a n anima l  (Quin n &  Eimas ,  1996 ;  Spencer , 
Quinn ,  Johnson ,  &  Karmiloff-Smith ,  1997) ,  h o w 
coul d w e b e sur e tha t  th e se t  o f  perceptua l  feature s 
tha t  w e ha d chose n corresponde d t o thos e feature s t o 
whic h th e infant s wer e actuall y attendin g Further , 
th e clai m wa s tha t  a t  3- 4 month s o f  ag e infant s wer e 
not  makin g us e o f  previousl y acquire d percepnia l 
informatio n (i.e. ,  prio r  categorica l  knowledg e o f  dog s 
or  cat s or ,  fo r  tha t  matter ,  ears ,  noses ,  legs ,  etc.) ; 
rather ,  the y wer e simpl y relying  o n statistica l  patter n 
recognition .  Unde r  thes e circumstances ,  usin g a  se t  o f 
measurement s o f  specifi c  high-leve l  perceptua l 
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feature s t o characteriz e th e inpu t  seemed ,  i f  no t 

origina l  imag e spatial -  frequenc y m a p 

Figure 1: Transformation of the original image into a spatial-frequency m^ 

r-% 1 
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spatial-frequenc y m a p 

Figur e 2 .  Onc e w e hav e th e m a p o f  spatia l  frequencies ,  w e "cover "  thi s m a p wit h spatial-frequenc y oval s alon g 
variou s orientation s o f  th e image .  (Eac h o f  th e oval s ar e normalize d t o hav e ̂ proximatel y th e sam e energy. ) 

necessaril y  incorrect ,  a t  leas t  somewha t  inappropriate . 
We therefor e decide d t o attemp t  t o examin e thi s 

proble m i n a  mor e neurobidogicall y plausibl e 
manner ,  on e whic h sidesteppe d th e difficultie s 
inheren t  i n selectin g an d measurin g variou s 
percepma l  feature s o f  th e ca t  an d do g stimuli .  Th e 
dog/ca t  stimul i  use d i n th e simulation s reporte d i n thi s 
pape r  wer e thos e use d i n Frenc h e t  al .  (2001) ,  al l  o f 
whic h ha d bee n normalize d t o hav e ̂ proximatel y th e 
same size . 

Organization of tlie present paper 
We wil l  attemp t  t o answe r  tw o question s i n th e 
presen t  paper . 

The first  is :  Ca n w e avoi d th e us e o f  explici t 
featur e codin g i n ou r  autoencode r  mode l  o f  infan t 
categorizatio n an d replac e thi s codin g wit h Gabor -
filtered  inpu t  know n t o hav e a  neurophysiologica l 
counterpar t  i n th e infan t  visua l  system ? W e wal l 
sho w tha t  thi s  can ,  indeed ,  b e don e successfully . 

The secon d issu e tha t  w e wil l  addres s start s from 
th e well-know n fac t  tha t  th e 3 4 mont h ol d infan t 
visua l  syste m i s no t  sensitiv e t o hig h spatia l  frequency 
informatio n (Bank s &  Salapatek ,  1981 ;  Dobso n & 
Teller ,  1978) .  However ,  instea d o f  thi s bein g a 
disadvantag e fo r  th e infant ,  w e wdl l  sho w that , 
somewhat  counter-intuitively ,  thi s lo w visua l  acuit y i s 

actuall y a n advantag e i n learnin g basic-leve l 
categories .  Th e clai m i s tha t  hig h spatia l  fi^uency 
informatio n i n th e inpu t  signa l  produce s a n 
"informatio n overload "  i n th e infan t  cognitiv e system , 
addin g informatio n tha t  i s no t  necessar y fo r  correc t 
categorizatio n bu t  tha t  must ,  nonetheless ,  stil l  b e 
processed .  I n othe r  words ,  whe n th e infan t  i s 
attemptin g t o lear n basic-leve l  categories ,  hig h spatia l 
frequenc y informatio n i n th e inpu t  i s ver y muc h lik e 
nois e (Turkewit z &  Kenny ,  1982 ;  Turkewit z & 
Kenny ,  1985 )  and ,  a s such ,  th e les s ther e is ,  th e better . 

Spatial frequency maps 
I t  i s  wel l  know n tha t  differen t  column s i n V I  ar e 
sensitiv e t o differen t  range s o f  spatia l  frequencies  P e 
Valoi s & D e Valois ,  1988 ;  Tootell ,  Silverman ,  &  D e 
Valois ,  1981) .  A  scen e reconstructe d from  onl y lo w 
spatia l  frequency  informatio n (i.e. ,  wit h fine  detail s 
blurre d out )  appear s t o u s t o b e blurry .  O n th e othe r 
hand ,  a n imag e compose d o f  hig h spatia l  frequencies 
woul d sho w onl y th e fine  detail s an d woul d hav e n o 
globa l  perspectiv e (rathe r  lik e seein g man y individua l 
trees ,  bu t  havin g n o sens e o f  th e globa l  entity ,  a 
forest) .  I n an y case ,  i n orde r  t o hav e a n optima l 
perceptio n o f  a  scene ,  w e nee d th e entir e rang e o f 
spatia l  frequencies.  Therefore ,  b y mean s o f  a  2 D 

323 



Fourie r  tmnsform ,  w e firs t  decompose d eac h o f  th e 
image s i n th e stimulu s se t  int o it s  componen t  spatia l 
frequencie s an d plotte d the m o n a  spatia l  frequenc y 
m ap (se e Figur e 1) . 

We the n covere d th e frequency  diagra m wit h a 
"flower-petal "  arrangemen t  o f  2 6 ova l  spatia l 
frequenc y area s ("filters" )  correspondin g t o variou s 
orientation s emanatin g fro m th e cente r  o f  th e spatial -
frequenc y diagra m (Figur e 2) .  Gabo r  function s wer e 
use d t o simulat e th e 2 D spatia l  an d spectra l  structur e 
of  singl e cell s i n visua l  primar y cortex .  (Jone s & 
Palmer ,  1987 ;  Jones ,  Stepnowski ,  &  Palmer ,  1987) . 
Th e smalle r  petal s nea r  th e cente r  o f  th e m a p 
encompas s th e lo w frequencies ,  whil e th e large r  oval s 
furthe r  fro m di e cente r  ffovtp  togethe r  hig h spatia l 
frequencies .  Fo r  eac h o f  thes e 2 6 filters ,  w e calculat e 
an "energy "  valu e base d o n th e loca l  energ y spectra , 
thereb y simulatin g th e activit y o f  V I  comple x cell s 
(Saka i  &  Tanaka ,  1999) .  Thi s valu e determine s th e 
importanc e o f  tha t  paiticula r  filter .  I f  ther e ar e man y 
spatial-frequenc y point s tha t  fal l  i n a  particula r  oval , 
i t  i s  give n a  hig h energ y value ;  fe w point s i n a 
particula r  ova l  m e a n a  lo w energ y value . 

Recal l  tha t  i n prio r  experiment s an d simulation s 
(Marescha l  e t  al. ,  2000 ;  Frenc h e t  al. ,  2001) ,  th e 
dog/ca t  stimul i  wer e characterize d b y a  vecto r  o f  te n 
values ,  wit h eac h valu e correspondin g t o a  particula r 
"high-level "  feature .  N o w ,  instea d o f  usin g te n 
features ,  w e characteriz e eac h o f  th e image s b y a 
vecto r  o f  2 6 values ,  eac h o f  whic h correspond s t o th e 
weightin g o f  a  grou p o f  spatia l  frequencie s alon g 
variou s orientation s o f  th e image . 

Visual acuity in infants 
We k n o w tha t  th e visua l  acuit y i n infant s i s no t  th e 
same a s tha t  o f  adult s  ̂ a n k s &  Salq)atek ,  1981 ; 
D o b s o n &  Teller ,  1978) .  I n particular ,  infant s d o 
not  perceiv e hi^-spatia l  frequencies  (i.e. ,  fin e 
details) ,  o r  perceiv e the m onl y poorly .  Certai n author s 
(Tmkewit z &  Kenny ,  1982 ;  Turkewit z &  Kenny , 
1985 )  hav e claime d that ,  rather  tha n bein g a  problem , 
thi s reduce d visua l  acuit y nna y actuall y improv e 
perceptua l  efficienc y b y eliminatin g th e "informatio n 
overload "  cause d b y to o man y extraneou s fin e detail s 
likel y t o overwhel m thei r  cognitiv e system .  A n 
implicatio n i s  tha t  basic-leve l  categor y learnin g m a y 
be &cilitate d b y reduce d visua l  acuity . 

I n bot h o f  th e simulation s belo w w e remove d 
most  o f  th e hig h spatia l  frequencie s from  th e inpu t 
give n t o th e autoencode r  networ k tha t  wa s use d i n 
Marescha l  an d Frenc h (1997) ,  Marescha l  e t  al . 
(2000) ,  an d Frenc h e t  al .  (2001) .  Thi s wa s don e b y 
weightin g th e contributio n o f  eac h o f  th e spatia l 
frequencie s accordin g t o a  norma l  distributio n (wit h 
th e lo w spatia l  frequencies  a t  th e center )  an d cuttin g 
of f  al l  spatia l  frequencies  abov e 7. 1 cycles/degree . 
Th e ̂ atia l  frequencies  ar e Gaussian-filtere d i n suc h a 
w ay tha t  spatia l  frequencies  abov e 3- 4 cycles/degre e 
contribut e ver y littl e t o th e inpu t  vecto r  associate d 

wit h eac h image ;  th e cut-of f  o f  7. 1 cycles/degre e 
completel y remove s th e highes t  spatia l  ftrquencies. 

Overview of tlie simulations 
T h e 26-16-2 6 autoencode r  networ k use d i n th e tw o 
simulation s presente d i n thi s pape r  i s  base d o n a 
simpl e encode<ompare-adjus t  principl e (Sokolov , 
1963 ;  Charlesworth ,  1969 ;  Cohen ,  1973) :  W h e n a n 
infan t  see s a  perceptua l  stimulus ,  thi s stimulu s i s 
encode d a s a n interna l  representation ,  whic h i s 
continuall y compare d t o th e externa l  stimulu s an d 
adjuste d t o matc h it .  A s lon g a s ther e i s a  significantl y 
larg e discrepanc y betwee n th e interna l  representatio n 
and th e externa l  stimulus ,  th e infan t  continue s t o loo k 
at  th e externa l  stimulus .  A s thi s discrepanc y falls ,  th e 
infan t  become s les s intereste d i n th e externa l 
stimulus .  I n th e autoencode r  model ,  thi s i s equivalen t 
t o th e network' s correctl y generalizin g o n outpu t  t o 
matc h th e networ k inpu t  (i.e. ,  i f  th e erro r  o n eac h o f 
th e 2 6 output s i s les s tha n 0.5) .  I n particular ,  w e wil l 
us e thi s criterio n o f  generalizatio n t o measur e th e 
networ k performanc e o n th e category-learnin g tas k i n 
Simulatio n 2 . 

I n th e simulation s reporte d her e w e hop e t o 
establis h tw o claim s -  namely : 

i )  Simulatio n t  tha t  di e us e o f  a  vecto r  o f  2 6 
weighte d spatiaMrequenc y values ,  a s describe d 
above ,  does ,  indeed ,  produc e autencode r 
networ k result s tha t  ar e simila r  t o thos e 
produce d b y infant s teste d o n th e sam e image s 
and 

ii )  Simulatio n 2  tha t  th e reduce d visua l  acuit y 
produce d b y largel y eliminatin g high-spatia l 
frequenc y informatio n from  th e inpu t  (i.e. , 
"blurry "  vision )  actuall y significantl y improve s 
th e network' s abilit y t o categoriz e th e image s 
presente d t o it . 

Simulation 1: The ade quacy of Gabop-

filtere d spat ia l - f requenc y i n p u t 

In the first simulation we used the dog/cat stimulus 
set  use d i n Frenc h e t  al .  (2001) .  Thes e author s use d a n 
encodin g techniqu e develope d i n Marescha l  an d 
Frenc h (1997 )  an d Marescha l  e t  al .  (2000 )  i n whic h 
10 feature s o f  th e anima l  image s wer e measure d an d 
use d a s inpu t  t o a  10-8-1 0 autoassociativ e network . 
Usin g feature-base d inpu t  t o thi s autencoder ,  w e 
obtaine d categorizatio n result s tha t  qualitativel y 
matche d experimenta l  dat a wit h infants .  I n contrast , 
i n th e presen t  simulation ,  w e decompose d eac h imag e 
int o a  vecto r  o f  value s consistin g o f  th e energ y value s 
from  eac h Gabo r  filte r  fo r  a  give n orientatio n an d 
spatia l  frequency.  Thes e value s correspond ,  a t  leas t 
approximately ,  t o wha t  V I  neuron s ar e know n t o 
"perceive. " 

Each valu e o f  th e 26-elemen t  vecto r  represent s a n 
"energy "  leve l  associate d wit h tha t  particula r  spatia l 
frequency.  Fo r  thi s simulation ,  frequencies  abov e 3- 4 
cycle s pe r  degre e o f  visua l  ar c ar e give n a  ver y lo w 
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energ y valu e (ver y hig h frequencies,  i.e. .  thos e abov e 
7. 1 cycles/degre e ar e simpl y removed) ,  whic h mean s 
tha t  the y contribut e ver y littl e t o th e overal l  inpu t 
vecto r  (i.e. ,  the y contribut e ver y littl e t o th e overal l 
characterizatio n o f  th e image) .  Th e remova l  o f  thi s 
hig h spatial-frequenc y informatio n wa s don e t o 
simulat e th e reduce d visua l  acuit y o f  3- 4 mont h ol d 
infant s (Courag e &  Adams ,  1995) . 

The simulatio n reporte d her e wa s don e o n a 
standar d 26-16-2 6 feedforwar d backpropagatio n 
autoencode r  networ k (learnin g rate :  0.1 ,  momen tum : 
0.9 ,  Fahlma n offset :  0.1) .  Th e stimulu s se t  an d th e 
trainin g regim e wa s identica l  t o tha t  use d i n Frenc h e t 
al .  (2001) .  (I t  i s  importan t  t o recal l  tha t  i n Frenc h e t 
al. ,  2001 ,  th e D o g stimul i  wer e selecte d t o b e th e les s 
varie d category ,  whil e th e exemplar s makin g u p th e 
Cat  categor y wer e chose n t o b e considerabl y mor e 
varie d tha n th e dogs. ) 

Network s wer e traine d i n batche s o f  2  pattern s 
fo r  a  m a x i m u m o f  25 0 epochs .  Thi s simulate d 
familiarizatio n wit h pair s o f  picture s fo r  a  fixed 
perio d befor e bein g presente d wit h a  ne w 
famiUarizatio n pair .  Al l  result s wer e average d ove r 
100 runs . 

0.3 5 

0.3 

0.2 5 

nove l  cat s 

nove l  dog s 

Cat s Dog s 

Familiarizatio n 

Figure 3a: Networic generalization errors on novel 
cats/do g exemplar s a s a  functio n o f  familiarizatio n 
category . 

nove l  cat s 
nove l  dog s 

Dogs 

Familiarizatio n 

Figure 3b: Corresponding results for 34 month old 
infant s 

Figure 3a shows the model's generalization error 
t o nove l  exemplar s o f  cat s an d dog s a s a  functio n o f 
whethe r  the y wer e traine d o n cat s (th e broa d 
category )  o r  o n dog s (th e narro w category) .  Network s 
traine d (i.e. ,  familiarized )  wit h cat s sho w ver y littl e 
differenc e i n erro r  (henc e predic t  littl e differenc e i n 

infan t  lookin g times )  whe n teste d wit h a  nove l  ca t  o r  a 
dog .  I n contrast ,  network s originall y traine d wit h dog s 
sho w significantl y mor e erro r  (F(l ,  198)=13. 4 
p<0.0005 )  whe n teste d wit h a  nove l  ca t  tha n whe n 
teste d wit h a  nove l  do g (suggestin g a  preferenc e fo r 
lookin g a t  a  nove l  ca t  vs .  a  nove l  d(^) .  Figur e 3 b 
shows th e correspondin g attentiona l  asymmetr y i n 3- 4 
mont h ol d infants ,  a s reporte d i n Frenc h e t  al .  (2001) . 

Thes e simulatio n result s usin g Gabor-filtere d 
spatia l  frequency  dat a allo w u s t o conclud e tha t  th e 
us e o f  thi s typ e o f  spatia l  frequency  dat a produce s a 
reasonabl e fit  t o data .  Mos t  importantly ,  thi s resul t 
allow s u s t o circumven t  th e thorn y issu e o f  usin g a 
particula r  se t  o f  "high-level "  featur e measurement s 
(ea r  length ,  ey e separation ,  etc. )  t o characteriz e th e 
image s use d i n th e simulations . 

Simulation 2. Improved categorization 

w i t h r e d u c e d visua l  acu i t y 

Does the autoencoder modd of infant categorization 
(Marescha l  &  French ,  1997 ;  Marescha l  e t  al. ,  2000 ) 
sho w improve d categorizatio n performanc e (a t  leas t 
on th e dog/ca t  basic-leve l  categor y image s use d i n 
Frenc h e t  al. ,  2001 )  whe n "reduce d acuity "  inpu t  i s 
use d compare d t o "fiil l  acuity "  input ? Th e answe r  i s 
tha t  categorizatio n performanc e is ,  indeed ,  enhanced , 
as w e wil l  sho w below . 

T o reiterate ,  th e ke y ide a o f  thi s simulation , 
whic h a t  first  blus h seem s rather  counter-intuitive : 
categorizatio n performanc e fo r  basic-leve l  categorie s 
(Rosc h e t  al. ,  1976 )  shoul d b e bette r  withou t  hig h 
spatia l  frequency  information .  Thi s informatio n i s 
rather  aki n t o nois e i n th e inpu t  since ,  whil e i t  doe s 
indee d ad d informatio n t o th e signal ,  i t  i s  no t  neede d 
fo r  accurat e basic-leve l  categorization .  Thi s 
extraneou s informatio n thu s make s i t  mor e difficul t 
(fo r  th e infan t  o r  fo r  th e netwoiic )  t o m a k e us e o f  th e 
lowe r  spatia l  frequenc y informatio n tha t  is ,  i n fact , 
essentia l  t o basic-leve l  categorization . 

We use d th e sam e networ k a s i n Simulatio n 1 , 
wit h a n identica l  paramete r  set .  W e first  ra n th e 
networ k (10 0 independen t  runs )  wit h inpu t  dat a tha t 
containe d al l  o f  th e spatial-frequenc y informatio n i n 
th e images .  W e the n ra n th e networ k agai n (10 0 
independen t  runs )  wit h inpu t  dat a fix) m whic h mos t  o f 
Ih e high-spatia l  frequency  informatio n ha d bee n 
removed ,  a s describe d above .  Th e networ k wa s 
traine d fo r  25 0 epoch s o n th e trainin g stimuli ,  a s i n 
Simulatio n 1 . 

As ca n b e see n i n Figur e 4 ,  whethe r  th e networ k 
was traine d o n Cat s o r  Dogs ,  whethe r  i t  wa s teste d o n 
nove l  dog s o r  nove l  cats ,  it s  categorizatio n 
performanc e i s significantl y poore r  whe n th e inpu t 
signa l  als o contain s hig h spatia l  frequenc y 
informatio n compare d t o inpu t  wit h th e hig h spatia l 
frequencie s removed . 

I t  i s  als o importan t  t o not e tha t  i n li e reduce d 
visua l  acuit y condition ,  w e continu e t o se e a 
significan t  differenc e i n erro r  (correspondin g t o 
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Figur e 4 .  M o r e informatio n i s no t  alway s bette r 
information ,  a t  leas t  fo r  basi o leve l  categorization . 
Th e additio n o f  hig h spatia l  frequenc y informatio n 
makes correc t  basic-leve l  categorizatio n m o r e 
difficul t  fo r  th e network . 

attention in infants) when the network is trained first 
o n dog s (i n thes e experiments ,  th e narro w category ) 
an d the n see s a  ne w cat ,  compare d t o whe n th e 
networ k i s  first  traine d o n cat s (th e broa d category ) 
an d the n see s a  n e w dog . 

apparatu s doe s begi n t o com e on-lin e a t  aroun d 7  t o 8 
month s o f  ag e (Kellma n &  Arterberry ,  1998) ,  th e 
infant s wil l  b e i n a  bette r  positio n t o the n d o mor e 
refined  (i.e. ,  subordinate-level )  categor y learning . 
Thus ,  rathe r  tha n havin g t o confron t  al l  o f  th e 
informatio n associate d wit h a  particula r  categor y a t 
once ,  th e limitation s o f  visua l  acuit y o f  th e infants ' 
immatur e visua l  syste m first  help s th e infan t  t o 
distinguis h broade r  categories .  Onc e thes e hav e bee n 
learne d (o r  partiall y  learned) ,  the n thei r 
visual/cognitiv e apparatu s i s  the n read y t o buil d o n 
thi s knowledg e b y incorporatin g th e fine-grained 
details ,  perceive d throug h hig h spatia l  frequenc y 
perception ,  tha t  characteriz e subordinat e expert-leve l 
categorization .  Th e overal l  result s o f  th e simulation s 
ar e thu s consisten t  wit h a  differentiation-drive n vie w 
of  earl y categor y developmen t  (Quir m &  Johnson , 
1997 ,  2000) . 

Furthermore ,  thes e result s ar e entirel y consisten t 
wit h Archambault ,  Gosselin ,  &  Schyn s (2000) ,  w h o 
showe d tha t  basic-leve l  categorizatio n seem s t o b e 
mor e resistan t  t o change s i n viewin g distance s tha n 
tha t  o f  subordinate-leve l  categorization .  Thi s i s 
becaus e o f  th e fac t  tha t  a s a n objec t  recede s fro m th e 
viewer ,  informatio n abou t  detail s  (i.e. ,  hig h spatia l 
frequenc y information )  i s  lost ,  wherea s low-spatia l 
frequenc y informatio n i s not .  Sinc e basic^eve l 
categorizatio n i s largel y base d o n th e latter ,  w e woul d 
expec t  mor e resistance  t o chang e o f  thi s typ e o f 
categorizatio n compare d t o subordinate-leve l 
categorization ,  wher e feature s are ,  indeed ,  essential . 

Basic-leve l  categor ie s a n d inc remen ta l l y 

increas in g cognit iv e loa d 
I t  i s  importan t  t o not e tha t  reduce d acuit y shoul d 
improv e categonzatio n learnin g i n th e cas e o f  basic -
leve l  categories ,  bu t  no t  subordinate-leve l  categories . 
T o se e w h y thi s woul d b e tru e w e nee d t o refe r  t o 
Rosc h e t  al.' s  (1976 )  definitio n o f  "basic-level " 
categories .  Thi s leve l  o f  categorizatio n i s th e leve l  fo r 
whic h th e rati o o f  between-categor y varianc e t o 
within-categor y varianc e i s th e highest .  I n othe r 
words ,  between-categor y varianc e i s hig h wit h respec t 
t o within-categor y variance ,  whic h i s  generall y 
relatively  low .  Within-categor y varianc e increase s a s 
fine-grained  detail s o f  categor y exemplar s increase . 
But  thes e fine r  detail s ar e revved  onl y b y th e hig h 
spatia l  frequencies.  Fo r  thi s reason ,  a  decrease d visua l 
acuit y tha t  consist s o f  partiall y o r  completel y 
removin g high-spatia l  frequenc y information ,  wil l 
decreas e withii > categor y varianc e an d leav e between -
categor y varianc e largel y unchanged .  Thi s woul d 
i n w o v e th e learnin g o f  basi c leve l  categories ,  bu t 
woul d m a k e i t  difficult ,  i f  no t  impossible ,  fo r  3 4 
mont h ol d infant s t o lear n categorie s tha t  depen d o n 
hig h spatia l  frequenc y information .  Thi s qiplies ,  i n 
particular ,  t o subordinat e leve l  categories . 

Havin g alread y learne d a  certai n numbe r  o f 
basic-leve l  categorie s unde r  condition s o f  reduce d 
visua l  acuity ,  whe n th e hig h spatia l  frequenc y 

A P r e d i c t i o n o f  th e M o d e l 
A smpX t  predictio n emerge s fro m thes e results.  B y 
manipulatin g th e amoun t  o f  high-frequenc y 
informatio n i n tes t  images ,  i t  shoul d b e possibl e t o 
var y infants '  response s t o thes e item s afte r 
familiarizatio n o n a  standar d se t  o f  basic-leve l 
categories .  So ,  fo r  example ,  conside r  th e Dog/Ca t 
stimul i  fro m th e experimen t  b y Quin n e t  al .  (1993) ,  i n 
whic h th e D o g categor y largel y subsume s th e Ca t 
category .  Unde r  norma l  circumstance s whe n infant s 
ar e familiarize d wit h cats ,  the n show n a  nove l  do g 
and a  nove l  cat ,  the y devot e significantl y mor e 
attentio n t o th e nove l  do g tha n t o th e cat .  Bu t  wer e w e 
t o choos e a  nove l  do g an d a  nove l  ca t  whos e 
difference s wer e base d largel y o n hig h spatia l 
frequenc y information ,  w e woul d expec t  th e 
previousl y observe d novelt y preferenc e t o disappear , 
eve n i f  fo r  us ,  adults ,  th e tw o aninud s wer e quit e 
different ,  on e clearl y bein g a  dog ,  th e other ,  clearl y a 
ca t 

Conclusion 
I n a n extensio n o f  wor k don e b y Marescha l  &  Frenc h 
(1997) ,  Marescha l  e t  al .  (2000 )  an d Frenc h e t  al . 
(2001) ,  w e hav e bee n abl e t o sho w tha t  ther e i s n o 
nee d t o us e feature-base d characterization s o f  th e 
stimul i  presente d t o th e encode r  network . 
Autoencode r  result s usin g Gabor-filtere d inpu t 
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correspondin g approximatel y t o th e se t  o f  frequencie s 
tha t  th e huma n visua l  syste m i s know n t o us e als o 
produc e a  goo d approximatio n t o categorizatio n 
results  i n infants .  W e hav e als o modele d a  rather 
counter-intuitiv e learnin g advantag e fo r  basio-leve l 
categorie s tha t  arise s fro m reduce d acuit y input . 
Finally ,  base d o n th e result s o f  ou r  autoencode r  mode l 
of  infan t  categorizatio n an d o n th e result s w e obtaine d 
usin g reduce d acuit y input ,  w e hav e suggeste d 
experiment s tha t  migh t  b e performe d o n infant s t o 
furthe r  examin e th e validit y o f  thi s model . 
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Abstrac t 

This paper describes a computational model which 
simulate s d» e chang e i n th e us e o f  optiona l  infinitive s 
dia t  i s  eviden t  i n childre n learnin g Dutc h a s thei r  first 
language .  Th e model ,  develope d withi n th e fi-amework  o f 
M O S A I C,  take s naturalistic ,  chil d directe d speec h a s it s 
input ,  an d analyse s th e distributiona l  regularities  presen t 
i n th e input .  I t  slowl y leam s t o generat e longe r  utterance s 
as i t  see s mor e inpu t  W e sho w tha t  th e developmenta l 
characteristic s o f  Dutc h children' s speec h (wit h respec t 
t o optiona l  infinitives )  ar e a  natura l  consequenc e o f 
MOSAIC ' S learnin g mechanism s an d th e gradua l 
increas e i n th e lengd i  o f  th e utterance s i t  produces .  I n 
contras t  wit h Nativis t  approache s t o synta x acquisition , 
th e presen t  mode l  doe s no t  assum e larg e amount s o f 
innat e knowledg e i n th e child ,  an d provide s a 
quantitativ e proces s accoun t  o f  th e developmen t  o f 
optiona l  infinitives . 

The Optional Infinitive Stage 

O ne phenomeno n whic h ha s receive d considerabl e 
attentio n i n th e are a o f  synta x acquisitio n i s  th e so -
calle d Optiona l  Infinitiv e (OI )  stag e (Wexler ,  1994 , 
1998) .  Childre n i n th e O I  stag e o f  developmen t  us e a 
hig h proportio n o f  (root )  infinitives ,  tha t  is ,  verb s whic h 
ar e no t  marke d fo r  tens e o r  agreement .  I n English ,  roo t 
form s suc h a s go ,  o r  ea t  ar e infmitiv e forms ,  wherea s 
at e o r  goe s ar e marke d fo r  tens e an d agreemen t  +  tens e 
respectively .  Verb s whic h ar e marke d fo r  agreemen t  o r 
tens e ar e k n o w n a s finite  verbs .  (Technically ,  infinitive s 
ar e a  subclas s o f  th e clas s o f  non-finit e ver b forms , 
whic h als o include s pas t  participle s an d progressiv e 
particles) . 

Anothe r  featur e o f  th e O I  stag e i s tha t  childre n ofte n 
omi t  subject s from  thei r  sentences .  Tha t  is ,  childre n wil l 
produc e utterance s suc h a s thro w bal l  from  whic h th e 
subjec t  (/ )  i s absen t  Whil e th e proportio n o f  infinitive s 
i s (considerably )  highe r  tha n fo r  adul t  speech ,  childre n 
i n th e O I  stag e d o sho w competenc e regardin g othe r 
syntacti c attribute s o f  th e language .  Typically ,  childre n 
wil l  no t  m a k e error s i n th e basi c verb-objec t  order . 
English-speakin g children ,  fo r  instance ,  wil l  sa y thro w 
ball ,  bu t  no t  bal l  throw .  O n e puzzlin g featur e o f  th e 0 1 
stag e i s  tha t  childre n produc ? bot h inflecte d an d 
uninflecte d form s i n context s requirin g th e inflecte d 
form ,  bu t  d o no t  produc e finite  form s i n nonfinit e 

contexts .  Th e fac t  tha t  childre n us e bot h inflecte d an d 
uninflecte d form s show s tha t  i t  i s  no t  th e cas e tha t  the y 
simpl y don' t  k n o w th e inflecte d forms . 

T h e optiona l  infmitiv e stag e ha s bee n show n t o occu r 
i n m a n y differen t  languages ,  whic h ca n diffe r 
considerabl y i n thei r  underlyin g syntacti c properties , 
an d childre n d o sho w competenc e regardin g thes e 
syntacti c properties .  Differen t  language s als o diffe r 
wit h respec t  t o h o w pronounce d th e 0 1 stag e is .  Sinc e 
most  ver b form s i n Englis h ar e no t  distinguishabl e from 
non-finit e forms ,  i t  i s  relativel y difficu h t o distinguis h 
optiona l  infinitive s fro m grammaticall y correc t 
utterances .  I n othe r  language s (e.g .  Dutch) ,  th e numbe r 
of  unambiguousl y finite  form s i s larger ,  an d a s a  resul t 
th e optiona l  infinitiv e stag e i s mor e pronounced . 

Wexle r  (1998 )  ha s propose d a  Nativis t  accoun t  o f 
w hy childre n i n th e optiona l  infinitiv e stag e produc e a 
larg e numbe r  o f  non-finit e forms .  I n accordanc e wit h 
Chomsky' s theor y o f  Universa l  G r a m m a r  (Chomsk y 
1981) ,  h e theorize s tha t  childre n i n th e optiona l 
infinitiv e stag e actuall y k n o w th e ful l  gramma r  o f  th e 
language .  Th e onl y thin g the y d o no t  k n o w i s  tha t 
Agreemen t  an d Tens e ar e obligatory .  Thi s approac h 
account s fo r  th e fac t  tha t  childre n produc e bot h correc t 
finit e form s an d incorrec t  (optional )  infinitives .  I t  als o 
explain s w h y childre n rarel y produc e othe r  type s o f 
errors .  Finally ,  it s  grea t  stî ngt h i s tha t  i t  unifie s acros s 
language s wher e childre n clearl y us e optiona l 
infinitive s despit e difference s i n thei r  underlyin g 
grammar .  However ,  ther e ar e als o a  numbe r  o f 
problem s wit h Wexler' s account . 

Firstly ,  Wexler' s theor y doe s no t  giv e a  proces s 
accoun t  o f  developmenta l  chang e i n th e us e o f  optiona l 
infinitives .  H e assume s thi s t o b e du e t o maturation . 

Secondly ,  th e theor y make s ver y limite d quantitativ e 
predictions .  I t  onl y predict s tha t  th e optiona l  infinitiv e 
stag e occurs ,  an d tha t  childre n wil l  sto p makin g 
optiona l  infinitiv e error s a t  som e point .  I t  make s n o 
specifi c  prediction s regardin g th e tim e cours e o f  thi s 
development ,  o r  relate d change s i n othe r  attributes . 

Thirdly ,  th e theor y assume s a  larg e amoun t  o f  innat e 
knowledg e i n th e chil d (th e theor y assume s tha t  th e 
chil d doe s no t  k n o w tha t  inflectio n i s obligatory ,  bu t 
otherwis e k n o w s th e fii U granrnia r  o f  th e language) . 
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An obviou s alternativ e t o Wexler' s theor y i s tha t 
childre n lea m th e gramma r  o f  a  languag e throug h 
exposur e t o tha t  language .  Wexle r  discount s thi s kin d o f 
learning-base d approac h o n th e ground s tha t  th e 
grammar  i s to o difficu U t o leam ,  tha t  th e optiona l 
infmitiv e stag e last s to o lon g (years) ,  an d that ,  althoug h 
childre n produc e bot h correc t  an d incorrec t  forms , 
when the y us e finit e forms ,  the y us e the m correctl y 
(Wexler ,  1994) . 

I n thi s paper ,  w e ai m t o sho w tha t  th e dynamic s o f 
th e optiona l  infinitiv e phenomeno n ca n b e simulate d 
usin g a  simpl e learnin g mechanis m whic h perform s a 
distributiona l  analysi s o f  naturalisti c input .  Earlie r 
version s o f  th e mode l  hav e alread y bee n show n t o 
simulat e th e basi c optiona l  infinitiv e phenomeno n i n 
bot h Englis h (Croker ,  Pin e &  Gobet ,  2001 )  an d Dutc h 
(Freudenthal ,  Pin e &  Gobet ,  2001) .  Wherea s th e earlie r 
version s modelle d on e specifi c  stag e i n development , 
th e presen t  mode l  aim s t o simulat e th e developmenta l 
chang e tha t  i s apparen t  i n th e us e o f  optiona l  infinitives . 

Ther e ar e a  numbe r  o f  reason s fo r  choosin g Dutc h a s 
th e targe t  language .  Firstly ,  a s wa s mentioned ,  i n adul t 
speakers '  Dutch ,  unambiguou s finit e form s ar e fa r  mor e 
frequen t  tha n the y ar e i n English .  I n English ,  i n th e 
presen t  tense ,  onl y th e thir d perso n singula r  ca n b e 
distinguishe d fro m th e infinitiv e form .  I n Dutch ,  th e 
first ,  secon d an d thir d perso n singula r  ar e 
unambiguousl y fmite .  If ,  fo r  instance ,  a n Englis h 
speakin g chil d produce d /  thro w ball ,  i t  woul d b e 
unclea r  whethe r  th e ver b thro w wa s a n infmitiv e form . 
The Dutc h equivalen t  i k goa l  ba l  woul d b e classifie d a s 
a finit e form ,  becaus e goo i  i s  differen t  fro m th e 
infinitiv e gooien .  Thus ,  th e numbe r  o f  unambiguousl y 
fmit e form s i s large r  i n Dutc h tha n i n English .  (Thi s 
suggest s tha t  developmenta l  chang e i n th e us e o f 
optiona l  infmitive s i s likel y t o b e mor e pronounce d i n 
Dutc h tha n i t  i s  i n English ,  whic h make s th e simulatio n 
of  Dutc h chil d languag e mor e informativ e a s a 
modellin g exercise. )  A  secon d reaso n fo r  usin g Dutc h i s 
tha t  detaile d dat a regardin g thi s developmen t  ar e 
available .  Wijnen ,  K e m p c n &  GiUi s (2001 )  hav e 
analyse d th e corpor a o f  tw o Dutc h speakin g childre n 
and hav e show n tha t  th e proportio n o f  roo t  infmitive s 
decrease s fro m aroun d 9 0 % t o roughl y 1 0 % betwee n 
th e age s 1; 6 an d 3;0 .  B y comparison ,  roo t  infmitive s ar e 
use d i n les s tha n 1 0 % o f  adults '  utterances .  Wijne n e t 
al .  conclude d tha t  th e frequenc y o f  occurrenc e o f 
optiona l  infinitive s i n th e child' s speec h wa s relate d t o 
frequency ,  an d utteranc e position ,  a s wel l  a s lexica l 
transparency . 

A thir d reaso n fo r  choosin g Dutc h a s th e targe t 
languag e i s tha t  Dutc h gramma r  i s relativel y comple x 
when considerin g finitenes s o f  ver b forms .  Dutc h i s 
what  i s know n a s an  S O V A ' 2 language .  Thi s mean s 
tha t  th e ver b i n Dutc h ca n tak e on e o f  tw o positions , 
dependin g o n it s finiteness .  A  non-finit e ver b take s th e 

sentenc e fina l  position ,  wherea s fmit e verb s tak e th e 
secon d position .  Therefore ,  i n th e sentenc e 

I k goo i  ee n ba l 
( I  thro w a  ball ) 

(1 ) 

th e ver b goo i  (throw )  i s finit e an d take s secon d 
position .  I n th e constructio n 

Ik wil een bal gooien (2) 
( I  wan t  a  bal l  throw/ 1 wan t  t o thro w a  ball ) 

the verb gooien is a non-finite form, and takes sentence 
fina l  position .  (Th e auxiliar y wi l  i s  finit e an d take s 
secon d position. )  I n English ,  whic h i s a n S V O 
language ,  ver b positio n i s no t  dependen t  o n th e 
finitenes s o f  th e verb .  I f  a  mode l  i s t o lea m fro m th e 
distributio n o f  naturalisti c speech  input ,  the n th e 
productio n o f  a  larg e numbe r  o f  infinitive s whil e 
respectin g th e overal l  gramma r  woul d appea r  t o 
represen t  a  greate r  challeng e i n Dutc h tha n i n English . 

MOSAIC 
M O S A IC (Mode l  o f  Synta x Acquisitio n I n Children )  i s 
an instanc e o f  th e C H R E ST architecture ,  whic h i n tur n 
i s a  member  o f  th e E P A M (Feigenbau m &  Simon , 
1984 )  famil y o f  models .  C H R E ST model s hav e 
successfiiU y bee n use d t o simulat e novice-exper t 
difference s i n ches s (Gobe t  &  Simon ,  2000) ,  a s wel l  a s 
severa l  phenomen a i n languag e acquisitio n (Jones , 
Gobet  &  Pine ,  2000a ,  2000b ;  Croker ,  Pin e &  Gobet , 
2001 ,  2002 ;  Freudenthal ,  Pin e &  Gobet ,  2001 ,  2002) . 
We wil l  n o w giv e a  brie f  descriptio n o f  M O S A I C .  A 
mor e detaile d descriptio n o f  th e mode l  ca n b e foun d 
elsewher e i n thi s volum e (Freudenthal ,  Pin e &  Gobe t 
2002) .  Th e mode l  w e hav e use d i n thes e simulation s i s 
identica l  t o th e on e tha t  Freudentha l  e t  al .  (2002 )  use d 
fo r  th e simulatio n o f  a  differen t  phenomeno n (Subjec t 
Omission )  i n anothe r  languag e (English) . 

The basi s o f  th e mode l  i s a  discriminatio n net ,  whic h 
i s use d t o stor e th e inpu t  tha t  i s  fe d t o th e model .  Th e 
networ k i s a n n-ar y tre e whic h i s heade d b y a  roo t  node . 
Utterance s tha t  th e mode l  see s ar e encode d b y 
sequence s o f  node s i n th e network . 

The mode l  encode s th e fac t  tha t  wor d a  ha s bee n 
followe d b y wor d b  i n th e inpu t  b y creatin g a  nod e fo r 
wor d b  unde r  th e nod e fo r  wor d a .  Th e fac t  tha t  wor d a 
has precede d wor d b  i s similarl y encoded .  Fig .  1  m a y 
illustrat e th e basi c M O S A I C network .  Apar t  fro m th e 
standar d link s betwee n word s tha t  hav e followe d eac h 
othe r  i n utterance s previousl y encountered ,  M O S A I C 
als o employ s generativ e links .  Generativ e link s connec t 
node s tha t  ar e distributionall y similar .  W h e n tw o node s 
(phrases )  hav e a  hig h likelihoo d o f  bein g precede d an d 
followe d b y th e sam e word s i n th e input ,  a  generativ e 
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lin k i s create d betwee n them .  Sinc e distributionall y 
simila r  phrase s ar e likel y t o belon g t o th e sam e wor d 
class ,  generativ e link s tha t  develo p en d u p linkin g 
cluster s o f  node s tha t  represen t  differen t  wor d classes . 
The inductio n o f  wor d classe s o n th e basi s o f  co -
occurrenc e statistic s i s th e onl y mechanis m tha t 
M O S A IC employ s fo r  representin g syntacti c rules .  Th e 
mai n importanc e o f  generativ e link s lie s i n th e 
generatio n o f  utterance s from  th e model .  I n generation , 
word s tha t  shar e a  generativ e lin k ca n b e substituted , 
thu s allowin g th e mode l  t o generat e nove l  utterances . 
Again ,  th e reade r  i s referre d t o Freudcnthal ,  Pin e & 
Gobet  (2002 )  fo r  detail s regardin g generation .  O n e 
poin t  wort h mentionin g her e i s tha t  th e mode l  wil l  onl y 
outpu t  utterance s tha t  contai n a n en d marke r  (i.e .  wher e 
th e utteranc e fina l  phras e ha s occurre d i n a  sentenc e 
fina l  positio n i n th e input) .  Severa l  author s hav e 
suggeste d tha t  sentenc e fina l  positio n i s particularl y 
salient ,  an d tha t  childre n ar e mor e likel y t o produc e 
utterance s tha t  hav e occurre d i n sentenc e final  positio n 
(Shad y &  Gerken ,  1999 ;  Naigle s &  Hoff-Ginsberg , 
1998) . 
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Fig .  1 :  M O S A I C learnin g a n inpu t 

The model we used for these simulations is an 
extensio n o f  tha t  use d i n Freudenthal ,  Pin e &  Gobet , 
(2001) ,  whic h simulate s th e children' s performanc e i n 
Dutc h a t  on e specifi c  poin t  i n time .  Thi s versio n o f  th e 
model  ha s als o bee n shovr a t o produc e bot h roo t 
infinitive s an d correc t  inflecte d form s i n Englis h 
(Croker ,  Pin e &  Gobet ,  2001) .  Th e mai n differenc e 
betwee n thi s an d th e previou s versio n o f  th e mode l  i s 
tha t  th e presen t  mode l  leam s muc h mor e slowly .  B y 
usin g a  slo w learnin g rate ,  an d iterativel y feedin g inpu t 
t o th e mode l  an d analysin g it s resultin g output ,  w e wer e 
abl e t o mode l  consecutiv e stage s o f  development .  I n th e 
previou s version ,  a  wor d wa s encode d o n th e first 

occasio n i t  wa s seen ,  whic h resulte d i n a  mode l  wit h a n 
M L U (Mea n Lengt h o f  (output )  Utterance) ,  tha t  wa s 
comparabl e t o tha t  o f  a  chil d tha t  ha s passe d th e 0 1 
stage .  I n th e presen t  version ,  th e probabilit y  o f  creatin g 
a nod e i s dependen t  o n th e siz e o f  th e networ k ( a 
measur e o f  th e linguisti c knowledg e o r  vocabular y siz e 
of  th e child) ,  an d th e lengt h o f  th e phras e tha t  i s bein g 
encoded .  Mor e specifically ,  th e probabilit y  o f  creatin g a 
nod e i s give n b y th e followin g formula : 

N CP = 
\ *  node s _m_net * 

) 

lenglh _ phnu e 

\ '  50,00 0 
I t  wil l  b e apparen t  from  th e formul a abov e tha t  th e 

probabilit y  o f  creatin g a  nod e i s ver y lo w i f  th e networ k 
i s smal l  (i.e. ,  th e numbe r  o f  node s i n th e ne t  i s  low) .  A s 
th e numbe r  o f  node s i n th e ne t  grows ,  thi s probabilit y 
wil l  increase .  A  secon d poin t  t o not e i s th e occurrenc e 
of  th e lengt h o f  th e phras e (numbe r  o f  words )  i n th e 
exponent .  Thi s ha s th e effec t  o f  lowerin g th e probabilit y 
of  creatin g node s tha t  encod e longe r  phrases .  Th e valu e 
50,00 0 ha s bee n chose n somewha t  arbitrarily .  It s mai n 
rol e i s t o ensur e tha t  th e differenc e i n nod e creatio n 
probabilit y  fo r  shor t  an d lon g utterance s decrease s a s a 
functio n o f  th e siz e o f  th e net .  A s th e numbe r  o f  node s 
i n th e ne t  approache s 50,00 0 ( a typica l  numbe r  fo r  a 
saturate d mode l  give n th e Dutc h inpu t  use d here) ,  th e 
bas e numbe r  i n th e formul a approache s one ,  an d thu s 
th e weigh t  o f  th e exponen t  diminishes .  O n e additiona l 
remar k mus t  b e mad e abou t  thi s formula :  phrase s tha t 
occurre d i n utteranc e fina l  positio n (i.e. ,  containe d a n 
en d marker) ,  wer e treate d differentl y fro m othe r 
utterance s i n tha t  thei r  lengt h (fo r  calculatio n o f  th e 
N C P)  wa s decrease d b y 0.5 .  Thi s constitute s a n en d 
marke r  bia s i n learning ,  rathe r  tha n a t  production .  I t  ha s 
bee n argue d tha t  utteranc e final  phrase s ar e learne d 
mor e easil y tha n non-utteranc e final  phrase s (Wijnen , 
Kempen&Gill is,2001) . 

The Simulations 

The dat a tha t  wer e simulate d wer e take n ftova . 
Wijnen ,  K e m p e n &  Gilli s  (2001) .  Wijne n e t  al . 
analyse d tw o Dutc h corpor a o f  chil d an d adul t  speec h 
(th e corpor a o f  Matthij s an d Pete r  an d thei r  mothers) . 
The corpor a consiste d o f  transcribe d tap e recording s o f 
speec h betwee n mothe r  an d child .  Fo r  Matthijs ,  th e 
recording s wer e mad e betwee n th e age s I; 9 an d 2;II . 
For  Pete r  the y wer e mad e betwee n 1; 7 an d 2;3 .  Th e 
children' s M L U (Mea n Lengt h o f  Utterance )  range d 
from  I  t o roughl y 3 .  Wijne n e t  al .  analyse d th e corpor a 
wit h respec t  t o th e presenc e o f  th e optiona l  infinitiv e 
phenomen a i n bot h th e mother' s an d th e children' s 
speech .  O n th e basi s o f  th e children' s data ,  fou r 
developmenta l  stage s wer e identified ,  an d th e 
proportio n o f  finite,  non-finit e an d discontinuou s finite s 
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(se e below )  wa s assessed .  Sinc e th e corpor a tha t  Wijne n 
et  al .  analyse d ar e availabl e i n th e C H I L D E S dat a bas e 
(MacWhinne y &  Snow ,  1990) ,  w e ha d acces s t o th e 
same corpora ,  an d use d thes e (materna l  corpora )  a s 
inpu t  fo r  th e model . 

I n orde r  t o compar e th e outpu t  o f  th e mode l  t o th e 
children' s speech ,  w e ra n th e inpu t  throug h th e mode l 
severa l  times .  Afte r  eac h ru n o f  th e model ,  w e 
generate d output ,  an d compare d th e M L U o f  th e mode l 
wit h th e child' s M L U i n th e developmenta l  stage s tha t 
Wijne n e t  al .  identified .  W e the n selecte d fo r  furthe r 
analysi s thos e outpu t  files  tha t  mos t  closel y matche d th e 
children' s M L U fo r  th e fou r  developmenta l  stages .  Th e 
actua l  analysi s performe d wa s simila r  t o tha t  o f  Wijne n 
et  al .  Firstly ,  w e selecte d thos e utterance s tha t  containe d 
one o r  mor e ver b forms .  W e the n classifie d thes e 
utterance s a s finite ,  non-finit e o r  discontinuou s finite.  I n 
doin g so ,  w e use d th e followin g criteria : 

• An utterance is considered non-finite if it contains 
onl y non-finit e ver b forms . 

•  A n utteranc e i s considere d finite  i f  i t  contain s onl y 
finite  ver b forms . 

•  A n utteranc e i s considere d a  discontinuou s finite  i f 
i t  contain s bot h a  non-finite ,  an d a  finite  for m (e.g . 
a finite  auxiliary) . 

There were some small differences fi-om Wijnen et al.'s 
analysis .  Th e mos t  notabl e differenc e i s tha t  Wijne n e t 
al .  remove d al l  form s resemblin g imperatives ,  startin g 
wit h th e earl y tw o wor d stage .  W h e n codin g actua l 
speech ,  thi s i s  relativel y eas y t o do ,  sinc e contex t  allow s 
on e t o disambiguate .  Sinc e th e model' s outpu t  doe s no t 
provid e thi s context ,  th e classificatio n remain s 
somewhat  ambiguous .  W e therefor e decide d no t  t o 
remov e form s resemblin g imperatives . 

Results 

Figur e 1  show s th e dat a an d th e simulation s fo r  Matthij s 
an d Peter .  Th e mode l  show s a  considerabl e dro p 
(aroun d 5 0 % )  i n th e proportio n o f  non-finite s fo r  bot h 
inpu t  sets .  Fo r  th e children ,  th e correspondin g dro p i s 
80-85% .  Give n th e fac t  tha t  w e ar e usin g naturalisti c 
inpu t  t o mode l  th e developmen t  o f  children' s speech , 
an d th e fac t  tha t  w e use d a n identica l  mode l  fo r  bot h 
childre n (i.e .  n o parameter s wer e adjusted )  w e conside r 

Fig .  2a :  Dat a fo r  Matthij s Fig .  2b :  Mode l  fo r  Matthij s 
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Fig .  2c :  Dat a fo r  Pete r Fig .  2d :  Mode l  fo r  Pete r 
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Figur e 2 :  Distributio n o f  roo t  infinitive s an d (discontinuous )  finite s a s a  fiinction  o f 
M L U fo r  Matthijs ,  Peter ,  an d thei r  respectiv e model . 
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thi s figure  promising .  (Not e however ,  tha t  w e repor t 
five  rathe r  tha n fou r  dat a point s fo r  th e models .  Th e las t 
dat a poin t  reflects  a n M L U large r  tha n tha t  fo r  th e 
childre n i n th e final  stage ,  an d i s include d t o sho w tha t 
th e proportio n o f  non-finite s continue s t o decrease. ) 

What  mechanis m i s responsibl e fo r  thi s dro p i n th e 
modcr s ou^ut ? Th e thin g t o not e i s tha t  non-finit e 
form s tak e sentence-fina l  positio n i n Dutch ,  an d tha t  th e 
model  i s biase d toward s generatin g (an d encoding ) 
phrase s tha t  occurre d i n sentence-fina l  position .  Th e 
formul a fo r  calculatin g th e nod e creatio n probabilit y 
ensure s tha t  earl y on ,  th e mode l  wil l  encod e relativel y 
shor t  utterance s tha t  occurre d i n sentence-fma l  position . 
I f  thes e utterance s contai n a  verb ,  i t  wil l  (i n Dutch ) 
most  likel y b e a  non-finit e form .  Thes e non-fmit e form s 
m ay hav e bee n par t  o f  a n auxiliar y +  ver b constructio n 
(e.g .  H e want s t o buil d a  house) .  Sinc e th e mode l  ca n 
generat e partia l  utterances ,  i t  ca n lear n th e roo t 
infinitiv e buil d a  hous e fro m thi s (discontinuous )  finite 
form .  Therefore ,  a  hig h proportio n o f  non-finit e form s 
i s expecte d i n th e earl y stage s o f  th e model' s 
development .  A s th e mode l  see s mor e an d mor e 
utterances ,  th e numbe r  o f  node s i n th e ne t  wil l  increase , 
and th e probabilit y  o f  creatin g a  nod e wil l  als o increase . 
As a  result ,  longe r  an d longe r  utterance s wil l  b e 
encode d i n th e network .  A s th e encode d utterance s 
increas e i n length ,  the y wil l  b e mor e likel y t o includ e 
word s tha t  occu r  earl y i n th e utterance .  Sinc e finite 
fono s tak e secon d positio n i n Ehitch ,  th e nimibe r  o f 
finite  form s wil l  increas e a s th e mode l  start s generatin g 
longe r  utterances .  Not e tha t  thi s als o mean s tha t  roo t 
infinitive s wil l  slowl y b e replaced  b y discontinuou s 
finites .  Wher e th e mode l  m a y hav e outpu t  th e roo t 
infinitiv e buil d a  hous e earl y on ,  i t  wil l  b e abl e t o 
outpu t  th e discontinuou s finite  h e want s t o buil d a 
hous e a s di e siz e o f  th e ne t  increases . 

Table 1: Proportion of correct Object-Verb orderings 
fo r  th e mode l  a s a  functio n o f  finitenes s (average d 

ove r  developmenta l  phase) . 

Matthij s 
Pete r 

Finite s 1  Non-Finite s 
.9 4 
.9 6 

.91 

.9 3 

Give n tha t  th e mode l  simulate s th e basi c optiona l 
infinitiv e i^ienomenon ,  w e n o w nee d t o asses s whethe r 
i t  conform s t o th e othe r  criteri a o f  th e optiona l  infinitiv e 
stage .  Table s 1  an d 2  sho w th e proportio n o f  correc t 
ver b placemen t  an d th e positio n o f  th e objec t  relativ e t o 
th e verb .  I t  i s  evident ,  that ,  i n th e majorit y o f  cases ,  th e 
model  use s th e correc t  placement ,  indicatin g tha t  i t  i s 
sensitiv e t o basi c Dutc h grammar . 

Th e fac t  tha t  th e mode l  get s th e basi c wor d orde r 
right  i n th e majorit y o f  th e case s i s perhap s no t  ver y 
surprising .  Afte r  all ,  th e inpu t  tha t  di e mode l  learn s 

fro m ha s th e correc t  wor d order .  Thi s i s no t  a  trivia l 
resul t  however ,  a s th e fac t  th e childre n correctl y 
produc e th e correc t  wor d orde r  ha s bee n take n a s 
evidenc e b y Wexle r  (1994 ,  1998 )  tha t  th e chil d know s 
th e actua l  grammar . 

Table 2: Proportion of correct verb placement for the 
model  a s a  functio n o f  finiteness  (average d 

ove r  developmenta l  phase) . 

Matthij s 
Pete r 

Finite s 
.8 5 
.8 8 

Non-Finite s 
.9 5 
.9 7 

Thoug h thes e results  ar e ver y promising ,  especiall y 
considerin g th e fac t  tha t  w e ar e usin g naturalisti c inpu t 
t o simulat e actua l  children' s speech ,  som e issue s 
requir e attention .  Fo r  bot h children ,  th e proportio n o f 
non-finite s i s underestimate d fo r  stag e 2 ,  an d 
overestimate d fo r  th e late r  stages .  Possibl e cause s fo r 
th e underestimatio n i n th e earl y stage s m a y li e i n th e 
fac t  tha t  Wijne n e t  al .  remove d form s resemblin g 
imperative s a s o f  stag e tw o (whic h m a y als o explai n th e 
relativel y lo w proportio n o f  non-fmite s i n stag e on e i n 
th e data) .  W e di d no t  d o this .  Thi s underestimatio n ma y 
be exacerbate d b y th e fac t  tha t  th e mode l  produce s 
relativel y fe w utterance s earl y on ,  thu s makin g i t 
relativel y sensitiv e t o smal l  changes .  A  second ,  possibl y 
mor e likel y caus e ma y b e tha t  ther e ar e additiona l 
factor s tha t  caus e th e hig h proportio n o f  non-finite s i n 
th e children .  Wijne n e t  al .  claim ,  o n th e basi s o f  a 
regressio n analysis ,  tha t  frequenc y o f  occurrenc e alon e 
i s no t  enoug h t o explai n th e hig h incidenc e o f  non-iinit e 
forms .  The y sugges t  tha t  non-finit e form s ar e learne d 
mor e easil y an d attribut e thi s t o lexica l  transparency . 
Sinc e M O S A I C doe s no t  emplo y an y semantics ,  w e 
canno t  mode l  thi s effect .  Regardin g th e late r  stages ,  on e 
possibl e caus e fo r  th e overestimatio n i s th e fac t  tha t 
M O S A IC ha s a  limite d abilit y  t o unlearn .  Tha t  is ,  a t  an y 
stage ,  whe n th e mode l  generate s output ,  i t  wil l  generat e 
al l  th e utterance s i t  can .  Thus ,  onc e th e mode l  ha s learn t 
t o generat e h e want s t o buil d a  house ,  i t  wil l  als o (still ) 
generat e buil d a  house . 

Mechanism for change 

The mode l  show s a  dro p i n th e proportio n o f  non-finite s 
of  roughl y 5 0 % .  W e ca n n o w as k ourselve s wha t  ha s 
cause d thi s change .  T w o possibl e explanation s com e t o 
mind .  Firstly ,  a s th e mode l  learns ,  th e M L U o f  th e 
generate d utterance s increases .  A s explaine d earlier ,  i f 
th e generate d utterance s adher e t o Dutc h grammar ,  a n 
increas e i n th e proportio n o f  finites  i s expected .  A 
secon d possibl e caus e lie s i n th e proportio n o f 
generate d (rathe r  tha n rot e learned )  uHerances .  A s th e 
model' s M L U increases ,  s o doe s th e proportio n o f 
generate d utterances .  Thi s m a y resul t  i n a 
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disproportionat e growt h i n th e numbe r  o f  finite 
utterances .  (Sinc e finit e form s ar e mor e frequent ,  a 
relativel y larg e proportio n o f  th e generate d utterance s 
conUi n finit e verbs. )  Whil e a  regressio n analysi s 
showed tha t  th e increas e i n M L U alon e explaine d 9 0 % 
of  th e varianc e i n th e proportio n o f  finit e utterances , 
and th e proportio n o f  generate d utterance s explaine d a n 
additiona l  6%,  th e correlatio n betwee n generativit y an d 
M LU wa s relativel y large ,  whic h migh t  decreas e th e 
sensitivit y o f  thi s analysis .  W e therefor e assesse d th e 
proportio n o f  non-finite s i n rot e utterance s only .  Thi s 
increase d th e proportio n o f  non-finite s i n th e las t  stag e 
by 1 0 % fo r  Peter' s model ,  an d b y 2 0 % fo r  Matthijs ' 
model .  Apparently ,  th e rol e o f  generativit y i s greate r 
tha n th e regressio n analysi s suggests . 

Conclusions 

The mode l  describe d i n thi s pape r  clearl y capture s th e 
developmen t  tha t  i s  eviden t  i n Dutc h children' s us e o f 
infinitiv e ver b forms .  I n doin g so ,  th e mode l  provide s 
bot h a  proces s model ,  an d a  quantitativ e accoun t  o f  thi s 
transition .  Furthermore ,  i t  show s tha t  a  considerabl e 
portio n o f  th e dro p i n non-finit e form s ca n b e explaine d 
by a  learnin g mechanis m tha t  emphasize s utteranc e 
fina l  phrases ,  an d a n increas e i n M L U ,  althoug h th e 
proces s i s likel y t o b e augmente d b y othe r 
consideration s (a s witnesse d b y th e relativel y poo r  fit 
fo r  th e ver y earl y an d lat e stages) .  Whil e i t  doe s no t 
solv e th e leamabilit y  problem ,  an d a s suc h i s probabl y 
to o simplisti c a  mode l  o f  synta x acquisition ,  th e presen t 
simulation s clearl y sho w tha t  th e Optiona l  Infinitiv e 
phenomenon doe s not ,  i n itsel f  constitut e evidenc e fo r 
th e innatenes s o f  syntacti c knowledge .  A s such ,  i t 
support s th e suggestio n tha t  children' s sensitivit y t o th e 
distributiona l  characteristic s o f  thei r  linguisti c 
environmen t  ma y ai d the m i n learnin g thei r  nativ e 
language .  I n orde r  t o furthe r  tes t  thi s suggestion ,  i t  wil l 
be necessar y t o asses s t o wha t  exten t  th e presen t 
findings  generalis e t o othe r  languages .  Thi s ma y als o 
sugges t  possibl e extension s t o th e model . 
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Abstrac t 

Several dwories have been put forward to explain the 
phenomenon Aa t  childre n ^ o ar e learnin g t o spea k 
thei r  nativ e languag e ten d t o omi t  th e subjec t  o f  th e 
sentence .  Accordin g t o th e pro-dro p hypothesis ,  childre n 
represen t  th e wron g grammar .  Accordin g t o th e 
performanc e limitation s view ,  childre n represen t  th e ful l 
grammar ,  bu t  omi t  subject s du e t o performanc e 
Umitation s i n production .  Thi s pape r  propose s a  thir d 
explanatio n an d present s a  mode l  whic h simulate s th e 
dat a relevan t  t o subjec t  omission .  Th e mode l  consist s o f 
a simpl e learnin g mechanis m tha t  carrie s ou t  a 
distributiona l  analysi s o f  naturalisti c input .  I t  doe s no t 
hav e an y over t  representatio n o f  grammatica l  categories , 
and it s  perfonnanc e limitation s resid e tnainl y i n it s 
learnin g mechanism .  Th e mode l  clearl y simulate s th e 
dat a a t  hand ,  withou t  th e nee d t o assum e larg e amount s 
of  innat e knowledg e i n th e child ,  an d ca n b e considere d 
nwr e parsimoniou s o n thes e ground s alone .  Importantly , 
i t  en^loy s a  unifie d an d objectiv e measur e o f  processin g 
load ,  namel y th e lengt h o f  A e utterance ,  whic h interact s 
wi A frequenc y i n th e inpu t  Th e standar d performanc e 
limitation s vie w assume s tha t  processin g loa d i s 
dependen t  o n a  phrase' s syntacti c role ,  bu t  doe s no t 
specif y a  unifyin g underlyin g principle . 

Subject Omission 

Children who are acquiring English often produce 
sentence s wit h missin g subjects ,  lik e thos e show n 
below . 

Hug Mummy 
Pla y Be d 
Writin g Boo k 
See Runnin g 

While these examples clearly do not adhere to adult 
Englis h grammar ,  man y contemporar y theorie s o f  chil d 
languag e assum e tha t  childre n produc e thei r  sentence s 
on th e basi s o f  a n abstrac t  grammar .  Theorie s diffe r 
wit h respec t  t o h o w muc h th e hypothesize d gramma r 
differ s fi-o m th e adul t  grammar .  Accordin g t o th e pro -
dro p hypothesi s (Hyams ,  1986 ;  H y a m s &  Wexler , 
1993) ,  childre n represen t  a  gramma r  tha t  i s  differen t 
fro m th e adul t  gramma r  i n tha t  i t  allow s nul l  subjects . 
I n thi s respect ,  children' s gramma r  resemble s tha t  o f 

adul t  Italia n an d Spanis h speakers .  Othe r  author s hav e 
argue d tha t  childre n actuall y posses s th e correc t  adul t 
grammar ,  bu t  dro p subject s becaus e the y hav e difficult y 
expressin g th e (correct )  underlyin g for m du e t o som e 
kin d o f  processin g bottlenec k (L .  Bloom ,  1970 ;  L . 
Bloom ,  Mille r  &  Hood ,  1975 ;  Pinker ,  1984 ;  P .  Bloo m 
1990 ;  Valian ,  1991) .  Thus ,  a  chil d producin g a n 
utteranc e i s  though t  t o represen t  a  grammaticall y 
correc t  underlyin g structure ,  but ,  du e t o performanc e 
limitations ,  som e element s hav e a  lowe r  probabilit y o f 
bein g expresse d tha n others . 

A numbe r  o f  phenomen a hav e bee n cite d a s evidenc e 
fo r  th e performanc e limitation s view .  P .  Bloo m (1990 ) 
showe d that ,  i n utterance s wit h a  subject ,  th e lengt h o f 
th e Ver b Phras e (VP )  i s shorte r  tha n i t  i s  i n utterance s 
withou t  a  subject .  Th e loa d associate d wit h th e 
provisio n o f  a  subjec t  i s  though t  t o decreas e th e 
likelihoo d o f  expressin g a  longe r  ver b phrase .  Alon g 
simila r  lines ,  th e lengt h o f  th e V P i s greate r  whe n th e 
subjec t  i s a  pronoun ,  tha n whe n i t  i s a  noun .  Thi s i s 
though t  t o resu h fro m th e fac t  tha t  pronoun s ar e 
phoneticall y shorter ,  an d th e fac t  tha t  non-pronomina l 
subject s m a y b e longe r  tha n pronomina l  ones .  L .  Bloo m 
(1970 )  ha s als o foun d tha t  subjec t  omissio n i s  mor e 
likel y i n negate d sentence s o r  i n sentence s wit h 
relativel y ne w (unfamiliar )  verbs .  Presumably ,  th e loa d 
associate d wit h negatio n an d nove l  verb s i s suc h tha t  i t 
induce s subjec t  omission . 

Whil e th e performanc e limitation s vie w make s sens e 
fro m a n information-processin g poin t  o f  view ,  i t  i s  no t 
ver y precis e i n it s prediction s (Theakston ,  Lieven ,  Pin e 
& Rowland ,  2001) .  Performanc e limitation s account s 
als o ten d t o b e rathe r  a d ho c i n nature .  Give n th e 
imprecis e natur e o f  performanc e limitations ,  i t  become s 
al l  to o eas y t o posi t  a  greate r  processin g loa d wheneve r 
th e provisio n o f  a  certai n elemen t  lead s t o a  greate r 
likelihoo d o f  th e omissio n o f  another ,  especiall y whe n 
ther e i s a n interactio n wit h frequency .  Furthermore ,  i t  i s 
not  clea r  whethe r  a n explanatio n o f  th e pattern s i n th e 
dat a require s a  limitatio n i n productio n couple d wit h 
ful l  knowledg e o f  a  language' s gramma r  (a s th e 
performanc e limitation s vie w typicall y ha s it) .  I n fact , 
as Theaksto n e t  al .  poin t  out ,  performanc e limite d 
learnin g o f  lexica l  item s (independen t  o f  syntacti c 
complexity )  ma y wel l  giv e rise  t o th e sam e patter n o f 
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result s withou t  th e nee d t o assum e a  ful l  representatio n 
of  th e grammar ,  an d a  differen t  processin g loa d To r 
variou s type s o f  grammatica l  roles .  Th e presen t  pape r 
aim s t o tes t  thes e claim s b y seein g t o wha t  exten t  a 
performanc e limite d distributiona l  analysi s o f 
naturalisti c inpu t  ca n accoun t  fo r  th e patter n o f 
omissio n an d provisio n o f  grammatica l  categorie s tha t 
i s foun d i n children' s speech .  T o thi s end ,  w e ai m t o 
simulat e th e effect s tha t  P .  B l o o m (1990 )  attribute s t o 
performanc e limite d production .  W e wil l  n o w introduc e 
th e mode l  w e hav e use d fo r  thes e simulations . 

MOSAIC 
M O S A IC (Mode l  o f  Synta x Acquisitio n I n Children )  i s 
an instanc e o f  th e C H R E ST architecture ,  whic h i n tur n 
i s a  m e m b e r  o f  th e E P A M famil y o f  models .  C H R E ST 
model s hav e successfull y bee n use d t o mode l 
phenomen a suc h a s novice-exper t  difference s i n ches s 
and compute r  programming .  I n languag e acquisition , 
M O S A IC ha s bee n applie d t o th e modeUin g o f  th e us e 
of  optiona l  infinitive s i n Englis h an d Dutch ,  th e 
learnin g o f  soun d pattern s an d th e Ver b Islan d 
phenomenon .  D u e t o spac e limitations ,  w e refe r  th e 
reade r  t o anothe r  pape r  i n thi s volum e fo r  th e relevan t 
reference s (Freudenthal ,  Pin e &  Gobet ,  2002) . 

Th e basi s o f  th e mode l  i s a  discriminatio n net ,  whic h 
ca n b e see n a s a n inde x t o Long-Ter m M e m o r y .  Th e 
networ k i s a n n-ar y tree ,  heade d b y a  roo t  node . 
Trainin g o f  th e mode l  take s plac e b y feedin g utterance s 
t o th e network ,  an d sortin g the m (se e Figur e 1) . 
Utterance s ar e processe d wor d b y word .  W h e n th e 
networ k i s empty ,  an d th e firs t  utteranc e i s fe d t o it ,  th e 
roo t  nod e contain s n o tes t  links .  W h e n th e mode l  i s 
presente d wit h th e utteranc e H e walke d h o m e ,  i t  wil l 
creat e o n it s first  pas s thre e tes t  link s fro m th e root .  Th e 
tes t  link s hol d a  ke y (th e test )  an d a  node .  T h e ke y hold s 
th e actua l  featur e (wor d o r  phrase )  bein g processed , 
whil e th e nod e contain s th e sequenc e o f  al l  th e key s 
fix) m th e roo t  t o th e presen t  node .  Thus ,  o n it s firs t  pass , 
th e mode l  jus t  leam s th e word s i n th e utterance .  W h e n 
th e mode l  i s presente d wit h th e sam e sentenc e a  secon d 
time ,  i t  wil l  travers e th e net ,  an d fm d i t  ha s alread y see n 
th e wor d he .  W h e n i t  encounter s th e wor d walke d i t  wil l 
als o recogniz e i t  ha s see n thi s wor d before ,  an d wil l 
the n creat e a  n e w lin k unde r  th e h e node .  Thi s lin k wil l 
hav e walke d a s it s key ,  an d h e walke d i n th e node .  I n a 
simila r  way ,  i t  wil l  creat e a  walke d h o m e nod e unde r 
th e primitiv e walke d node .  O n a  thir d pass ,  th e mode l 
wil l  ad d a  h e walke d h o m e nod e unde r  th e h e walke d 
chai n o f  nodes .  Th e mode l  thu s need s thre e passe s t o 
encod e a  three-wor d phras e wit h al l  n e w words .  (Fo r 
expositor y purposes ,  her e w e assum e tha t  a  nod e i s 
create d wit h a  probabilit y  o f  1 .  A s i s explaine d unde r 
learnin g rate ,  thi s probabilit y  i s  actuall y lowe r  an d 
dependen t  o n a  numbe r  o f  factors) .  Figur e 1  show s th e 

developmen t  o f  th e ne t  throug h th e thre e presentation s 
o f  th e sentence . 

w(  ke d 

walk M 

w< like d hon e 

waikt d wMcadhome 

"  Pass i 

Pass 2 

Pass 3 

Figur e 1 :  M O S A I C learnin g a n input . 

As the model sees more input, it will thus encode 
longe r  an d longe r  phrases .  Apar t  fro m th e standar d tes t 
link s betwee n word s tha t  hav e followe d eac h othe r  i n 
utterance s previousl y encountered ,  M O S A I C employ s 
generativ e link s tha t  connec t  node s tha t  hav e a  simila r 
context .  Generativ e link s ca n b e create d o n ever y cycle . 
Whethe r  a  generativ e lin k i s create d depend s o n th e 
amount  o f  overla p tha t  exist s betwee n nodes .  T h e 
overla p i s calculate d b y assessin g t o wha t  exten t  tw o 
node s hav e th e sam e node s directl y abov e an d belo w 
the m (tw o node s nee d t o shar e 1 0 % o f  bot h th e node s 
belo w an d abov e the m i n orde r  t o b e linked) .  Thi s i s 
equivalen t  t o assessin g h o w likel y i t  i s  tha t  th e tw o 
word s ar e precede d an d followe d b y th e sam e word s i n 
an utterance .  Sinc e word s tha t  ar e followe d an d 
precede d b y th e sam e word s ar e likel y t o b e o f  th e sam e 
wor d clas s (fo r  instanc e N o u n s o r  Verbs) ,  th e 
generativ e link s tha t  develo p en d u p linkin g cluster s o f 
node s tha t  represen t  differen t  wor d classes .  T h e 
inductio n o f  wor d classe s o n th e basi s o f  thei r  positio n 
i n th e sentenc e relativ e t o othe r  word s i s th e onl y 
mechanis m tha t  M O S A I C use s fo r  representin g 
syntacti c classes . 

Th e mai n importanc e o f  generativ e link s lie s i n th e 
rol e the y pla y w h e n utterance s ar e generate d fro m th e 
network .  W h e n th e mode l  generate s utterances ,  i t  wil l 
outpu t  al l  th e utterance s i t  ca n b y traversin g th e networ k 
unti l  i t  encounter s a  termina l  node .  W h e n th e mode l 
traverse s standar d link s only ,  i t  produce s utterance s o r 
part s o f  utterance s tha t  wer e presen t  i n th e input .  I n 
othe r  words ,  i t  doe s rot e generation .  Durin g generation , 
however ,  th e mode l  ca n als o travers e generativ e links . 
W h en th e mode l  traverse s a  generativ e link ,  i t  ca n 
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supplemen t  th e utteranc e u p t o tha t  poin t  wit h a  phras e 
tha t  follow s th e nod e tha t  th e curren t  nod e i s linke d to . 
As a  result ,  th e mode l  i s abl e t o generat e utterance s tha t 
wer e no t  presen t  i n th e input .  Figur e 2  give s a n exampl e 
of  th e generatio n o f  a n utteranc e usin g a  generativ e 
link . 

run s 

rin s 

sh e run s h e run s 

Figur e 2 :  Generatin g a n utterance .  Becaus e sh e an d h e 
hav e a  generativ e link ,  th e mode l  ca n outpu t  th e nove l 
utteranc e sh e sings .  (Fo r  simplicity ,  precedin g node s ar e 
ignore d i n thi s figure.) 

Learning Rate 

M O S A IC doe s no t  simpl y lear a al l  th e utterance s i t 
encounters .  Th e probabilit y  o f  th e creatio n o f  a  nod e i s 
dependen t  o n di e siz e o f  th e ne t  an d th e lengt h o f  th e 
utteranc e i t  encodes .  Thi s ha s th e effec t  o f  makin g th e 
learnin g proces s frequency  sensitive .  I f  a n utteranc e i s 
seen mor e often ,  i t  ha s a  highe r  probabilit y  o f  bein g 
created .  Finally ,  phrase s tha t  occu r  i n a n utteranc e final 
positio n i n th e inpu t  (hav e a n en d marker )  hav e a  highe r 
probabilit y  o f  bein g encoded .  Th e precis e formul a 
governin g learnin g rat e i s give n elsewher e i n thi s 
volum e (Freudenthal ,  Pin e &  Gobet ,  2002) . 

Performance Limitations in MOSAIC 

The onl y performanc e limitation s i n M O S A I C ar c th e 
following : 

• Frequency: high frequency items have a higher 
likelihoo d o f  bein g encoded ,  an d thu s featur e i n 
longe r  utterance s 

•  Shor t  phrase s hav e a  highe r  likelihoo d o f  bein g 
encode d tha n lon g phrase s 

•  Utteranc e final  phrase s hav e a  highe r  likelihoo d o f 
bein g encoded . 

•  A n utteranc e wil l  onl y b e produce d (generated )  i f 
it s  final  phras e ha s occurre d i n sentenc e final 
positio n i n th e input . 

It may be appropriate to point out that these 
performanc e limitation s ar e plausibl e from  genera l 
theorizin g i n th e cognitiv e psycholog y an d learnin g 
literature .  Huttenloche r  e t  al .  (1991 )  provid e evidenc e 
fo r  th e effec t  o f  frequency  o n vocabular y learning . 
Evidenc e fo r  th e importanc e o f  sentenc e final  positio n 

has bee n provide d b y Naigle s &  Hoff-Ginsber g (1998 ) 
and ha s bee n attribute d t o prosodi c highlightin g o f  th e 
sentenc e final  positio n (Shad y &  Gerken ,  1999) .  I n 
contras t  t o th e standar d performanc e limitation s view , 
processin g loa d i n M O S A I C doe s no t  var y a s a  ftinction 
of  grammatica l  role .  Als o not e tha t  th e versio n o f 
M O S A IC use d fo r  thes e simulation s i s identica l  t o tha t 
whic h Freudenthal ,  Pin e &  Gobe t  (2002 )  use d fo r  th e 
simulatio n o f  th e optiona l  infinitiv e phenomeno n i n 
Dutch .  N o free  parameter s wer e fitted  t o obtai n thes e 
results . 

Subject Omission in MOSAIC 

M O S A IC create s utterance s withou t  subject s becaus e 
th e mode l  ca n outpu t  partia l  utterances ,  provide d tha t 
th e utteranc e fma l  elemen t  ha s occurre d i n a  sentenc e 
final  positio n i n th e input .  A s a  consequence , 
constituent s tha t  tak e a  positio n earl y i n th e sentence , 
hav e a  highe r  probabilit y  o f  bein g omitte d tha n thos e 
tha t  tak e a  positio n ftuther  downstream .  Sinc e th e 
subjec t  take s first  positio n i n English ,  i t  ha s th e highes t 
likelihoo d o f  bein g omitted .  However ,  thi s predictio n i s 
not  tie d t o th e Englis h language .  M O S A I C woul d 
generat e utterance s wit h omitte d subject s i n al l 
language s tha t  hav e th e subjec t  a s th e fii^t  elemen t  i n 
thei r  underlyin g wor d order . 

Method 

I n orde r  t o simulat e th e dat a presente d b y P .  Bloo m 
(1990) ,  tw o M O S A I C model s wer e traine d usin g 
corpor a o f  materna l  speec h availabl e i n th e C H I L D E S 
databas e (MacWhinne y &  Snow ,  1990) .  W e use d th e 
files  o f  Ann e an d Becky .  Th e mea n lengt h o f  utteranc e 
( M L U)  i n th e outpu t  generate d fix)m  th e model s wa s 
2.8 7 fo r  Anne' s model ,  an d 3.4 1 fo r  Becky' s model .  I n 
lin e wit h Bloom' s analysis ,  w e limite d ou r  analysi s t o 
utterance s whic h coul d no t  b e interprete d a s 
imperatives .  Thi s i s necessar y a s subjectles s sentence s 
i n Englis h ar e grammatica l  a s imperative s (e.g .  Pu t  i t 
down) .  Bloo m selecte d a  lis t  o f  nonimperativ e verb s 
and pas t  tens e verb s fo r  hi s analysis .  Sinc e thes e verb s 
canno t  b e use d i n a n imperativ e form ,  sentence s whic h 
contai n a  ver b from  thes e lists ,  an d d o no t  contai n a 
subject ,  ar e tru e example s o f  subjec t  omission .  Table s 1 
and 2  giv e th e list s o f  verb s tha t  wer e use d fo r  thes e 
analyses . 

Table I: Nonimperative verbs used for analysis 
Car e 
Gary 
Fal l 
Fall s 

Forge t 
Gro w 
K n o w 

Laug h 
Laugh s 

Lik e 
Liv e 
Live s 
Lov e 
Love s 

Mis s 
Need 
See 

Sneez e 
Want 
Wants 
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I n lin e wit h Bloom' s analysis ,  w e remove d fro m ou r 
sample s al l  questions ,  al l  utterance s tha t  containe d th e 
word s no t  o r  don't ,  al l  utterance s wher e th e ver b wa s 
not  use d i n a  productiv e way ,  an d al l  utterance s wher e 
th e targe t  ver b wa s par t  o f  a n embedde d clause . 

Table 2: Past tense verbs used for analysis 
At e 
Bi t 

Bough t 
Brok e 

Brough t 
C a me 

Caught 
Close d 
Coole d 

Covere d 
Crie d 

Drinke d 
Droppe d 

Drop t 
Faile d 

Fel l 

Fixe d 
Folde d 
Forgo t 
Foun d 
Gave 
Goed 

Irone d 
Lef t 
Los t 

M a de 
Melte d 

Pee-pee d 
Pulle d 
Rode 
Sai d 
Sat 

Save d 
Saw 
Sent 

Sharpene d 
Spille d 
Steppe d 
Stoppe d 
Though t 
Throwe d 

Too k 
Tore d 

Trippe d 
Turne d 
Washed 

Went 
Wrot e 

Tabl e 3  give s th e dat a fo r  thre e childre n tha t  B loo m 
report s an d th e tw o simulation s (Atme' s an d Becky' s 
model) .  I t  ca n b e see n tha t  fo r  th e children ,  th e Ver b 
Phras e lengt h i n utterance s wit h a  subjec t  i s shorte r  tha n 
i n utterance s withou t  a  subject .  I t  ca n als o b e see n tha t 
M O S A IC readil y simulate s thi s result ,  an d th e siz e o f 
th e effec t  i s  quit e comparabl e t o tha t  i n th e children . 
The differenc e i n ver b phras e lengt h i s statisticall y 
significan t  fo r  bot h Aime' s mode l  (r(330 )  =  4.82 ,  p  < 
.001) ,  an d Becky' s mode l  (r(314 )  =  4.64 ,  p  <  .001) . 

Table 3: Mean length of Verb Phrases in 
sentence s wit h an d withou t  subject s 
Chil d Wit h 

Subjec t 
Withou t 
Subjec t 

A d a m 
Eve 

Sara h 

Anne's Model 
Becky' s Mode l 

2.3 3 
2.0 2 
1.8 0 

2.14 
2.5 8 

2.6 0 
2.7 2 
2.4 6 

2.76 
3.3 1 

M O S A IC obtain s thi s resul t  becaus e th e probabilit y 
of  learnin g a n ite m i n M O S A I C i s dejjenden t  onl y o n it s 
frequency  an d length ,  an d no t  o n it s grammatica l  role . 
Ther e i s thu s n o reaso n (apar t  from  difference s i n 
frequency) ,  wh y sentence s wit h subject s should ,  o n 
average ,  b e longe r  (o r  shorter )  tha n thos e without .  Th e 
fac t  tha t  ver b phrase s i n utterance s wit h subject s shoul d 
be longe r  tha n ver b phrase s i n utterance s withou t  a 
subjec t  i s a  straightforwar d consequenc e o f  thi s fact . 

A secon d analysi s performe d b y B loo m wa s t o loo k 
at  th e lengt h o f  th e ver b phras e a s a  fimctio n o f  th e typ e 
of  subjec t  (n o subject ,  pronou n o r  non-pronoun) .  Th e 
reasonin g wa s that ,  sinc e th e processin g loa d o f  a 
subjec t  i s  highe r  tha n tha t  o f  a  missin g subject ,  an d th e 
processin g loa d o f  a  non-pronou n subjec t  i s  highe r  tha n 
tha t  o f  a  pronou n (sinc e th e pronou n i s bot h 
phoneticall y shorte r  a s wel l  a s shorte r  i n wor d length) , 
thi s shoul d agai n resul t  i n lengt h effect s o n th e Ver b 
Phrase .  Th e result s o f  thi s analysi s ar e show n i n tabl e 4 . 

Table 4: Mean length of Verb Phrase as a 
functio n o f  subjec t  siz e 

No Subjec t  Pronou n Non-
Pronou n 

A d a m 
Ev e 

Sara h 

Aime's Model 

Becky' s Mode l 

2.6 0 
2.7 5 
2.4 5 

2.76 

3.3 1 

2.5 5 
2.3 0 
1.9 0 

2.45 

2.9 3 

2.2 5 
2.0 0 
1.5 0 

1.60 

1.6 7 

Again ,  i t  i s clea r  tha t  M O S A I C ha s n o difficult y i n 
simulatin g thes e result s (thoug h th e siz e o f  th e effec t  i n 
M O S A IC appear s t o b e slightl y large r  tha n i n th e 
childre n tha t  Bloo m analysed) .  Th e differenc e i n ver b 
phras e lengt h betwee n utterance s wit h a  pronou n 
subjec t  an d thos e wit h a  non-pronomina l  subjec t  i s 
statisticall y significan t  fo r  bot h Anne' s mode l  (r(64 )  = 
3.45 ,  p  <  .001 )  an d Becky' s mode l  (/(104 )  =  4.40 ,  p  < 
.001) .  Ther e ar e tw o possibl e reason s w h y M O S A I C 
migh t  simulat e thi s resuU .  Firstly ,  non-pronou n subject s 
ar e o n averag e slightl y longe r  tha n pronou n subjects . 
Pronoun s ar e b y definitio n on e wor d long ,  whil e non -
pronou n NP' s ca n contai n determiner s an d adjectives . 
I n fact .  B loo m indicate s tha t  th e averag e non-pronou n 
subjec t  fo r  th e childre n h e analyse d wa s 1.1 6 word s 
long .  Secondly ,  pronoun s hav e a  highe r  frequency  o f 
occurrenc e tha n non-pronomina l  subjects .  I n M O S A I C , 
thi s increase s th e likelihoo d tha t  the y wil l  b e learnt ,  an d 
th e likelihoo d tha t  the y wil l  featur e i n longe r  utterances . 
We decide d t o tes t  thes e tw o explanation s i n M O S A I C 
by performin g th e analysi s o n non-pronomina l  subject s 
of  lengt h on e an d greate r  separately .  A s i t  turne d out , 
onl y a  smal l  proportio n o f  th e non-pronomina l  subject s 
had a  lengt h greate r  tha n one .  Fo r  non-pronomina l 
subject s o f  lengt h one ,  th e siz e o f  th e V P wa s 1.5 8 fo r 
Anne' s model ,  an d 1.8 8 fo r  Becky' s model' .  Bot h 
value s ar e smalle r  tha n th e V P lengt h fo r  pronou n 

'  On e woul d expec t  th e lengt h o f  th e vei b phras e t o increas e 
when limitin g thi s analysi s t o subject s o f  lengt h 1 .  Thi s i s th e 
cas e fo r  Becky' s model ,  bu t  no t  fo r  Anne' s model .  Thi s i s du e 
t o th e fac t  that ,  fo r  Anne' s model ,  ther e wer e relativel y fe w 
lon g non-pronomina l  subjects ,  bu t  on e o f  thos e tha t  di d occu r 
had a  particularl y lon g ver b phrase . 
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subjects .  Give n th e lo w incidenc e o f  lon g non -
pronomina l  subjec t  i n bot h thes e an d Bloom' s data ,  thi s 
clearl y indicate s tha t  th e lowe r  complexit y effec t  tha t 
B loo m attribute s t o th e fac t  tha t  pronoun s ar e 
phoneticall y shorter ,  ca n b e explaine d b y frequency  i n 
th e input .  Not e tha t  M O S A I C doe s no t  emplo y a 
phoneti c component .  Phoneti c difference s ca n therefor e 
not  hav e contribute d t o M O S A I C ' S simulatio n o f  th e 
effect . 

Th e importanc e o f  frequency  i n th e inpu t  a s a n 
explanatio n fo r  th e differenc e betwee n pronoun s an d 
non-pronoun s i s als o highlighte d b y a  poin t  mad e b y 
H y a ms &  Wexle r  (1993) .  Thoug h pronoun s m a y b e 
phoneticall y shorter ,  th e proces s o f  assignin g th e 
referen t  t o a  (potentiall y  ambiguous )  pronou n m a y 
actuall y resul t  i n it s  processin g loa d bein g higher ,  rathe r 
tha n lower .  Thi s woul d predic t  a  shorte r  Ver b Phras e 
lengt h fo r  pronomina l  tha n fo r  non-pronomina l 
subjects . 

Subject versus Object Omission 

I t  ha s ofte n bee n show n tha t  subject s ar e omitte d mor e 
ofte n tha n objects .  I n orde r  t o tes t  h o w ofte n object s ar e 
omitted .  Bloo m selecte d utterance s whic h contai n verb s 
tha t  requir e a n object ,  an d calculate d th e proportio n o f 
objec t  omissio n fro m thes e obligator y contexts .  Tabl e 5 

thi s lis t  o t  verijs . 

Tabl e 5 :  Verb s tha t  tak e obligator y objects . 
Bough t 
Brok e 

Brough t 
Caught 

Covere d 
Drinke d 

Fi x 
Folde d 
Foun d 
Gave 

Irone d 
Lik e 
Lov e 
Love s 
M a de 
Mis s 
Need 
Pulle d 
Rode 
Sai d 

Save d 
Saw 
See 

Sharpene d 
Though t 
Throwe d 

Too k 
Want 

Want s 
Washed 

Tabl e 6  compare s th e proportio n o f  omitte d subject s 
and object s from  obligator y context s (verb s from  table s 
1 an d 2  fo r  subjects ,  verb s from  tabl e 5  fo r  objects) .  I t 
ca n b e see n tha t  th e proportio n o f  subjec t  omissio n i s 
considerabl y highe r  tha n th e proportio n o f  objec t 
omission .  Th e subject-objec t  asymmetr y wa s significan t 
fo r  bot h Anne' s mode l  (A *  (I ,  N  =  560 )  =  98.83 ,  p  < 
.001) ,  an d Becky' s mode l  (^^(1 ,  N  =  548 )  =  125.97 ,  p 
< .001) .  Bloo m suggest s severa l  possibl e cause s fo r  thi s 
asymmetry .  Firstly ,  i t  m a y b e du e t o pragmati c factors . 
Sinc e subject s typicall y conve y give n information , 
whil e object s conve y n e w infonnation ,  i t  m a y b e mor e 
pragmaticall y appropriat e t o omi t  subject s whe n 
processin g capacit y i s limited .  A  secon d possibl e caus e 
migh t  b e tha t  ther e i s a  'sav e th e heavies t  fo r  last '  bias . 

Thi s woul d resul t  i n subject s havin g a  highe r  processin g 
loa d tha n objects ,  an d a s a  result ,  i n the m bein g omitte d 
mor e often . 

Table 6: Omission from obligatory contexts 
Subject s Object s 

A d a m 
Eve 
Sara h 

Anne's Model 

Becky' s Mode l 

57% 
61 % 
43% 

64% 

60% 

8% 
7% 
15% 

21% 
14% 

The explanatio n fo r  th e effec t  i n M O S A I C i s simple . 
As a  resul t  o f  M O S A I C ' S performanc e limitations ,  a 
constituen t  i s les s likel y t o b e omitte d whe n i t  occur s 
fiirther  towar d th e en d o f  th e sentence .  Sinc e subject s 
tak e first  position ,  an d object s usuall y com e afte r  th e 
verb ,  th e probabilit y o f  omittin g a n objec t  i s  smalle r 
tha n th e probabilit y  o f  omittin g a  subject .  Bloo m goe s 
on t o sugges t  tha t  th e hypothesize d processin g 
asymmetr y shoul d caus e othe r  difference s betwee n 
subject s an d objects .  Fo r  example ,  sinc e pronoun s exer t 
les s o f  a  processin g load ,  mor e pronoun s wil l  occu r  i n 
subjec t  positio n tha n i n objec t  position .  Tabl e 7  show s 
th e relevan t  data ,  bot h fo r  Bloom' s analysis ,  an d 
M O S A I C ' S simulations .  Again ,  th e assymmetr y i s 
significan t  fo r  Anne' s mode l  (A *  (1 ,  N  =  243 )  =  8.08 .  p 
< .01) ,  an d Becky' s mode l  (̂ '(l ,  N  =  292 )  =  27.53 ,  p  < 
.001) . 

Table 7: Proportion of overt pronominal Noun Phrases 
Subject s Object s 

A d a m 
Eve 

Sara h 

Anne's Model 

Becky' s Mode l 

41 % 
36 % 
91 % 

47% 

72 % 

25 % 
14 % 
33 % 

27% 

40 % 

Ther e i s n o specifi c  reaso n wh y MOSAI C woul d 
predic t  thi s effect ,  bu t  th e pragmati c factor s tha t  Bloo m 
mention s m a y wel l  explai n thi s result .  Subject s ten d t o 
conve y give n information ,  an d object s ten d t o conve y 
ne w information .  I t  certainl y make s sens e t o introduc e 
ne w informatio n usin g a  non-pronou n N P .  Th e us e o f  a 
pronou n require s th e listene r  t o resolv e th e referen t  o f 
th e pronoun .  Th e us e o f  a  non-pronou n N P i s usuall y 
les s ambiguous ,  whic h aid s th e resolutio n process .  I n 
fact ,  severa l  author s hav e argue d tha t  dii s i s  th e 
preferre d argumen t  structur e fo r  Englis h (Clancy , 
2001) .  A s such ,  i t  i s  no t  jus t  a  featur e o f  chil d language , 
but  i s actuall y th e preferre d structur e i n adul t  language . 
The fac t  tha t  M O S A I C simulate s thi s resul t  i s  simpl y a 
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reflectio n o f  th e fac t  tha t  i t  mimic s th e distributio n o f 
th e input . 

Conclusions 

M O S A IC clearl y simulate s al l  th e result s tha t  Bloo m 
reports .  M O S A I C i s no t  a n a d ho c mode l  o f  subjec t 
omission ,  a s i t  ha s akead y bee n show n t o accoun t  fo r 
severa l  phenomen a i n children' s speech ,  an d i s firmly 
grounde d i n th e C H R E S T / E P AM framework .  Thoug h 
M O S A IC ha s performanc e limitations ,  thes e resid e 
mainl y i n th e learnin g mechanism .  Unlik e th e standar d 
performanc e limitation s view ,  M O S A I C doe s no t 
assume ful l  competence .  I n fact ,  M O S A I C ha s n o buil t 
i n knowledg e regardin g grammatica l  categorie s o r 
roles .  Th e effect s aris e i n M O S A I C throug h a 
combinatio n o f  performanc e limite d distributiona l 
learning ,  an d frequenc y sensitivity .  Effect s tha t  ar e 
presen t  i n th e inpu t  (suc h a s a  highe r  proportio n o f 
pronomina l  subject s tha n objects) ,  ar e mimicke d i n 
MOSAIC ' S outpu t  becaus e o f  th e fac t  tha t  i t  i s  a 
distributiona l  analyser . 

On a  theoretica l  level ,  M O S A I C ha s tw o mai n 
strength s ove r  th e standar d vie w o f  performanc e 
limitations .  Firstl y th e definitio n o f  processin g loa d i n 
th e standar d vie w i s somewha t  a d hoc .  I f  th e provisio n 
of  certai n element s lead s t o a  highe r  rat e o f  subjec t 
omission ,  thi s i s see n a s evidenc e fo r  a  relativel y hig h 
processin g loa d o f  thes e elements .  Th e actua l  reaso n fo r 
thi s hig h processin g loa d the n varie s fro m effec t  t o 
effect .  Witfii n M O S A I C ,  processin g loa d i s a  fimctio n 
of  th e interactio n o f  tw o objectivel y measurabl e 
variables :  frequenc y i n th e input ,  an d lengt h o f  th e 
phras e bein g encoded .  W h e n a n ite m i s mor e frequen t 
i n th e input ,  i t  ha s a  highe r  likelihoo d o f  bein g encoded , 
and therefor e feature s i n longe r  utterance s tha t  hav e a 
highe r  likelihoo d o f  bein g grammatica l  (i.e .  includin g 
th e subject) .  I f  tw o utterance s hav e equa l  overal l 
frequency ,  an d on e o f  th e tw o include s a  longe r  elemen t 
(ver b phrase) ,  the n som e othe r  elemen t  wil l  necessaril y 
be omitted .  Sinc e th e subjec t  i s  th e firs t  elemen t  i n th e 
sentence ,  thi s ha s a  highe r  likelihoo d o f  bein g omitted . 

Secondly ,  th e standar d performanc e limitation s vie w 
assumes a  larg e amoun t  o f  innat e knowledg e i n th e 
chil d Fo r  th e simulatio n o f  thes e results ,  M O S A I C 
assumes n o iimat e syntacti c knowledge . 
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Abstrac t 

In the standard form of Wason's (1960) 2-4-6 task, 
participant s mus t  discove r  a  nil c tha t  govern s th e 
productio n o f  sequence s o f  thre e numbers .  Studie s 
typicall y sho w succes s rate s o f  approximatel y 2 0 % , 
whic h Waso n attribute d t o a  cognitiv e defici t  tha t  h e 
labele d 'confirmatio n bias' .  I n Twene y e t  al.' s  (1980 ) 
formall y equivalen t  Dua l  Goa l  (DG )  fon n o f  th e task , 
however ,  succes s rate s ar e a t  leas t  doubl e t o thos e see n 
on th e standar d task .  I f  thi s facilitate d performanc e coul d 
be accounte d for ,  the n thi s woul d g o som e wa y towar d 
explainin g th e normall y lo w performanc e o n th e standar d 
problem .  Th e presen t  experimen t  examine d tw o 
competin g account s o f  th e D G superiorit y effect :  Evans ' 
(1989 )  positivit y bia s explanation ,  an d Wharton ,  Chen g 
and Wickens '  (1993 )  goa l  complementarit y theory .  Th e 
experimen t  independentl y manipulate d th e numbe r  o f 
goal s tha t  participant s ha d t o explor e ( a singl e goa l  vs . 
tw o complementar y goals )  an d th e linguisti c label s use d 
t o provid e feedbac k ( D A X an d M E D vs .  'fit s  th e rule ' 
and 'doe s no t  fi t  th e rule') .  Result s supporte d th e goa l 
complementarit y accoun t  i n tha t  facilitatio n wa s eviden t 
i n bot h D G condition s irrespectiv e o f  th e polarit y o f  th e 
feedbac k provided .  W e als o discus s a  nove l  fmding :  tha t 
i t  i s th e productio n o f  a t  leas t  a  singl e 'negative '  tripl e 
tha t  i s  mos t  closel y associate d wit h tas k success . 

Introduction 

Poletiek (2001) summarises hypothesis testing as 
comparin g interna l  thought s wit h externa l  fact s i n orde r 
t o interac t  wit h th e world .  Fo r  exampl e learnin g a 
languag e ca n b e characterise d a s hypothese s testin g a s 
th e learne r  utter s sound s an d observe s th e listener' s 
reactions .  Hypothesi s testing ,  therefore ,  ca n b e viewe d 
as a  fundamenta l  m o d e o f  menta l  functioning ,  an d fo r 
thi s reaso n i s o f  considerabl e interes t  t o psychologist s 
an d cognitiv e scientist s alike . 

O ne importan t  experimenta l  paradig m tha t  ha s bee n 
employe d extensivel y i n orde r  t o stud y hypothesis -
testin g behaviou r  i s th e 2-4- 6 task ,  introduce d b y Pete r 
W a s on i n 1960 .  Th e 2-4- 6 tas k i s a  deceptivel y simpl e 
rul e discover y task ,  whic h W a s o n originall y devise d t o 
investigat e whethe r  peopl e conforme d t o th e 

contemporar y scientifi c  nor m o f  hypothesi s testing , 
namel y falsificatio n (Popper ,  1959) .  I n th e standar d 
versio n o f  th e 2-4- 6 task ,  participant s see k t o discove r  a 
rul e whic h generate s sequence s o f  thre e number s 
(referre d t o a s triples) .  The y ar e initiall y  give n a n 
example ,  conformin g tripl e (2-4-6) ,  an d ar e the n 
require d t o produc e furthe r  triple s whic h th e 
experimente r  classifie s a s eithe r  conformin g to ,  o r  no t 
conformin g to ,  th e rule .  Th e to-be-discovere d rul e i s 
"an y ascendin g sequence' .  Participant s produc e triple s 
unti l  the y ar e confiden t  tha t  the y k n o w th e rule ,  a t 
whic h poin t  the y announc e it .  Despit e th e seemin g 
simplicit y o f  th e task ,  participant s perfor m poorly ,  wit h 
typicall y onl y aroun d 2 0 % correctl y announcin g th e 
rul e o n th e first  attempt ,  (e.g. ,  Tukey ,  1986 ;  W a s o n , 
1960 ;  Wharton ,  Chen g &  Wickens ,  1993) .  M a n y o f 
thes e incorrec t  announcement s ar e a  mor e restricte d 
versio n o f  th e rule ,  fo r  example ,  'number s increasin g b y 
two' .  I t  ha s bee n suggeste d (e.g. ,  Wetherick ,  1962 )  tha t 
th e initia l  2-4- 6 exempla r  lure s participant s int o 
formulatin g suc h overly-restricte d hypotheses . 
Participant s the n produc e triple s motivate d b y thes e 
hypothese s (e.g. ,  8-10-12) ,  whic h alway s receiv e 
positiv e feedback ,  sinc e the y for m a  subse t  o f  th e targe t 
rule .  Face d wit h repeate d confirmation s o f  thei r 
hypothesis ,  participant s seemingl y becom e increasingl y 
confiden t  o f  it s  correctnes s unti l  the y announc e i t  a s th e 
rule .  I t  i s  clea r  tha t  unles s participant s chang e thei r 
testin g strateg y the y wil l  neve r  discove r  tha t  althoug h 
thei r  hypothesi s i s sufficient ,  i t  i s no t  necessary . 

I n hi s analysi s o f  participants '  performanc e o n th e 
task ,  W a s o n showe d tha t  solver s an d non-solver s coul d 
be differentiate d i n term s o f  bot h th e numbe r  o f  triple s 
the y produce d (wit h solver s producin g reliabl y mor e 
triples) ,  an d th e typ e o f  triple s generate d (wit h solver s 
producin g a  highe r  proportio n o f  triple s whic h receive d 
negativ e feedback) .  W a s o n viewe d th e non-solvers ' 
strateg y o f  testin g positiv e instance s o f  thei r 
hypothesise d rul e a s a  cognitiv e failing ,  whic h h e 
labele d 'confirmatio n bias' .  However ,  Klayma n an d H a 
(1987) ,  i n a n elegan t  conceptua l  analysi s o f  th e 
underlyin g structur e o f  th e 2-4- 6 tas k an d it s variants , 
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demonstrate d tha t  i t  i s  th e relationshi p o f  th e 
hypothesise d rul e t o th e targe t  rul e i n th e origina l  tas k 
whic h cause s participants '  failur e t o discove r  th e targe t 
rule .  Klayma n an d H a agu e tha t  wha t  W t s o n regarde d 
as a  bia s t o see k confirmator y evidenc e coul d instea d b e 
conceptualise d a s a  "positiv e tes t  strategy' ,  whic h i n 
certai n circumstance s i s a n effectiv e metho d fo r 
yieldin g disconfirmation s o f  a  curren t  hypothesis .  Thei r 
essentia l  poin t  (cf .  Wctherick's ,  1962 ,  argumen t  note d 
earlier )  i s tha t  i n th e standar d task ,  th e targe t  rul e ('an y 
ascendin g sequence' )  ha s bee n deliberatel y designe d t o 
be mor e genera l  tha n th e hypothesi s invite d b y th e 
give n triple ,  suc h tha t  th e applicatio n o f  a  positiv e tes t 
strateg y ca n neve r  lea d t o th e discover y o f  th e targe t 
rule .  Fo r  othe r  targe t  rule/hypothesi s relationships , 
however ,  suc h a s wher e th e experimenter' s rul e (e.g. , 
'eve n number s ascendin g b y tw o an d les s tha n 10' )  i s 
mor e restricte d tha n th e participant' s initia l  hypothesi s 
(e.g. ,  'number s increasin g b y two') ,  the n th e 
implementatio n o f  positiv e testin g woul d lea d rapidl y t o 
falsificatio n o f  th e overl y genera l  initia l  hypothesis ,  an d 
t o accurat e rul e discovery . 

Dual Goal Instructions 

Tweney ,  Doherty ,  W o m e r ,  Pliske ,  Mynatt ,  Gross ,  an d 
Arrkeli n (1980 )  introduce d a  modifie d for m o f  th e task , 
i n whic h participant s wer e instructe d t o discove r  tw o 
rules ,  on e calle d D A X ,  th e othe r  M E D .  Th e D A X rul e 
govern s triple s o f  th e traditiona l  ascendin g type ,  al l 
othe r  triple s ar e M E D s .  Althoug h formall y equivalen t 
t o Wason' s origina l  task ,  thi s simpl e Dua l  Goa l  ( D G ) 
manipulatio n wa s see n t o hav e a  dramati c effec t  o n 
succes s rates ,  wit h 6 0 % o f  participant s makin g a  correc t 
firs t  announcemen t  o f  th e rule .  Thi s facilitate d 
performanc e ha s bee n show n t o b e a  robus t  fmdin g tha t 
has bee n replicate d man y time s (e.g. ,  Farri s &  Revlin , 
1989a ,  1989b ;  Tukey ,  1986 ;  Wharton ,  Chen g & 
Wickens ,  1993) .  Twene y e t  al. ,  wer e a t  a  los s t o explai n 
th e facilitator y effec t  o f  th e D G manipulation ,  althoug h 
the y fel t  tha t  th e explanatio n wa s s o m e h o w relate d t o 
th e wa y participant s conceptualis e th e task ,  an d h o w 
triple s produce d ar e relate d t o thei r  conceptualisation . 

I t  ha s bee n note d tha t  th e D G manipulatio n ha s th e 
effec t  o f  increasin g th e numbe r  o f  triple s whic h ar e 
generate d befor e rul e announcement ,  an d als o th e 
variet y o f  triple s (Gorman ,  Staffor d &  Gorman ,  1987 ; 
Tukey ,  1986 ;  Twene y e t  al. ,  1980) .  Vall6e-Tourangeau , 
Austi n an d Ranki n (1995) ,  i n thei r  replicatio n an d 
extensio n o f  D G instructiona l  effects ,  formulate d tw o 
measure s o f  tripl e heterogeneity ,  namel y posvar s an d 
negtypes .  Posvar s ar e triple s whic h receiv e positiv e 
feedbac k bu t  whic h d o no t  increas e b y a  constant .  Thus , 
i f  th e number s tha t  mak e u p a  tripl e ar e a ,  b ,  an d c ,  a 
posva r  i s a  tripl e i n whic h (b-a )  {c-b) .  Negtype s ar e 
th e eigh t  possibl e type s o f  triple s whic h receiv e 
negativ e feedback ,  (e.g. ,  descendin g triples ,  identical -

number  triples ,  etc.) .  Vallde-Tourangea u e t  al .  foun d 
tha t  usin g thes e indice s o f  tripl e heterogeneity ,  th e D G 
manipulatio n le d t o increase d productio n o f  bot h 
posvar s an d negtype s compare d t o Singl e Goa l  (SG ) 
instructions .  The y interprete d thi s a s bein g indicativ e o f 
participant s considerin g a  wide r  rang e o f  hypotheses , 
althoug h the y di d no t  directl y tes t  thi s claim .  Whils t 
thes e observation s o f  tripl e heterogeneit y ar e 
interesting ,  the y ar e largel y descriptive ,  an d d o littl e t o 
explai n th e facilitator y effec t  o f  D G instructions . 

Evan s (1989 )  propose d tha t  poo r  performanc e o n th e 
standar d tas k coul d b e attribute d t o th e operatio n o f  a 
genera l  'positivit y  bias' ,  whic h i s a  for m o f  selectiv e 
processin g tha t  cause s peopl e t o atten d t o positiv e 
rathe r  tha n negativ e information .  Accordin g t o thi s 
proposal ,  facilitate d performanc e usin g D G instruction s 
i s cause d b y th e labelin g o f  triple s tha t  'd o no t  fi t  th e 
targe t  rule '  a s M E D ,  thereb y avoidin g a  negativ e label , 
and henc e counteractin g participants '  tendencie s no t  t o 
atten d t o thi s information .  Evan s (1989 )  argue s tha t  i n 
th e standar d versio n o f  th e 2-4- 6 task ,  i f  a  participan t 
form s th e hypothesi s 'number s ascendin g b y equa l 
interval s i s right',  the y hav e logicall y als o forme d th e 
hypothesi s 'number s no t  ascendin g b y equa l  interval s i s 
wrong' .  The y are ,  however ,  no t  awar e o f  thi s alternativ e 
hypothesis ,  an d therefor e d o no t  tes t  it .  I n th e D G 
manipulation ,  however ,  becaus e participant s ar e 
attemptin g t o discove r  tw o rules ,  the y tes t  bot h D A X 
(correct )  triples ,  an d M E D (incorrect )  triples . 
Participant s ar e mor e successfu l  wit h th e D G 
instruction s sinc e b y carryin g ou t  positiv e test s o f  thei r 
M ED hypothese s the y ar e effectivel y carryin g ou t 
negativ e test s o f  thei r  D A X hypotheses ,  thu s 
eliminatin g th e overl y restrictiv e hypothese s typicall y 
announce d b y th e S G non-solvers .  I n summary ,  then , 
Evan s argue s tha t  D G instruction s facilitat e 
performanc e b y changin g participants '  representatio n o f 
th e tas k b y creatin g a  positiv e labe l  fo r  th e previousl y 
negativ e 'doe s no t  fit'  feedback. 

Wharto n e t  al .  (1993 )  propose d a  subtl y differen t 
mechanis m b y whic h D G instruction s improv e 
performance .  The y invok e K layma n an d Ha' s (1987 ) 
proposa l  tha t  a  centra l  featur e o f  hypothesi s testin g 
behaviou r  i s a  tendenc y fo r  individual s t o adop t  a 
positiv e tes t  strateg y whic h lead s t o th e generatio n o f 
triple s tha t  matc h thei r  hypothesise d rule .  A s w e note d 
earlier ,  i n th e standar d 2-4- 6 tas k positiv e testin g wil l 
neve r  enabl e participant s t o discove r  th e overl y 
restrictiv e natur e o f  thei r  hypothesi s a s the y wil l  neve r 
generat e a  tripl e whic h lie s outsid e o f  thei r  hypothesi s 
yet  i s  stil l  withi n th e experimenter' s targe t  rule .  Wit h 
D G instructions ,  however ,  eve n thoug h th e exempla r 
tripl e fo r  D A X suggest s th e sam e restricte d hypothesis , 
th e requiremen t  t o discove r  th e secon d ( M E D )  rul e 
shoul d encourag e participant s t o for m a  secon d 
hypothesi s (e.g. ,  'number s ascendin g b y interval s othe r 
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tha n two *  ar e M E D ) .  O n carryin g ou t  a  positiv e tes t  o f 
th e M E D hypothesis ,  (e.g. ,  5-10-15 )  participant s wil l 
(unexpectedly )  receiv e D A X feedback ,  thu s causin g 
the m t o alte r  bot h thei r  D A X an d M E D hypotheses . 
Thi s sequenc e o f  event s i s  repeate d unti l  satisfactor y 
rule s fo r  D A X an d M E D ar e discovered .  Thus , 
accordin g t o Wharto n e t  al. ,  i t  i s  th e complementar y 
natur e o f  th e tw o rule s tha t  lead s t o tas k success . 

I t  i s  clea r  tha t  Evans '  (1989 )  positivity-bia s accoun t 
and Wharto n e t  al.' s  (1993 )  goal-complementarit y 
accoun t  mak e ver y differen t  prediction s regardin g 
performanc e o n th e 2-4- 6 task .  Evans '  theor y predict s 
tha t  participant s give n positively-labele d D A X an d 
M ED feedbac k i n relatio n t o generate d triple s wil l 
perfor m bette r  tha n thos e give n a  combinatio n o f  'fit s 
th e rule '  (positivel y labeled )  an d 'doe s no t  fit  th e rule ' 
(negativel y labeled )  feedback ,  an d tha t  thi s dissociatio n 
wil l  b e presen t  irrespectiv e o f  whethe r  participant s ar e 
aske d t o discove r  a  singl e targe t  rul e o r  tw o 
complementar y rules .  I n contrast ,  th e goal -
complementarit y accoun t  propose d b y Wharto n e t  al . 
predic u tha t  participant s give n th e tas k o f  discoverin g 
tw o complementar y rule s wil l  b e mor e successfu l  tha n 
thos e seekin g a  singl e rule ,  regardles s o f  whethe r 
feedbac k i s give n a s D A X / M E D o r  'fits'/'doe s no t  fit'. 
Previou s studie s o f  th e facilitator y effec t  o f  D G 
instruction s hav e alway s confounde d thes e tw o 
variables ,  suc h tha t  participant s give n D G instruction s 
hav e alway s bee n give n D A X / M E D feedback ,  whils t 
thos e give n S G instruction s hav e alway s receive d 
'fits'/'doe s no t  fit'  o r  *yes'/'no '  feedback .  Th e presen t 
experimen t  wa s designe d t o discriminat e betwee n th e 
positivity-bia s accoun t  an d th e goa l  complementarit y 
theory ,  b y manipulatin g thes e tw o factor s 
independently .  T o thi s end ,  th e participant' s goa l  (i.e. , 
discover y o f  on e rul e vs .  discover y o f  tw o 
complementar y rules )  wa s systematicall y crosse d wit h 
th e linguisti c labe l  o f  th e feedbac k (i.e. ,  D A X / M E D vs . 
'fit s  th e rulc'/'doe s no t  fit  th e rule') . 

Method 

Participants 

Sixt y undergraduate s o f  varyin g background s an d 
ethnicit y ft-om  th e Universit y o f  Derb y too k par t  i n th e 
experimen t  i n exchang e fo r  cours e credits .  The y ha d no t 
receive d an y teachin g o n th e psycholog y o f  reasonin g 
befor e th e experiment . 

Design 

A full y betwee n participant s desig n wa s employe d tha t 
manipulate d tw o factors :  Goa l  (Singl e Goa l  vs .  Dua l 
Goal) ,  an d Linguisti c Labelin g ( D A X / M E D vs . 
Fits/Doe s No t  Fit) .  Fiftee n participant s wer e randoml y 
assigne d t o eac h o f  th e fou r  resultin g conditions . 

Procedur e 

Participant s wer e teste d i n group s o f  u p t o fou r  i n a 
quie t  laboratory .  Standardise d instruction s wer e rea d t o 
eac h group .  Singl e Goa l  (SG )  instruction s referre d t o a 
uniqu e rule :  7  hav e i n min d a  rul e tha t  specifie s h o w t o 
make u p sequence s o f  thre e number s (triples) ,  an d you r 
tas k i s t o discove r  thi s rule '  I n wha t  w e subsequentl y 
refe r  t o a s th e SG—Fi t s condition ,  participant s wer e 
aske d t o discove r  th e targe t  rul e b y generatin g triple s 
whic h the y woul d b e tol d eithe r  'fitted '  o r  "di d no t  fit' 
th e rul e tha t  th e experimente r  ha d i n mind .  O n th e othe r 
hand ,  i n wha t  w e refe r  t o a s th e S G — D AX condition , 
participant s wer e tol d tha t  triple s tha t  fitted  th e rul e 
wer e calle d D A X triple s an d thos e tha t  di d no t  fit  th e 
rul e wer e calle d M E D triples .  I t  wa s explaine d t o 
participant s tha t  o n generatin g a  tripl e the y woul d b e 
informe d a s t o whethe r  i t  wa s a  D A X o r  a  M E D triple . 

The Dua l  Goa l  ( D G )  instruction s emphasise d tha t 
ther e wer e tw o rule s t o b e discovered :  '...you r  tas k i s 
discove r  thi s rule ,  an d als o a  secon d rul e fo r 
categorisin g th e triple s tha t  d o no t  fit  m y rule '  I n th e 
standar d D G tas k (i.e. ,  D G — D A X ),  participant s wer e 
additionall y informe d tha t  triple s tha t  fitted  th e rul e 
wer e calle d D A X triple s an d thos e tha t  di d no t  fit  th e 
rul e wer e calle d M E D triples .  The y wer e instructe d t o 
produc e furthe r  triples ,  whic h th e experimente r  woul d 
describ e a s eithe r  D A X o r  M E D .  I n th e D G — F i t s 
condition ,  participant s wer e tol d t o generat e triple s 
whic h th e experimente r  woul d classif y i n term s o f 
whethe r  the y 'fitted '  o r  'di d no t  fit'  th e rule . 

Participant s i n al l  condition s wer e give n 2-4- 6 a s th e 
exampl e triple .  Al l  participant s wer e provide d wit h a n 
answe r  shee t  an d wer e aske d t o writ e 2-4- 6 o n th e first 
row ,  an d eithe r  'fits '  o r  D A X i n th e feedbac k column , 
as appropriate .  The y wer e instructe d tha t  the y coul d 
produc e a s man y triple s a s the y wished ,  an d tha t  whe n 
the y wer e sur e o f  th e rule(s )  the y shoul d writ e i t  (o r 
them )  o n th e answe r  sheet .  I n lin e wit h Gorma n (1992) , 
participant s wer e allowe d onl y on e gues s a t  th e rule(s) . 

Results 

Succes s Tabl e 1  show s th e fi'equency  o f  correc t  an d 
incorrec t  announcement s b y participant s i n eac h o f  th e 
fou r  experimenta l  conditions . 

Table I: Frequency of correct announcements by 
condition . 

Conditio n Solver s Non-Solver s 

SG—DAX 
SG—Fits 
D G — D AX 
DG—Fits 

15 
15 
15 
15 

3 
3 
12 
11 

12 
12 
3 
4 
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Tabl e 2 :  M e a n numbe r  o f  triple t  (an d typ e o f  triples )  produce d b y condition . 

Conditio n 

S G — D AX 
SG—Fits 
D G — D AX 
DG—Fits 

Tota l 
Triple s 

7. 6 (6.25 ) 
5.87(2.75 ) 

10.2 7 (6.30 ) 
8.3 3 (3.22 ) 

Posvar s 

0.3 3 (0.62 ) 
0.53(1.36 ) 
1.13(1.06 ) 
1.07(1.10 ) 

Feedbac k 

0.73(1.28 ) 
0.93(1.58 ) 
2.67(1.95 ) 
1. 4 (1.24 ) 

Negtype s 

0.3 3 (0.62 ) 
0.80(1.42 ) 
1.20(0.86 ) 
0.9 3 (0.80 ) 

Note :  S D i n parenthesis . 

Labeling of feedback (DAX/MED vs. Fits/Does Not 
Fit )  seem s t o hav e ha d littl e effec t  o n th e likelihoo d o f 
success ;  th e proportion s o f  solver s wer e simila r 
betwee n bot h th e tw o S G group s an d als o th e tw o D G 
groups .  Howeve r  mor e tha n thre e time s th e numbe r  o f 
participant s i n th e D G condition s tha n i n th e S G 
condition s announce d th e correc t  rule .  A  contingenc y 
tabl e chi-squar e analysi s wa s performe d o n th e 
frequencie s o f  correc t  an d incorrec t  announcement s 
(poole d ove r  th e labelin g o f  feedback) ,  an d reveale d a 
highl y significan t  effec t  o f  th e S G versu s D G 
manipulation,x^(l) = 19.288 ,  p< .00 l . 

Feedback Analyses were also performed to ascertain 
whethe r  th e manipulate d factor s ha d an y effec t  o n th e 
typ e o r  numbe r  o f  triple s produce d (se e Tabl e 2) . 
Again ,  th e labelin g o f  th e feedbac k appeare d t o mak e 
littl e differenc e t o th e numbe r  o r  typ e o f  triple s 
produce d b y participants .  Wit h regar d t o th e S G versu s 
D G instructions ,  however ,  ther e wer e significan t  mai n 
effect s o n thre e o f  th e measures ;  numbe r  o f  triple s 
produced ,  F(l ,  56 )  =  4.09 ,  p  <  .05 ;  numbe r  o f  triple s 
receivin g negativ e feedback ,  F(l ,  56 )  =  9.1 ,  p  <  .01 ; 
and numbe r  o f  variabl e positiv e triples ,  F(l ,  56 )  =  5.86 , 
p <  .05 .  Th e differenc e i n th e numbe r  o f  negtype s 
produce d acros s S G an d D G condition s als o approache d 
significance ,  F(l ,  56 )  =  3.96 ,  p  =  .052 .  Ther e wer e n o 
significan t  interaction s fo r  an y o f  th e measures . 

Presence of Triple Types Although the analyses of 
tripl e typ e ar e interestin g the y d o no t  giv e insigh t  int o 
th e absolut e importanc e o f  th e productio n o f  th e tripl e 
types .  Fo r  thi s reason ,  i t  wa s decide d t o carr y ou t 
furthe r  analyse s i n whic h th e productio n o f  eithe r  a 
posva r  o r  a  negativ e tripl e wa s crosse d wit h succes s o n 
th e task .  I n thi s wa y i t  woul d b e possibl e t o tes t  whethe r 
th e productio n o f  suc h triple s i s  necessar y fo r  tas k 
success . 

Table 3: Frequency of correct announcements by 
productio n o f  a t  leas t  on e posvar . 

Solver s Non-
Solver s 

Tota l 

Posva r  produce d 2 5 1 0 3 5 
No Posva r  produce d 6  1 9 2 5 
Tota l  3 1 2 9 6 0 

A contingenc y tabl e was ,  therefore ,  produce d i n whic h 
th e productio n o f  a t  leas t  on e posva r  wa s crosse d wit h 
succes s (se e Tabl e 3) .  Th e tabl e clearl y demonstrate s 
tha t  th e productio n o f  a  singl e posva r  i s associate d wit h 
succes s o n th e task ,  wit h fou r  time s th e numbe r  o f 
participant s w h o produce d a  posva r  makin g a  correc t 
announcemen t  compare d t o thos e w h o di d no t  produc e 
one .  A  chi-squar e analysi s confirme d th e reliabilit y o f 
thi s observation ,  x^(l )  =  13.137 ,  p  <  .001 . 

Table 4 shows a contingency table in which the 
productio n o f  a t  leas t  on e negativ e tripl e i s crosse d wit h 
success .  Her e th e associatio n i s eve n mor e marke d tha n 
i n th e cas e o f  th e productio n o f  a t  leas t  a  singl e posvar , 
wit h ther e bein g onl y on e instanc e o f  a  participan t  w h o 
had no t  produce d a  negativ e tripl e correctl y announcin g 
th e rule .  I n contrast ,  o f  th e 3 4 participant s w h o di d 
produc e a  negativ e triple ,  2 8 solve d th e task .  A  chi -
squar e analysi s reveale d tha t  thes e difference s wer e 
highl y significant ,  x^(l )  =  36.363 ,  p  <  .001) . 

Table 4: Frequency of correct and incorrect 
announcement s b y productio n o f  a  negativ e triple . 

Solver s N o n-
Solver s 

Tota l 

Negativ e tripl e presen t  2 8 6  3 4 
Negativ e tripl e absen t  1  2 5 2 6 
Tota l  2 9 2 9 6 0 

Discussio n 

The result s o f  th e presen t  experimen t  clearl y suppor t 
th e goa l  complementarit y accoun t  (Wharto n e t  al. , 
1993 )  o f  th e facilitator y effec t  o f  D G instruction s o n th e 
2-4- 6 task .  Evans '  (1989 )  positivity-bia s account ,  o n th e 
othe r  hand ,  fail s t o find  suppor t  i n th e evidenc e 
presented .  Th e result s sho w tha t  D G superiorit y canno t 
be attribute d t o th e re-labelin g o f  negativel y valence d 
'doe s no t  fit'  feedbac k a s positiv e ' M E D '  feedback ,  a s 
participant s i n th e D G condition s performe d 
significantl y bette r  tha n participant s i n th e S G 
conditions ,  regardles s o f  th e natur e o f  thei r  feedback . 
Thi s lead s t o th e conclusio n tha t  th e typicall y poo r 
succes s rate s o n th e standar d for m o f  th e tas k canno t  b e 
accounte d fo r  b y participant s selectivel y attendin g t o 

343 



positiv e informatio n an d thu s ignorin g a  potentiall y 
informativ e se t  o f  triples .  I n relatio n t o thi s point ,  th e 
analyse s o f  tripl e typ e an d tripl e productio n sho w tha t 
participant s i n th e D G conditio n produce d a  greate r 
number  an d variet y o f  triples .  I t  could ,  therefore ,  b e 
argue d tha t  i t  i s  no t  tha t  S G instruction s lea d t o 
selectiv e processin g o f  negativ e information ,  bu t  rathe r 
tha t  S G instruction s d o no t  promot e th e exploratio n o f 
negativ e informatio n i n th e first  plac e (c f  Wharto n e t 
al. ,  1993) . 

The final  se t  o f  analyse s als o reveale d a  hithert o 
unremarke d phenomenon .  I t  ha s lon g bee n note d tha t 
peopl e w h o solv e th e 2-4- 6 tas k ten d t o produc e mor e 
triple s a s wel l  a s a  greate r  proportio n o f  negativ e triple s 
(Wason ,  1960) .  I t  ha s als o bee n demonstrate d mor e 
recentl y tha t  solver s generat e a  greate r  variet y o f  triple s 
(e.g. ,  Valltc-Tourangea u e t  al. ,  1995) .  Wha t  ha s no t 
previousl y bee n shown ,  however ,  i s  tha t  i t  i s  th e 
productio n o f  a t  leas t  a  singl e negativ e tripl e tha t  i s  s o 
closel y associate d wit h succes s o n th e task .  Indee d i t 
remain s possibl e tha t  othe r  indice s o f  succes s suc h a s 
th e tota l  numbe r  o f  triple s produce d o r  overal l  tripl e 
variet y ma y wel l  b e mediatin g factor s throug h whic h 
th e critica l  negativ e tripl e i s produce d a s a  resul t  o f  tas k 
manipulations .  Thi s i s a n are a whic h woul d see m t o 
requir e close r  investigation . 

The basi c observatio n tha t  negative-tripl e productio n 
i s s o closel y relate d t o tas k success ,  does ,  a t  first  sight , 
appea r  rathe r  paradoxica l  Th e poin t  is ,  tha t  give n th e 
typicall y overly-restrictiv e hypothese s whic h 
participant s form ,  i t  seem s intuitivel y obviou s tha t  i t 
shoul d b e th e productio n o f  th e discriminator y posvar s 
(rathe r  tha n negativ e triples )  tha t  woul d b e mos t 
strongl y associate d wit h tas k success .  Althoug h ou r 
result s d o indicat e tha t  posva r  generatio n i s 
significantl y linke d t o correc t  initia l  rul e 
announcement s o n th e task ,  i t  remain s strikin g tha t  th e 
productio n o f  negativ e triple s i s eve n mor e predictiv e o f 
tas k success .  W h y migh t  thi s b e th e case ? 

One possibilit y  i s tha t  th e productio n o f  a  descendin g 
tripl e (an d it s associate d M E D o r  'doe s no t  fit' 
feedback )  someho w make s th e genera l  dimensio n o f 
ascendin g number s appea r  t o b e relevan t  t o th e targe t 
D AX o r  'fits '  rule .  Th e concep t  'descending '  ma y hav e 
thi s effec t  b y facilitatin g th e establishmen t  o f  a  salien t 
contras t  clas s tha t  promote s a n insigh t  int o th e potentia l 
scop e o f  th e targe t  rule .  Close r  investigatio n o f  th e 
precis e rol e o f  negativ e triple s i n facilitatin g tas k 
succes s -  perhap s throug h th e invocatio n o f  clea r 
contras t  set s within .  th e spac e o f  possibl e triple s -
would ,  therefore ,  appea r  t o b e essential .  T o achiev e thi s 
a finer-grained  syste m o f  codifyin g th e triple s tha t 
participant s produc e ma y b e required . 

I n summary ,  th e result s o f  thi s stud y clearl y suppor t  a 
goal  complementarit y accoun t  o f  facilitate d 
performanc e usin g D G instruction s o n th e 2-4- 6 task . 
Participant s i n th e D G condition s wer e mor e successfu l 
at  th e tas k tha n thos e i n th e S G conditions .  Th e lac k o f 

effec t  wit h regar d t o th e labelin g o f  feedbac k woul d 
appea r  t o undermin e a  standar d positivity-bia s account . 
Furthe r  work ,  however ,  i s  vita l  t o understan d th e rol e 
tha t  negativ e triple s pla y i n determinin g tas k success . 
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Abstrac t 

A connectionist model for emergent planning behavior is 
proposed .  Th e mode l  demonstrate s tha t  a  simpl e plan -
nin g schema ,  actin g i n concei t  wit h tw o genera l  purpos e 
cognitiv e fiinctiontdities,  namely ,  episodi c memor y an d 
O t i o n ,  ca n solv e a  restricte d clas s o f  plannin g prob -

y backchainin g fro m th e goa l  t o th e curren t  state . 
I n spit e o f  it s  simpl e structure ,  th e schem a ca n searc h fo r 
and execut e plan s involvin g multipl e steps .  W e discus s 
ho w thi s simpl e mode l  ca n b e extende d int o a  mor e pow -
erfu l  an d expressiv e plannin g syste m b y incorporatin g ad -
ditiona l  contro l  an d memor y structures . 

In t roduct io n 

Conside r  a  classica l  plannin g problem ,  specifie d b y a n 
initia l  state ,  a  goa l  stat e an d a  se t  o f  operators .  A  direc t 
approac h t o solvin g thi s proble m consist s o f  searchin g 
th e stat e spac e t o find  a  'path '  betwee n th e initia l  an d fi-
nal  states .  Severa l  symboli c plannin g system s adoptin g 
thi s approac h i n conjunctio n wit h th e us e o f  heuristic s 
(Hoffina n &  Nebel ,  2001 ;  Haslu m &  Geffiier ,  2000 ;  Bac -
chu s &  Teh ,  1998 )  hav e recentl y show n notabl e improve -
ment s i n efficienc y o n variou s benchmar k problems . 

Althoug h a  stat e spac e searc h algorith m i s conceptu -
all y  simple ,  i t  i s no t  obviou s h o w th e dat a structure s an d 
contro l  mechanism s require d fo r  th e specificatio n an d 
executio n o f  suc h a n algorith m ca n b e realize d i n a  neu -
rall y plausibl e manner .  I n thi s pape r  w e propos e a  con -
nectionis t  mode l  tha t  exhibit s a  state-spac e searc h behav -
ior .  Th e mode l  use s onl y a  fe w simpl e contro l  structure s 
i n conjunctio n wit h essentia l  cognitiv e faculties ,  suc h a s 
episodi c memory ,  semanti c memory ,  an d perception . 

Episodi c memor y (Tulving ,  1995 )  refer s t o ou r  abil -
it y t o remembe r  specifi c  event s an d situation s i n ou r 
dail y lives .  Th e us e o f  memor y an d experienc e i n plan -
nin g an d reasonin g ha s bee n investigate d b y severa l  re -
searcher s (se e (Waltz ,  1995 ;  Spalazzi ,  2001 )  fo r  usefii l 
accounts) .  Neurologica l  an d psychologica l  dat a strongl y 
suggest s tha t  episodi c memor y i s  distinc t  bot h i n it s 
fimctional  characteristic s an d neura l  basi s fi-om  othe r 
form s o f  memorie s suc h a s semanti c memory ,  memor y 
fo r  c o m m o n sens e knowledge ,  an d procedura l  knowl -
edge .  I t  ha s bee n argue d tha t  event s an d situation s i n 
episodi c memor y ar e bes t  viewe d a s relationa l  instance s 
tha t  specif y a  se t  o f  binding s betwee n th e role s o f  a  rela -
tiona l  schem a an d object s tha t  fill  thes e role s i n a  give n 

even t  o r  situatio n (Shastri ,  2001b ;  2002) .  W e assum e tha t 
a plannin g agen t  i s capabl e o f  rememberin g pas t  event s 
suc h a s "performin g actio n A  unde r  condition s P  lea d t o 
consequence s C" .  Eac h episodi c memor y trac e o f  thi s 
typ e ca n b e represente d a s a  tripl e o f  th e for m Precon -
ditions ,  Action ,  Consequences ,  an d w e wil l  refe r  t o suc h 
triple s a s PA C memorie s (o r  events)' . 

Finally ,  w e assum e tha t  th e plannin g agen t  i s capabl e 
of  observin g th e curren t  worl d stat e throug h perception . 
By thi s w e mea n tha t  th e agen t  ca n determin e whethe r  o r 
not  certai n perceptuall y salien t  an d directl y observabl e 
relation s hol d i n th e world .  Fo r  example ,  i n th e contex t 
of  th e classica l  block s worl d scenario ,  thi s assume s tha t 
th e agen t  ca n loo k a t  th e tabl e an d determin e whethe r  o r 
not  a  specifi c  bloc k i s 'clear ' 

A memory-based planning schema 

Figur e 1  show s th e abstrac t  structur e o f  th e propose d 
plannin g schema .  I n orde r  t o explai n it s behavior ,  le t  u s 
describ e th e functionalit y o f  eac h o f  it s component s an d 
thei r  interaction s usin g a  simpl e example . 

Episodic r —:;, Observable 
Memory" /  ^  /  \  Worl d stat e 

subgoalĵ , 
RECALL 

subgoal . 

C O M P A RE 

fai l  «"''8°a ' 

match ? 
CURRENT 

G O AL 

Goal 3 ^ Success/Failur e 

Figur e 1 :  A  bloc k diagra m showin g th e basi c compo -
nent s o f  th e plannin g mechanism . 

Consider a planning problem with only two blocks 
('A '  an d 'B' )  wher e th e agent' s goa l  G  i s t o achiev e 
O n ( A , B )  (i.e .  bloc k A  o n bloc k B )  an d th e curren t 
worl d stat e i s O n (B ,  A ) .  Le t  u s assum e tha t  th e agent' s 
episodi c memor y contain s th e tw o PA C event s E i  an d Ea : 

'Not e tha t  precondition s an d consequence s ma y contai n 
multipl e predicates . 
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El )  Instat e P i= {On(B ,  A )  } , 
actio n A i » U n s t a c k (B ,  A ) 
ledt o C i = { O n T a b l e ( A )  , O n T a b l e ( B ) } ; 

Ea)  Instat e P j - {OnTab le (A )  , O n T a b l e (B )  } , 
actio n A2 = S t a c k ( A ,  B ) 
ledt o C 3 = { 0 n ( A , B ) } . 

(1 )  Initializ e 

Th e schem a activit y i s initialize d b y conveyin g th e goa l 
( 7 ( = O n ( A , B )  i n ou r  example )  a s inpu t  t o CUR-
RENT G o a l  ̂ .  I n th e absenc e o f  an y incomin g activit y 
fVo m C o m p a r e ,  C u r r e n t  G o a l  simpl y passe s con -
tro l  alon g wit h th e goa l  (subgoa l  i  =  G )  t o th e RECALL 
component .  Th e behavio r  o f  th e C U R R E NT G O AL com -
ponen t  i n th e presenc e o f  a n inpu t  fro m C O M P A RE i s dif -
ferent ,  an d i s describe d below . 

(2) RecaU 

R e c a l l  i s  activate d whe n i t  receive s th e subgoa l  i 
( O n ( A , B ) ,  i n th e example )  a s inpu t  from  C U R R E NT 
G o a l .  Th e functio n o f  thi s componen t  i s t o searc h 
episodi c memor y fo r  a n even t  wherei n a  specifi c  actio n 
(say .  A )  performe d unde r  som e specifi c  precondition s 
(say ,  P )  lea d t o a  se t  o f  consequence s (say ,  C )  i n whic h 
subgoa l  i  i s true .  I n ou r  example ,  E a happen s t o b e suc h 
an event .  W h e n a  matchin g even t  i s found ,  actio n A 
and precondition s P  ar e recollecte d an d becom e 'active' ; 
P become s th e curren t  focu s o f  th e agent' s attention̂ , 
and contro l  i s transferre d t o C o m p a r e ,  alon g wit h P  a s 
th e curren t  subgoa l  j+i .  I n th e example ,  subgoa l  i+ i  = 
P2 = { O n T a b l e (A )  , O n T a b l e (B )  } .  I f  ther e ar e n o 
event s whos e consequence s 'match '  th e subgoa l  i ,  th e 
schema executio n halt s an d signal s &  failure . 

(3) Compare 

The C o m p a r e bloc k compare s subgoa l  i+ i  wit h th e cur -
ren t  worl d state ,  whic h i s assume d t o b e observabl e 
throug h perception .  I t  return s a  positiv e outcom e if f 
subgoa l  i+ i  i s  tru e i n th e curren t  state .  I n th e example , 
th e respons e i s negative ,  a s th e worl d i s stil l  O n (B ,  A ) . 
Afte r  th e comparison ,  th e outcom e an d th e subgoa l  i+ i 
(=P )  ar e passe d t o C U R R E NT G o a l ,  whic h take s con -
tro l  o f  th e activit y an d react s a s explaine d below . 

(4) Repeat 

I f  C u r r e n t  G o a l  receive s a  negativ e resul t  from 
C o m p a r e ,  th e followin g happens : 

• the original goal G is no longer passed as input to RE-
CALL,  an d cease s drivin g th e activit y  o f  th e schema ; 

• the set of preconditions P (=subgoal j+i) becomes the 
ne w subgoa l  j  an d i s passe d t o R E C A L L b y th e CUR-
RENT G o a l  component . 

^It is assumed that this goal is represented in other networks 
outsid e th e plannin g schem a an d communicate d t o th e schem a 
vi a controlle d spreadin g activation . 

Î n orde r  t o achiev e th e origina l  goa l  G ,  i t  suffice s t o 
achiev e P  an d execut e actio n A . 

At  thi s point ,  on e loo p i s complete d an d th e procedur e 
repeat s from  ste p (2 )  wit h P  a s th e curren t  goal . 

I f  C u r r e n t  G o a l  receive s a  positiv e inpu t  from 
C o m p a r e ,  th e schem a terminate s returnin g Succes s an d 
th e contro l  i s  give n t o a n appropriat e 'Actio n schema ' 
tha t  wil l  carr y ou t  th e actio n currentl y activ e i n memor y 
{A) .  I f  th e origina l  goa l  G  i s no t  achieve d vi a th e execu -
tio n o f  thi s action ,  th e plannin g schem a i s re-invoke d an d 
re-initialize d wit h G .  Not e tha t  w e ar e no t  assumin g th e 
existenc e o f  a  workin g memor y whic h woul d allo w th e 
agen t  t o dynamicall y stor e sub-goal s durin g th e plannin g 
proces s o r  t o maintai n activ e mor e tha n on e pa c even t  a t 
a time .  Becaus e o f  this ,  th e propose d syste m i s force d t o 
're-discover '  part s o f  th e sam e pla n ever y tim e a n actio n 
i s executed ,  a s describe d below . 

Returnin g t o th e example ,  th e resul t  o f  C o m p a r e 
i s negativ e an d n o actio n i s performed :  G  i s 'forgot -
ten' ,  whil e P i  become s th e ne w subgoa l  <  an d i s passe d 
on t o Reca l l .  Th e schem a no w querie s th e episodi c 
memory b y askin g i f  { O n T a b l e (A )  ,  O n T a b l e (B )  } 
has bee n achieve d i n th e past :  pa c even t  E i  i s  recol -
lected .  Th e preconditio n P i= {0n (B ,A )  }  -  require d 
t o perfor m U n s t a c k ( B , A )  -  become s th e ne w fo -
cus o f  attentio n an d i s compare d wit h th e curren t  worl d 
state ,  producin g a  successfii l  outcome :  a  chai n o f  (two ) 
pac event s cormectin g th e goa l  t o th e initia l  stat e ha s 
been found ,  an d th e plannin g proble m ha s bee n (poten -
tially )  solved .  However ,  becaus e o f  th e absenc e o f  a 
workin g memor y abl e t o dynamicall y stor e goal s an d 
subgoals ,  al l  th e agen t  ca n 'see '  a t  thi s poin t  i s  th e 
las t  PA C even t  recollected .  Th e currentl y activ e ac -
tio n ( i4 i=Unstack(B,A)) ,  though ,  ca n an d shoul d 
be executed ,  sinc e thi s wil l  ge t  th e curren t  stat e on e 
ste p close r  t o th e goal .  Afte r  th e positiv e outcom e o f 
C o m p a r e ,  th e schem a terminate s returnin g 'Success' : 
th e agen t  carrie s ou t  th e currentl y activ e actio n U n -
s t a c k (B ,  A ) ,  an d th e ne w stat e o f  th e worl d become s 
{ O n T a b l e ( A ) , O n T a b l e ( B ) } . 

Afte r  th e actio n ha s bee n completed ,  th e agen t  i s 
're-exposed '  t o th e initia l  goa l  G  (whic h ha s no t 
been achieve d yet) ,  an d th e plannin g schem a i s re -
invoked .  Th e subsequen t  flow  o f  activit y i s iden -
tica l  t o th e first  par t  o f  th e previou s one ,  excep t 
tha t  no w P2= {0nTab l e (A )  ,  O n T a b l e (B )  }  matche s 
th e curren t  stat e o f  th e world ,  an d thu s actio n A  2 = 
S t a c k (A ,  B )  i s executed .  Thi s lead s t o achievin g th e 
origina l  goa l  G ,  an d th e schem a i s n o longe r  invoked . 

The connectionist planning schema 

The plannin g mechanis m describe d abov e ha s bee n 
implemente d usin g th e representationa l  machiner y o f 
SHRUTI,  a  neurall y plausibl e structure d connectionis t  ar -
chitectur e tha t  demonstrate s ho w a  networ k o f  neuron -
lik e element s ca n encod e a  larg e bod y o f  structure d 
knowledg e an d perfor m a  variet y o f  inference s withi n a 
fe w htmdre d millisecond s (Shastr i  &  AJjanagadde ,  1993 ; 
Shastii ,  1999 ;  Shastr i  &  Wendelken ,  2000) . 

SHRUTI  suggest s tha t  th e encodin g o f  relationa l  infor -
matio n (frames ,  predicates ,  an d schemas )  i s mediate d b y 
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neura l  circuit s compose d o f  focal-clusters ,  an d tha t  th e 
dynami c representatio n an d communicatio n o f  relationa l 
instance s involve s th e transien t  propagatio n o f  rhythmi c 
activit y acros s thes e clusters .  A  role-entit y bindin g i s 
represente d i n thi s rhythmi c activit y b y th e synchronou s 
firing  o f  appropriat e cells .  Rule s ar e encode d b y link s 
tha t  enabl e th e propagatio n o f  rhythmi c activit y acros s 
foca l  clusters ,  an d a  fac t  i n long-ter m memor y i s a  tem -
pora l  patter n matchin g circuit . 

I n th e past ,  SHRUTI' s representationa l  machiner y ha s 
bee n use d t o encod e commonsens e knowledg e (Shastr i 
& Ajjanagadde ,  1993) ,  causa l  model s (Shastr i  &  Wen -
delken ,  2000) ,  a s wel l  a s actio n schema s an d reactiv e 
plan s (Shastri ,  Grannes ,  Narayana n &  Feldman ,  1997 ) 
and decision-makin g (Wendelken ,  2001) . 

A memory-based proto-planner 

Conside r  th e networ k structur e depicte d i n Figur e 2 . 
Thi s networ k fragmen t  consist s o f  tw o 'control '  focal -
cluster s A C H I E V E an d R E C A L L ,  tw o predicat e focal -
cluster s O n an d O n T a b l e ,  a n actio n focal-cluste r  U n -
s t a c k ,  tw o entit y focal-cluster s A  an d B ,  an d a  typ e 
focal-cluste r  B lock .  Typically ,  a  focal-cluste r  contain s 
severa l  contro l  an d rol e nodes .  Fo r  example ,  th e focal -
cluste r  A C H I E V E contain s contro l  node s + ,  - ,  an d ? ,  an d 
rol e node s /  an d G  (th e entit y an d typ e focal-cluster s d o 
not  contai n rol e nodes) . 

Rol e node s withi n th e focal-cluste r  o f  a  predicat e o r 
schema provid e a  mechanis m fo r  expressin g rol e (o r  pa -
rameter )  bindings .  I n particular ,  a  dynami c bindin g be -
twee n a  rol e an d it s  filler  i s  expresse d b y th e synchronou s 
firin g o f  th e rol e nod e an d th e focal-cluste r  o f  th e objec t 
filling  th e role .  A  relationa l  focal-cluste r  wit h boun d rol e 
node s designate s a  particula r  relationa l  instance . 

The enable r  (? )  nod e associate d wit h a  focal-cluste r 
may b e viewe d a s a n "initiat e query "  o r  "initiat e activ -
ity "  node .  I n contrast ,  collecto r  node s ( + an d - )  associ -
ate d wit h a  focal-cluste r  indicat e th e outcom e o f  a  quer y 
or  o f  othe r  activit y pertainin g t o th e focal-cluster .  I n par -
ticular ,  th e activatio n o f  th e +  (- )  collecto r  indicate s a 
positiv e (negative )  respons e t o a  quer y o r  signal s a  suc -
cessfu l  (unsuccessful )  completio n o f  som e activity . 

Inferenc e occur s vi a th e propagatio n o f  activit y be -
twee n focal-clusters .  Th e link s betwee n th e enable r  an d 
rol e node s o f  interconnecte d focal-cluster s allo w querie s 
pose d i n on e focal-cluste r  t o propagat e t o othe r  focal -
clusters :  i f  rol e nod e R \  i s linke d t o rol e nod e R 2 ,  th e 
firin g o f  il l  induce s synchronou s firin g i n R 2 ,  allowin g 
dynami c bindin g propagation . 

A quer y i s communicate d t o a  focal-cluste r  b y acti -
vatin g it s enable r  nod e an d bindin g it s rol e node s t o ap -
propriat e rol e fillers.  I n Figur e 2 ,  th e quer y "Ca n bloc k 
B b e place d o n th e table ,  give n tha t  B  i s o n A ? "  i s 
communicate d b y activatin g ?  :  A C H I E V E ,  an d synchro -
nizin g th e firing  o f  A C H I E V E .  I  an d + :  On ;  th e firing 
of  A C H I E V E .  G  an d +  :  O n T a b l e ;  th e firin g o f  O n .  x , 
O n T a b l e .  x  an d ?  :  B ;  an d tha t  o f  O n .  y  an d ?  :  A .  Th e 
activit y o f  A C H I E V E propagate s t o th e R E C A L L cluster , 
resultin g i n th e quer y "I s ther e som e actio n whic h le d t o 

O n T ab 1  e  (B )  fro m th e preconditio n O n (B ,  A ) . " 
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"  +  -  ?  Recal l  ©  ©  (| )  ""_".- -

7 0 Q 7 

Achiev e 

Figur e 2 :  diagra m showin g networ k structur e fo r  a  proto -
plannin g mechanism . 

Fact  structures attached to a relational focal-cluster en-
cod e specifi c  instance s o f  tha t  relation .  I f  th e quer y activ e 
at  a  focal-cluste r  matche s a n attache d fact ,  th e fac t  be -
comes activ e and ,  i n turn ,  activate s th e positiv e collecto r 
of  th e relation' s focal-cluster ,  bindin g (vi a synchronou s 
firing)  eac h o f  th e relation' s rol e node s t o th e entit y fill-
in g thes e role s i n th e fact .  A  neurall y plausibl e mode l  o f 
ho w thi s migh t  happe n i n th e brai n i s describe d i n (Shas -
tri ,  2001b) . 

I n th e cas e o f  R E C A L L ,  th e fact s structure s attache d t o 
thi s focal-cluste r  represen t  episodi c memorie s o f  specifi c 
PAC events .  Th e activatio n o f  th e quer y "I s ther e som e 
actio n whic h le d t o O n T a b l e (B )  fi-om  th e precondi -
tio n O n (B ,  A ) "  matche s th e memorize d PA C even t  an d 
lead s t o thi s even t  becomin g activ e (i.e. ,  recalled) .  Thi s 
i n tur n result s i n th e activatio n o f  +  :  R E C A L L an d th e 
synchronou s firing  o f  th e unboun d rol e R E C A L L .  A  wit h 
th e representatio n o f  U n s t a c k (B ,  A ) :  th e syste m re -
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call s tha t  performin g U n a t a c k (B ,  A )  whe n O n (B ,  A ) 
was tru e lea d t o O n T a b l e (B )  bein g true . 

An importan t  featxir e o f  th e syste m consist s o f  it s 
abilit y  t o trea t  a  relationa l  instanc e a s a  role-fille r 
(e.g .  A C H I E V E .  I  =  O n ( B , A ) ) .  I n orde r  t o suppor t 
thi s requirement ,  SHRUTI  allow s fo r  tw o level s o f  tem -
pora l  synchrony .  Binding s betwee n standar d rol e node s 
and entity/typ e node s ar e represente d withi n a  rapi d mi -
nor  oscillatoT y cycle ,  whil e binding s betwee n specialize d 
rol e node s an d relationa l  instance s ar e encode d withi n a 
slowe r  majo r  oscillator y cycle . 

The simpl e schem a describe d above ,  consistin g o f  th e 
A C H I E VE an d R E C A L L cluster s actin g i n concer t  wit h 
th e episodi c memory ,  ca n retriev e previousl y memorize d 
"if-then ^  (PA.C )  tuples .  Thus ,  thi s schem a ca n b e con -
strue d a s a  proto-planne r  capabl e o f  returnin g one-ste p 
'plans. '  Th e nex t  sectio n demonstrate s ho w thi s schem a 
can searc h fo r  sequence s o f  actions ,  therefor e constitut -
in g th e nex t  'stag e o f  evolution '  o f  thi s proto-planner . 

The planning schema in SHRUTI 

Figur e 3  show s ho w th e plannin g schem a o f  Figur e 1  ha s 
bee n implemente d usin g SHRUTl' s representationa l  ma -
chinery .  I t  i s  eas y t o se e ho w th e foca l  cluster s o f  thi s 
schema ca n b e mappe d t o th e element s o f  Figur e 1  (th e 
C u r r e n t  G o a l  bloc k ha s bee n realize d wit h tw o clus -
ters ,  P L A N an d S U B G O A L ).  W e shal l  us e th e sam e ex -
ampl e adopte d earlie r  t o illustrat e ho w th e schem a ca n 
periFor m a  basi c for m o f  plannin g a s search . 

Let  u s assum e tha t  th e memor y o f  th e agen t  (repre -
sente d onl y abstractl y i n th e figure)  contain s th e tw o PA C 
event s o f  th e previou s example ,  namely ,  E i  =  (Pi ,  A i , 
C i )  an d E a =  (P2 ,  A j ,  C2) ,  an d tha t  th e PERCEPTION 
block ,  whe n querie d wit h inpu t  P ,  activate s th e +  o r  -
collecto r  dependin g o n whethe r  th e even t  boun d t o P  i s 
tru e o r  fals t  i n th e observe d worl d state . 

The schem a i s invoke d b y activatin g th e P L A N clus -
ter' s enable r  ('?' )  nod e an d b y bindin g it s rol e nod e 
G t o th e relationa l  instanc e expressin g th e curren t  goa l 
(On (A ,B )  i n th e example) .  Afte r  initialization ,  activ -
it y  propagate s upward s alon g link s t o cluster s S U B G O AL 
and R E C A L L .  Afte r  fe w majo r  cycles ,  ?  :  R E C A L L i s ac -
tivated ,  wit h rol e C  firing  i n synchron y wit h th e cur -
ren t  goa l  {O n (A ,  B )  } .  Th e PA C even t  E j  matche s th e 
activit y i n th e cluste r  an d i s retrieved .  Consequently , 
+ :  R E C A L L become s active ,  an d th e role s A  an d P  ar e 
instantiate d wit h action s A 2 =  S t a c k (A ,  B )  an d rela -
tiona l  instanc e P 2 =  { O n T a b l e (A,B )  } ,  respectivel y 
(th e cluster s correspondin g t o predicat e 'OnTable '  an d 
actio n 'Stack '  ar e no t  show n i n th e figure).  Th e ac -
tivit y o f  P  reache s C O M P A R E.  Sinc e O n T a b l e (A ,  B ) 
i s no t  tru e i n th e curren t  worl d state ,  -  :  C o m p a r e be -
comes active .  Thi s lead s t o th e inhibitio n o f  th e link s 
ft-om  P L A N t o S U B G O A L,  whic h block s th e propaga -
tio n o f  th e quer y PLAN(O n (A ,  B ) )  throug h th e schema . 
Simultaneously ,  activit y ft-om  C O M P A RE reache s S U B -
G O A L:  th e rol e nod e G  start s firing  i n synchron y wit h 
P,  whic h wa s temporall y boun d t o th e relationa l  in -
stanc e { O n T a b l e (A ,  B )  } .  Hence ,  thi s become s th e 

ne w (sub)goa l  o f  th e schema ,  an d it s focu s o f  attention . 
Activit y fro m ?  :  S U B G O AL reache s ?  :  R E C A L L again , 
whil e rol e nod e C  start s firing  i n synchron y wit h G .  Thi s 
lead s t o th e retrieva l  o f  PA C even t  Ei ,  an d hence ,  th e pre -
conditio n P i - { O n ( A , B ) }  get s boun d t o rol e P  an d rol e 
A i s boun d t o th e actio n instanc e A 1 " U n s t a c k (B ,  A ) . 
Thes e binding s ar e i n tur n propagate d t o C O M P A R E. 

OBSERVABLE 
WORLD STATE 

EPISODIC ('̂•*VC 1 
MEMORY <"-*̂ "> : 

•  PERCEPTION 

COMPARE o . 0 RECALL 

to 4:SUBG0AL 

SUBGOAL 

PLAN 
;  EXECUTE : 

ACTION -
Schema fro m 

ACHIEVE 
FAILURE 

SUCCESS 

Figur e 3 :  A  diagra m showin g th e connectionis t  structur e 
of  th e plannin g schema . 

The positive outcome of the comparison leads to 
th e activatio n o f  +  :  C O M P A R E,  whic h communicate s t o 
P L AN tha t  th e searc h ha s terminate d successfully .  Afte r 
actio n A i  i s  executed ,  th e initia l  goa l  G = { O n ( A , B ) } 
(no t  ye t  achieve d an d stil l  presen t  i n th e system )  cause s 
th e schem a t o restart .  Th e subsequen t  flow  o f  activatio n 
i s identica l  t o th e initia l  par t  o f  th e previou s sequence , 
excep t  tha t  whe n P 2 =  { O n T a b l e (A ,  B )  }  i s  compare d 
wit h th e curren t  state ,  th e outcom e i s positiv e an d th e 
currentl y activ e actio n (S tac k (A ,  B ) )  i s  executed .  Thi s 
achieve s th e goa l  G  an d terminate s th e activity . 

Simulation results 

Th e abov e plannin g schem a ha s bee n realise d an d teste d 
usin g th e "Shrut i  Agen t  Simulator "  softwar e writte n i n 
Java .  Tli e exampl e describe d i n th e previou s sectio n ha s 
bee n use d t o tes t  th e functionin g o f  th e schema .  Figur e 4 
shows th e detaile d trac e o f  activatio n resultin g fro m th e 
actua l  simulation .  Not e h o w th e diagra m reflect s closel y 
th e flow  o f  activit y describe d before ,  u p t o th e first  posi -
tiv e outcom e o f  C O M P A R E. 

Consider ,  fo r  example ,  tim e poin t  a  o f  th e dia -
gram .  Here ,  th e PA C fac t  E j  ha s jus t  becom e ac -
tiv e becaus e o f  th e initia l  quer y 'PLA N (O n (A ,  B )  ) ' , 
whic h ha s bee n propagate d upward s an d ha s le d t o th e 
quer y 'RECAL L (x ,  j/ .  O n (A ,  B )  )  ' .  A s a  consequence , 
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th e tw o precondition s { O n T a b l e (A )  ,  O n T a b l a (B) } 
ar e abou t  t o becom e active ,  an d wil l  b e propagate d t o th e 
C O M P A RE cluster ,  wher e the y wil l  b e matche d agains t 
th e curren t  stat e o f  th e world* . 

a 

i j  11 1 1 

0n(A.B ) 
0ii(B,A ) 

OnTibli(A ) 
AOnTabMB) 

m . i 

- m i 

Figur e 4 :  Nod e activatio n trac e o f  th e simulation . 

Time point ;9 is a snapshot of the situation immedi-
atel y followin g th e negativ e outcom e o f  th e (simulated ) 
comparison .  Notic e h o w th e o w o f  activit y goin g from 
th e P L A N cluste r  t o th e R E C A L L cluste r  ha s bee n inter -
rupte d b y th e negativ e outcom e o f  C O M P A RE i n orde r  t o 
allo w th e ne w goa l  { O n T a b l e (A )  ,  O n T a b l e (B )  }  t o 
make it s wa y throug h t o cluste r  R E C A L L . 

Discussion 

The wor k describe d i n thi s pape r  i s par t  o f  a  large r  effor t 
whose goa l  i s  t o develo p a  neurall y plausibl e architec -
tur e fo r  reasoning ,  remembering ,  planning ,  an d decisio n 
making .  Thi s pape r  present s progres s alon g a n importan t 
dimensio n o f  thi s ongoin g effort .  Perhap s th e mos t  inter -
estin g aspec t  o f  thi s wor k i s th e demonstratio n tha t  gen -
era l  purpos e cognitiv e facultie s suc h a s episodi c m e m-
ory ,  semanti c memor y an d perceptio n ca n b e harnesse d 
t o produc e a  state-spac e searc h behavio r  an d solv e a  sub -
clas s o f  plannin g problems . 

The plaimin g schem a discusse d i n thi s pape r  i s limite d 
i n a  numbe r  o f  ways ;  however ,  a s discusse d below ,  thi s 
schema ca n b e extende d int o a  muc h mor e powerfu l  an d 
expressiv e plannin g syste m b y incorporatin g additiona l 
contro l  an d memor y structures ,  an d b y leveragin g th e ful l 
representational  an d expressiv e powe r  o f  SHRUTl . 

The propose d plannin g schem a i s susceptibl e t o get -
tin g trappe d i n deadends .  A s th e syste m searche s fo r  a 

*The  perceptual task of verifying whether some conditions 
hol d i n th e curren t  worl d stat e wa s simulate d b y manuall y acti -
vatin g th e +  o r  -  collecto r  o f  th e cluste r  eCompare l  a s appro -
priate . 

pat h from  th e goa l  t o th e initia l  state ,  i t  ca n ge t  caugh t 
i n a  stat e tha t  subsume s a  se t  o f  condition s D  whic h 
do no t  matc h th e consequen t  o f  an y PA C even t  i n m e m-
ory .  Ther e is ,  however ,  a  simpl e thre e par t  solutio n t o 
thi s problem .  First ,  th e agen t  detect s tha t  i t  ha s reache d 
a deaden d stat e (thi s i s signale d b y th e activatio n o f  -
:  R E C A L L .  Second ,  th e agen t  memorize s tha t  thi s pat h 
lead s t o a  deaden d i n th e contex t  o f  th e curren t  prob -
lem .  I t  ca n d o s o b y memorizin g th e followin g episodi c 
m e m o ry trace :  iwhe n tryin g t o achiev e th e goa l  G ,  in -
stantiatin g a  subgoa l  D  lead s t o a  deadendi .  ̂  Third ,  th e 
agen t  restart s th e searc h an d a t  eac h ste p i n th e searc h 
proces s retrieve s bot h PA C an d D E A D E ND event s tha t 
matc h th e curren t  subgoal .  A n y retrieve d PA C even t  tha t 
i s  counterindicate d b y retrieve d d e a d e n d even t  i s ig -
nored .  Sinc e th e memorizatio n o f  deadend s prune s th e 
potentia l  searc h space ,  wit h su f  cien t  practice ,  th e agen t 
m ay memoriz e a  larg e numbe r  o f  deaden d event s an d 
carr y ou t  a  highl y c f  cien t  search . 

Anothe r  limitatio n o f  th e propose d plannin g schem a 
i s tha t  i t  need s t o travers e th e sam e path s throug h th e 
stat e spac e severa l  time s durin g th e cours e o f  ndin g a 
plan .  HoAvever ,  i f  th e agen t  coul d remembe r  th e pat h 
traverse d from  th e curren t  goa l  t o th e initia l  state ,  i t 
woul d no t  hav e t o rediscove r  th e sam e pla n subsequence s 
many time s over :  pla n executio n woul d involv e travers -
in g th e memorize d sequenc e o f  PA C event s onl y onc e (i n 
th e reverse  order )  an d executin g th e action s associate d 
wit h eac h PA C even t  i n th e sequence .  Not e tha t  remem -
berin g suc h a  pat h ca n b e viewe d a s memorizin g a  se -
quenc e o f  PA C events .  Learnin g o f  even t  sequence s i s a 
well-know n propert y o f  episodi c memory ,  bu t  i t  remain s 
t o b e see n h o w th e proces s o f  suc h on-lin e memoriza -
tio n o f  even t  sequence s ca n b e full y integrate d wit h th e 
on-lin e retrieva l  o f  previou s episodi c memories .  Work -
in g memor y mechanism s ca n als o pla y a  complementar y 
rol e i n suc h on-lin e memorization .  Ou r  curren t  researc h 
addresse s th e functionin g o f  episodi c m e m o r y (Shas -
tri ,  2001b ;  2002 )  a s wel l  a s tha t  o f  workin g memory , 
and w e hop e tha t  th e developmen t  o f  powerfii l  episodi c 
and workin g m e m o r y model s wil l  directl y ben e t  fiiture 
wor k i n th e developmen t  o f  plannin g schemas . 

Sinc e th e propose d plannin g schem a operate s withi n 
th e SHRUTl  architecture ,  th e ful l  rang e o f  knowledg e 
representatio n an d reasonin g capabilitie s o f  SHRUTl  ca n 
be leverage d durin g planning .  Thi s include s represent -
in g an d reasonin g wit h commonsens e (semantic )  knowl -
edge ,  causa l  models ,  typ e hierarchies ,  context-sensitiv e 
prio r  probabilitie s o f  event s an d estimate d utility/valu e o f 
world-states .  Thus ,  genera l  purpos e domai n knowledg e 
as wel l  a s plannin g spec i  c  knowledg e ca n b e seamlessl y 
combine d t o suppor t  plannin g involvin g no t  jus t  m e m o r y 
retrieval ,  bu t  als o inference . 

Th e functionalit y o f  th e curren t  plannin g schem a i s 

'Th e representationa l  machiner y require d t o encod e suc h 
DEADEND levents t  i s  simila r  t o tha t  require d t o encod e PA C 
events :  lik e pa c events ,  th e episodi c memor y trac e o f  DEAD-
END event s als o involve s role -  Her s tha t  ar e partia l  state -
descriptions ,  spec i  e d b y set s o f  conditions . 
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als o limite d b y it s inabilit y  t o mak e us e o f  goa l  decompo -
sition .  Imagin e tha t  th e agen t  i s  tryin g t o n d a  pla n fo r 
th e goa l  G i & G j  give n th e worl d stat e /  an d th e tw o PA C 
event s PAC(/',ai,Gi )  an d PAC(/",02,G2 )  i n memory . 
The plannin g schem a describe d i n thi s pape r  wil l  b e un -
abl e t o solv e th e composit e goa l  G i  &  G j ,  eve n thoug h 
i t  wil l  b e abl e t o solv e eac h o f  th e subgoal s G  i  an d G 2 
i f  presente d individually' .  I n orde r  t o dea l  wit h goa l  de -
composition ,  th e schem a mus t  (i )  recogniz e tha t  i t  ca n 
solv e on e o f  th e subproblem s usin g on e o f  th e pa c facts , 
(ii )  pic k th e subproble m t o b e solved ,  (iii )  not e dow n th e 
subproble m tha t  i t  i s  deferrin g fo r  now ,  (iv )  n d a  solu -
tio n t o th e selecte d subproblem ,  (v )  shif t  attentio n bac k 
t o th e deferre d subproblem ,  an d (vi )  solv e th e deferre d 
subproblem .  A  connectionis t  implementatio n o f  thi s al -
gorith m woul d requir e a  mor e comple x schem a (contro l 
structure )  tha n th e on e describe d i n th e previou s sections , 
togethe r  wit h th e abilit y  t o remembe r  deferre d goals .  Th e 
memory o f  deferre d goal s ca n tak e th e for m o f  workin g 
memory (i f  deferre d goal s hav e t o b e remembere d fo r  a 
fe w seconds )  o r  episodi c memor y (i f  th e goal s hav e t o b e 
remembere d ove r  longe r  tim e periods) . 

Anothe r  are a o f  ongoin g researc h o f  direc t  relevanc e 
t o th e wor k describe d her e concern s th e representatio n 
of  comple x actio n schema s an d plans .  I n pas t  work ,  w e 
hav e show n tha t  parameterize d schema s capabl e o f  deal -
in g wit h partiall y  ordere d actions ,  conditiona l  actions , 
concurren t  an d iterativ e actions ,  a s wel l  a s compositiona l 
and hierarchica l  action s ca n b e encode d usin g SHRUTli s 
representationa l  machiner y (Shastr i  e t  al. ,  1997) .  Thi s 
makes u s co n den t  tha t  th e mor e comple x contro l  struc -
ture s require d fo r  encodin g mor e sophisticate d plannin g 
schema s woul d no t  presen t  a n insurmountabl e problem . 

A ke y issu e tha t  remain s ope n i s th e learnin g o f  appro -
priat e contro l  structures .  W e ar e investigatin g thi s ques -
tio n withi n th e framework s o f  spike-timin g dependen t 
syniq>ti c plasticit y (Wendelke n &  Shastri,2000 ;  Song , 
Mille r  &  Abbott ,  2000 )  an d recruitmen t  learnin g base d 
on long-ter m potentiatio n (Malenk a &  Nicoll ,  1999 ; 
Shastri ,  2001a) . 

Acknowledgments 

Thi s wor k wa s partiall y  funde d b y N S F grant s 972039 8 
and 9970890 . 

References 

Bacchus ,  F. ,  &  Teh ,  Y .  W .  (1998) .  Makin g forwar d 
chainin g relevant .  Proceeding s o f  th e Fourt h Inter -
nationa l  Conferenc e o n A I  Plannin g System s (AIP S 
;PP*)(pp.54n61) . 

Haslum, P., & Geffher, H. (2000). Admissible Heuristics 
fo r  Optima l  Planning .  Proceeding s o f  th e 5t h Internat . 
Conf  o f  A I  Plannin g System s (AIP S 2000 )  (pp .  140i i 
149) .  Breckenridge ,  Colorado :  A A A I  Press . 

*Tha t  is ,  assumin g tha t  V  an d / "  hol d i n stat e / ,  an d tha t 
/ "  als o hold s i n th e stat e resultin g from  performin g actio n a. \ 
i n stat e 7 . 

Hoffmann ,  J. ,  &  Nebel ,  B .  (2001) .  Th e F F Plannin g Sys -
tem:  Fas t  Pla n Generatio n Throug h Heuristi c Search . 
Journa l  o f  Artificia l  Intelligenc e Research ,  14 ,  253f i 
302 . 

Malenka ,  R .  C ,  &  Nicoll ,  R .  A .  (1999) .  Long-ter m Po -
tentiatio n -  A  Decad e o f  Progress ? Nature .  285,1870f i 
1874 . 

Shastri ,  L .  (1999) .  Advance s i n SHRUTI  -  a  neurall y mo -
tivate d mode l  o f  relationa l  knowledg e representatio n 
and rapi d inferenc e usin g tempora l  synchrony .  Ap -
plie d Intelligence ,  11 . 

Shastri ,  L .  (2001a) .  A  Biologica l  Groundin g o f  Recruit -
ment  Learnin g an d Vicina l  Algorithms .  I n J .  Austin , 
S.  Wermte r  &  D .  Wilsha w (Eds.) ,  Emergen t  neura l 
computationa l  architecture s base d o n neuroscience . 
Springer-Verlag . 

Shastri ,  L .  (2001b) .  A  computationa l  mode l  o f  episodi c 
memory formatio n i n th e Hippocampa l  system .  Neu -
rocomputing ,  38-40 ,  889fl897 . 

Shastri ,  L .  (2002) .  Episodi c memor y an d cortico -
hippocampa l  interactions .  Tivnd s i n Cognitiv e Sci -
ences .  6(4),  162fil68 . 

Shastri ,  L. ,  &  Ajjanagadde ,  V .  (1993) .  Fro m simpl e as -
sociation s t o systemati c reasoning .  Behaviora l  an d 
Brai n Sciences ,  I6(3),A\1M9A . 

Shastri ,  L. ,  Grannes ,  D. ,  Narayanan ,  S .  &  Feldman ,  J . 
(1997) .  A  Connectionis t  Encodin g o f  Parameterize d 
Schemas an d Reactiv e Plans .  I n G .  Kraetzschma r 
and G .  Pah n (Eds.) ,  Hybri d Informatio n Processin g i n 
Adaptiv e Autonomou s Vehicles .  Springer-Verlag . 

Shastri ,  L. ,  &  Wendelken ,  C .  (2000) .  Seekin g coheren t 
explanation s -  a  fusio n o f  structure d connectionism , 
tempora l  synchrony ,  an d evidentia l  reasoning .  Pro -
ceeding s o f  th e Twenty-Secon d Conferenc e o f  th e Cog -
nitiv e Scienc e Society .  Philadelphia . 

Song,  S. ,  Miller ,  K. ,  &  Abbott ,  L .  (2000) .  Competitiv e 
Hebbia n Learnin g Throug h Spike-Timin g Dependen t 
Synapti c Plasticity .  Natur e Neuroscience ,  3 ,  9195926 . 

Spalazzi ,  L .  (2001 )  A  Surve y o n Case-Base d Planning . 
Artificia l  Intelligenc e Review ,  16(1) ,  3fi36 . 

Tulving ,  E .  (1995 )  Organizatio n o f  Memory :  Q u o Vadis ? 
I n M.S .  Gazzanig a (Ed.) ,  Th e Cognitiv e Neuroscience . 
M I T Press . 

Waltz ,  D.L .  (1995 )  Memory-base d reasoning .  In :  M .  A . 
Arbi b (Ed.) ,  Th e Handboo k o f  Brai n Theor y an d Neu -
ra l  Networks .  M I T Press . 

Wendelken ,  C ,  &  Shastri ,  L .  (2000) .  Probabilisti c  infer -
enc e an d learnin g i n a  connectionis t  causa l  network . 
Proceeding s o f  th e Secon d Internationa l  Symposiu m 
on Neura l  Computation . 

Wendelken ,  C .  &  Shastri ,  L .  (2002) .  SHRUTI-agent : 
A structure d connectionis t  mode l  o f  decision-making . 
Proceeding s o f  th e 24t h Conferenc e o f  th e Cognitiv e 
Scienc e Society .  Washington ,  D.C .  August ,  2002 . 

350 



E v e n t s ve rsu s States :  E m p i r i c a l  Cor re la te s o f  Lex ica l  C lasse s 

Silvia Gennari (sgen@wam.uind.edu) 
Cognitiv e Neuroscienc e o f  Languag e Laborator y 

1401 Mari e Moun t  Hall .  Universit y  o f  Maryland ,  Colleg e Park ,  M D 2074 2 

David Poeppel (dpoeppel@deans.unid.edu) 
Cognitiv e Neuroscienc e o f  Languag e Laborator y 

1401 Mari e Moun t  Hall .  Universit y  o f  Maryland ,  Colleg e Park ,  M D 2074 2 

Abstrac t 

Phil(»opher8 and linguists have claimed that verb meanings 
ar e divide d int o semanti c type s o r  superordinat e categorie s 
tha t  diffe r  i n interna l  conceptua l  structure .  I n particular , 
eventiv e verbs ,  whic h hav e interna l  causa l  structur e ar e 
distinguishe d n o m stativ e verbs ,  whic h hav e n o interna l 
causa l  structure .  I n thi s pq>er ,  w e explor e th e processin g 
consequence s o f  assumin g tha t  th e lexica l  representation s 
of  ver b meaning s diffe r  i n th e complexit y o f  thei r  interna l 
representations .  W e conducte d tw o experiments ,  a  lexica l 
decisio n tas k an d a  self-pace d readin g smdy ,  tha t 
investigate d ho w vei b type s o f  differen t  complexit y ar e 
processed .  W e predicte d tha t  th e conceptuall y mor e 
comple x eventiv e verb s woul d tak e longe r  t o proces s tha n 
stativ e verbs .  I n bot h experiments ,  thi s predictio n wa s 
confirmed .  Thi s lend s suppor t  t o theorie s o f  ver b concept s 
tha t  propos e classification s base d o n interna l 
representation s an d show s tha t  ther e ar e discret e an d 
abstrac t  conceptua l  categorie s i n th e domai n o f  events . 

I n t r oduc t i o n 

An important question in cognitive science concerns 
h o w wor d meaning s (o r  lexica l  concepts )  ar e internall y 
represented .  Althoug h considerabl e progres s ha s bee n 
made i n th e domai n o f  nomina l  concept s sinc e Rosch' s 
studies ,  th e natur e an d organizatio n o f  ver b concept s i s 
les s wel l  understood .  Earl y studie s o n ver b meaning s 
investigate d whethe r  verb s ha d interna l  semanti c 
structure ,  a s propose d i n linguisti c theories ,  bu t  faile d t o 
fin d evidenc e supportin g suc h a  vie w (e.g. ,  Fodor , 
Garrett ,  Walker ,  &  Parke s 1980 ,  Kintsch ,  1974 ,  Rayne r  & 
Duffy ,  1986) .  Fo r  example ,  Rayne r  an d Duff y (1986 ) 
measure d th e eye-fixatio n tim e o n verb s durin g readin g 
tha t  wer e assume d t o diffe r  i n interna l  complexity .  The y 
foun d n o readin g tim e difference s correspondin g t o th e 
semanti c complexit y o f  th e verbs .  Thi s sor t  o f  finding , 
togethe r  wit h Fodo r  an d colleagues '  theoretica l  argument s 
(Fodor ,  1975 ,  Fodor ,  Fodor ,  &  Garrett ,  1975 ,  Fodo r  & 
Lepore ,  1998) ,  wa s take n t o suppor t  th e vie w tha t  ver b 
meaning s ar e atomi c an d lac k interna l  structure .  However , 
recen t  psycholinguisti c studie s challeng e thi s view . 
Severa l  sentenc e processin g experiment s hav e show n tha t 
lexica l  semanti c propertie s suc h a s selectiona l  restriction s 
and verb-specifi c  themati c role s (agen t  vs .  patient )  ar e 
quickl y accesse d b y th e processo r  w h e n parsin g syntacti c 
ambiguitie s (e.g. ,  Trueswell ,  Tanenhau s &  Kello ,  1993 , 
Trueswell ,  Tanenhau s &  Gamsey ,  1994) .  M o r e relevan t 
t o ver b concept s pe r  se ,  M c R a e ,  Ferrett i  &  A m y o t e 
(1997 )  hav e show n tha t  themati c role s hav e interna l 

conceptua l  structur e (a s objec t  categorie s do )  an d tha t 
thei r  featur e structur e i s  quickl y accesse d b y th e parse r 
w h en resolvin g syntacti c ambiguities .  Moreover ,  Ferretti , 
M c R ae &  Hathcrel l  (2001 )  hav e show n tha t  verb s prim e 
thei r  typica l  agents ,  patient s an d instrument s (e.g. , 
prayin g prime s nun) .  The y argu e tha t  verb s activat e even t 
schema s o r  generalize d situatio n base d knowledg e tha t 
facilitat e accessin g th e meanin g o f  thei r  typica l 
participants .  Finally ,  M c K o o n &  Macfarlan d (2000 )  hav e 
foun d processin g correlate s o f  tw o type s o f  ver b 
meanings ,  thos e tha t  ar e conceptualize d a s eithe r 
externall y cause d event s (e.g. ,  break )  o r  internall y cause d 
one s (e.g. ,  grow) .  Thes e ver b type s ar e assume d t o diffe r 
i n interna l  lexica l  complexity ,  particularl y i n thei r  causa l 
component s (se e als o Gentne r  1981) .  Take n together , 
thes e finding s sugges t  tha t  ther e i s som e interna l  structur e 
i n ver b meanings :  themati c structur e an d even t  types . 

Th e woil c presente d her e furthe r  investigate s ver b 
concepts ,  i.e. ,  h o w verbs ,  whic h refe r  t o events ,  ar e 
processe d an d internall y represented .  I n particular ,  w e as k 
whethe r  ther e ar e verb-genera l  concept s an d structure s 
beyon d an d abov e th e idiosyncrati c meaning s o f 
individua l  verbs .  W e follo w numerou s linguisti c an d 
philosophica l  studie s (a s i n M c K o o n &  Macfarland ,  2000 ) 
i n assumin g c o m m o n structura l  an d causa l  propertie s 
acros s classe s o f  verb s tha t  defin e superordinat e concepts . 
Thus ,  beyon d th e existenc e o f  typica l  agent-verb-relation s 
(tha t  betwee n nun s an d praying) ,  ther e m a y b e mor e 
abstrac t  structura l  o r  conceptua l  propertie s tha t  organiz e 
our  knowledg e o f  event s store d i n th e lexicon . 

Th e classificatio n o f  verb s an d thei r  semanti c propertie s 
has bee n th e topi c o f  numerou s philosophica l  an d 
linguisti c studie s (Vendler ,  1967) .  Followin g traditiona l 
Aristotelia n classes ,  thes e studie s hav e argue d tha t  ther e i s 
a typolog y o f  event s underlyin g ver b uses .  Ver b type s 
appea r  t o b e universa l  (Smith ,  1991 )  an d ar e suppose d t o 
reflec t  th e w a y speaker s conceptualiz e th e domai n o f 
events ,  i.e. ,  th e semantic/conceptua l  propertie s the y assig n 
t o a  particula r  actua l  occurrence .  O n e genera l  distinctio n 
typicall y m a d e betwee n ver b meaning s is ,  a m o n g others , 
tha t  betwee n state s an d event s (Vendle r  1967 ,  Dowty , 
1979 ,  Taylo r  1977 ,  Bach ,  1986 ,  Verkuyl ,  1993 , 
Jackendoff ,  1990 ,  Rappaport-Hova v &  Levi n 1998) .  T h e 
distinctio n seem s cognitivel y basi c becaus e i t  i s  grounde d 
i n causa l  properties :  eventiv e verb s typicall y denot e a 
caus e an d a  chang e fro m a n initia l  stat e t o a  resultin g on e 
(e.g .  write ,  destroy) ,  whil e stativ e verb s simpl y denot e 
propertie s o r  stabl e relation s betwee n participant s (e.g . 
love ,  belong ,  contain )  (Dowty ,  1979 ,  Parson s 1990) .  T h e 
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distinctio n presuppose s tha t  ver b lexica l  meaning s hav e 
interna l  conceptua l  structure s tha t  diffe r  i n complexity : 
even t  lexica l  concept s hav e interna l  sub-component s 
derive d fto m thei r  causa l  propertie s (e.g. ,  th e caus e an d 
th e resultin g state) ,  whil e state s lac k an y suc h 
components . 

I n thi s paper ,  w e investigat e h o w verb s denotin g state s 
and event s ar e processe d an d represented .  I n particular , 
we as k whethe r  eventiv e an d stadv e verbs ,  whic h 
drasticall y diffe r  i n thei r  semantic-conceptua l  complexity , 
ar e processe d i n way s consisten t  wit h thei r  complexity . 
T wo psycholinguisti c experiment s sho w tha t  speakers ' 
processin g o f  ver b meaning s varie s accordin g t o lexica l 
semanti c complexity ,  thu s supportin g th e vie w tha t 
eventiv e an d stativ e verb s ar c represente d differently . 

The Distinction between Verb Classes 

Eventive and stative verbs are distinguished by semantic 
and syntacti c properties .  Syntactically ,  the y diffe r  i n thei r 
abilit y  t o co-occu r  wit h certai n adverb s an d i n certai n 
constructions .  Thes e distributiona l  restriction s ar e take n 
as test s tha t  identif y membershi p i n on e ver b clas s o r 
another .  Fo r  example ,  stativ e verb s suc h a s deserv e ar e 
distinguishe d b y thei r  abilit y  t o occu r  wit h simpl e presen t 
i n Englis h bu t  no t  presen t  progressive ,  a s i n (1 )  an d (2) . 
Similarly ,  stativ e verb s canno t  occu r  i n nominalize d 
construction s suc h a s tha t  i n (3) ,  caimo t  appea r  a s 
complement s o f  verb s like/brc e a s i n (4) ,  an d canno t  b e 
modifie d b y adverbia l  phrase s a s i n (5) .  I n contrast , 
eventiv e verb s suc h a s buil d hav e th e opposit e 
distribution s (fo r  mor e tests ,  se e D o w t y 1979) : 

(I) Bill is deserving* I is building something. 
(2 )  Bil l  deserve s I  builds *  something . 
(3 )  W h a t  Bil l  di d wa s t o deserve *  I  buil d something . 
(4 )  Bil l  force d Mar y t o deserve *  I  buil d something . 
(5 )  Bil l  deserved *  I  buil t  somethin g i n a n hour . 

The intuition behind (l)-(4) is that the participants of a 
stativ e eventualit y ar e no t  causa l  o r  volitiona l  agents . 
Rather ,  the y ar e experiencers .  Th e tw o classe s thu s 
involv e differen t  relation s betwee n thei r  participants .  Th e 
intuitio n behin d (5 )  i s tha t  state s persis t  i n time  whil e 
event s hav e endin g point s o r  culminations .  Example s o f 
eac h ver b typ e ar e give n i n Tabl e 1 . 

Table 1: Verb examples 

Event s 
ente r 
accus e 
creat e 
giv e 
buil d 
buy 
betra y 

State s 
liv e 
lov e 
contai n 
k n o w 
despis e 
constitut e 
cheris h 

Semantically ,  th e classe s ar e distinguishe d b y logica l 
enUiilments .  W h e n eac h ver b typ e occur s i n sentences , 
the y allo w o r  disallo w distinctiv e inferenc e patterns .  Th e 
entailment s refe r  t o causa l  an d tempora l  propertie s o f  th e 
constiTie d eventualit y a s a  whole .  Stativ e sentence s impl y 
facts ,  i.e. ,  the y entiii l  tha t  the y hol d ti^e  fo r  a n indefmit e 
perio d o f  time.  I n conti-ast ,  eventiv e verb s hav e th e 
change-of-stat e entailment :  the y eithe r  entai l  a  singl e 
chang e o f  state ,  a s i n (6 )  an d (7 )  belo w (i n Vendler' s 
classification ,  achievemen t  an d accomplishmen t  verbs) , 
or  sequenc e o f  change s a s i n (8 )  (activit y  verbs) .  Thes e 
change s ar e cause d b y eithe r  a n agent' s singl e ac t  o r  a 
serie s o f  action s tha t  m a y b e sustaine d fo r  a  while .  Bu t  i n 
conti-as t  t o state s (whic h ca n persis t  o n thei r  o w n )  event s 
sto p w h e n thei r  caus e doe s s o tha t  the y d o no t  hol d fo r 
indefinit e periods . 

(6) X killed >< -> x caused y to become dead 
(7 )  X  buih y - > x  cause d y  t o becom e existen t 
(8 )  X  hammered> > - > x  caused ^  t o becom e hammere d 

The temporal entailments distinguishing each class are 
th e counterpar t  o f  thei r  causa l  properties .  Becaus e state s 
hav e n o interna l  (causal )  structure ,  the y ar e tru e a t  a  give n 
interva l  a s wel l  a s a t  an y subpar t  o f  thi s interval .  M o r e 
precisely ,  i f  a  stat e i s tru e a t  an y interva l  i ,  i t  follow s tha t 
i t  i s tru e a t  al l  instant s withi n i ,  a s i n (9) . 

(9) If Bill had a bike last week, he had a bike 
throughou t  th e week . 

This entailment is called temporal homogeneity. In 
contrast ,  event s lac k thi s propert y (Dowt y 1979) :  i f  a 
chang e o f  stat e i s tru e a t  an y interva l  / ,  i t  follow s tha t  i t  i s 
fals e a t  th e initia l  par t  of; ,  (th e initia l  state )  an d i t  i s tru e 
at  th e final  par t  o f  i  (th e final  state )  a s i n (10) : 

(10) If Bill wrote a letter in an hour, the letter was not 
writte n befor e th e hou r  an d wa s writte n right  afte r  it . 

The entailment captures the fact that single-change events 
typicall y hav e sub-part s (th e initia l  an d resultin g state )  s o 
tha t  th e even t  a s a  whol e canno t  b e tru e unti l  i t  i s 
completed .  Thi s als o hold s fo r  activit y event s a t  th e leve l 
of  eac h componen t  change .  I t  follow s tha t  event s ar e no t 
temporall y homogeneou s becaus e thei r  trut h a t  a  give n 
interva l  doc s no t  hol d a t  an y sub-instant . 

I t  i s clea r  tha t  whethe r  on e focuse s o n thei r  tempora l  o r 
causa l  properties ,  state s ar e fundamentally  differen t  fi-om 
events .  Whil e state s lac k interna l  causa l  structur e an d ar e 
temporall y homogeneous ,  event s hav e comple x causa l 
strucnire s an d ar e no t  temporall y homogeneous . 

Th e contras t  betwee n thes e ver b classe s ha s le d 
linguist s t o propos e conceptua l  lexica l  representation s tha t 
captur e thei r  semanti c propertie s an d th e relation s 
betwee n thei r  participants .  Th e representation s ar e 
expresse d vi a logica l  operator s (Dowt y 1979 )  o r  primitiv e 
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predicate s (Rappar t  Hova v &  Levi n 1998 ,  JackcndofT , 
1990 )  suc h a s C A U S E an d B E C O M E,  togethe r  wit h verb -
specifi c  lexica l  predicate s tha t  hol d tru e o f  thei r 
arguments .  Conside r  th e represenution s o f  th e followin g 
verbs : 

writ e =  X  C A U S E ( B E C O M E ( ) '  be-written) ) 
brea k =  x  C A U S E ( B E C O ME ( y be-broken) ) 
posses s =  X  posses s y 
deserv e =  x  deserv e y 

Because verbs of the same type have structurally similar 
representations ,  th e distinctio n betwee n event s an d state s 
ca n b e expresse d i n verb-genera l  conceptua l  structures : 

Events x CAUSE(BECOME(y state)) 
State s X  stat e y  =  statefx ,  y ) 

Eventive representations typically involve changes and 
causes ,  whil e stativ e representation s simpl y involv e a 
stativ e predicat e tha t  hold s tru e o f  participants .  I n fact , 
stativ e predicate s ar e componen t  par t  o f  events ,  becaus e 
change s includ e resultativ e states .  Thi s render s eventiv e 
verb s a s semanticall y mor e comple x tha n stativ e verbs . 

Experimental Evidence 

If the mental representations of verbs in fact differ due to 
thei r  causa l  an d tempora l  properties ,  thi s suggest s tha t 
eac h ver b typ e m a y involv e differentia l  processin g cos t 
dependin g o n interna l  complexity .  Representin g th e 
meanin g o f  a n eventiv e ver b entail s representin g differen t 
alternativ e state s o f  affair s suc h a s th e initia l  stat e an d 
fina l  stat e resultin g fro m th e agent' s intervention .  I n 
contrast ,  representin g th e meanin g o f  a  stativ e ver b 
implie s representin g a  singl e stat e o f  affairs .  I f  processin g 
a ver b implie s accessin g an d processin g it s lexica l 
meaning ,  mor e comple x meaning s shoul d yiel d longe r 
processin g time .  T o tes t  thi s empirica l  prediction ,  w e 
conducte d tw o psycholinguisti c experiments .  Th e firs t 
experimen t  wa s a  visua l  lexica l  decisio n task .  Thi s tas k 
has bee n show n t o b e sensitiv e t o top-dow n influence s o f 
meanin g (se e Balota ,  1994 ,  Balota ,  Ferrar o &  Connor , 
1991 )  an d severa l  semanti c effect s suc h a s abstrac t  vs . 
concret e aspect s o f  meanin g hav e bee n reporte d 
(Blesdale ,  1987 ,  Eviatar ,  M e n n &  Zaidel ,  1990 ,  Paivio , 
1991) .  Th e secon d experimen t  wa s a  self-pace d readin g 
study ,  i n whic h th e readin g tim e o f  verb s (occurrin g i n 
sentences )  wa s measured .  Previou s literatur e ha s show n 
tha t  lexica l  complexit y factor s suc h a s numbe r  o f  sense s 
(Rayne r  &  Duff y 1986 )  an d typ e o f  verb s (McKoo n & 
Macfarlan d 2000 )  hav e a n effec t  o n readin g times . 

Experiment 1: Visual Lexical Decision Task 

In this experiment, we ask whether stative verbs are 
recognize d faste r  tha n eventiv e verbs ,  give n th e 
hypothesize d semanti c complexit y differences . 

Material s 3 1 an d 3 2 word s wer e selecte d fo r  eac h ver b 
typ e (state s an d event )  accordin g t o th e semanti c an d 
syntacti c criteri a discusse d i n Dowty ,  1979 .  Th e item s 
wer e matche d fo r  wor d length ,  frequency  (Associat e Pres s 
Corpus ,  mea n frequency  fo r  event s = *  2.40 ,  an d fo r  state s 
= 2.45) ,  numbe r  o f  sens e (WordNe t  database :  events : 
2.79 ;  states :  2.S9) ,  numbe r  o f  orthographi c neighbor s 
(events :  2.23 ,  states :  1.85 )  an d argumen t  structure .  Verb s 
wer e transitiv e verb s (takin g obligator y N P o r  P P 
complements) ,  excep t  fo r  6  intransitiv e verb s i n eac h 
class ,  an d wer e no t  ambiguou s betwee n nou n an d ver b 
uses .  Non-word s ( = 62 )  wer e possibl e word s simila r  t o 
rea l  words .  Thi s favor s deepe r  processin g o f  words , 
becaus e writte n for m i s no t  sufficien t  discriminato r  t o 
perfor m th e tas k (se e Seidenberg ,  Petersen ,  MacDonal d & 
Plaut ,  1996) . 

I n a  pre-tes t  study ,  imageabilit y  rating s (ho w eas y i s i t 
t o imagine/visualiz e th e meanin g o f  a  word )  wer e 
collecte d from  anothe r  se t  o f  subject s t o contro l  fo r  th e 
possibilit y  o f  thi s effect .  W e subsequentl y use d th e items ' 
imageabilit y  rating s a s a  covariat e i n ou r  analysis .  Th e 
rational e fo r  incorporatin g thi s facto r  derive s from  th e 
observatio n tha t  highe r  imageabilit y  rating s ar e associate d 
wit h faste r  reactio n time s (James ,  1975 ,  Paivio ,  1991 , 
Strain ,  Patterso n &  Seidenberg ,  1995) .  W e use d th e 
instruction s provide d i n Chiarello ,  Shears ,  &  Lund' s 
(1999 )  norming .  Comparison s o f  thes e rating s acros s 
categorie s reveale d tha t  th e categorie s differed ,  wid i 
eventiv e verb s bein g mor e imagaebl e (mea n fo r  event s = 
4.2 1 i n a  scal e from 1  t o 7,  mea n fo r  state s =  3.25 ,  p = 
.001) . 

Example s o f  tes t  word s ar e th e following : 

Events: betray, borrow, conquer, create, deduce, align, 
attract ,  devour . 
States :  adore ,  aspire ,  believe ,  belong ,  cherish ,  comprise , 
contain ,  deserve ,  detest . 

Participants and Procedure 52 right-handed native 
speaker s o f  Englis h participate d i n thi s study ,  al l  student s 
at  th e Universit y o f  Maryland .  Fo r  eac h wor d presente d i n 
th e screen ,  participant s decide d whethe r  i t  wa s a  wor d o f 
English .  Th e experimen t  wa s carrie d ou t  i n G 3 Macintos h 
compute r  rurmin g Psyscope .  Word s wer e presente d a t 
varyin g inter-tria l  tim e (500-150 0 m s )  o n th e cente r  o f  th e 
screen .  Befor e eac h stimulu s wor d o r  non-word ,  a  fixatio n 
poin t  wa s presente d fo r  50 0 ms .  Th e reactio n tim e (RT )  t o 
eac h stimulu s wa s automaticall y collected . 

Results Analysis of covariance across items with RTs as 
dependen t  variabl e an d imageabilit y  rating s a s covariat e 
reveale d a  significan t  mai n effec t  o f  imageabilit y 
(F(l,60) = 7.19 ,  p = .009) ,  a  mai n effec t  o f  wor d typ e (F(l , 
60) = 7.95 ,  p = .006 )  an d n o interaction .  Th e overal l  wor d 
effec t  i s  represente d i n Figur e 1 ,  wit h bar s representin g 
standar d error .  M e a n differenc e wa s smal l  bu t  reliable , 
(abou t  2 0 ms) ,  becaus e no t  al l  state/even t  pair s sho w bi g 
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difTerences .  W e als o conducte d a n analysi s acros s 
subject s wit h simila r  resul t  (F(51,l) -  40.21 ,  p  -  .0001) . 

TOOn 

690-

6S0-

640 -

630 -
620- ^ 

even t  stat e 

Figure 1: RTs as a function of word type 

We interpret these findings as indicating that both 
imageabilit y  an d meanin g complexit y hav e a n effec t  o n 
R T s.  Th e lac k o f  a n interactio n betwee n th e tw o mai n 
effect s indicate s tha t  th e wor d typ e effec t  doe s no t  depen d 
o n imageability .  Overal l  thes e results  suppor t  th e 
predictio n tha t  stativ e verb s ar e recognized  faste r  tha n 
eventiv e verbs ,  consisten t  wit h a n effec t  o f 
representationa l  complexity . 

Experiment 2: Self-paced Reading study 

In diis experiment, we asked whether stative verbs are 
processe d faste r  tha n eventiv e verb s w h e n integrate d int o 
previou s informatio n i n th e proces s o f  sentenc e 
comprehension .  Fo r  this ,  w e measure d th e readin g tim e t o 
verb s o f  th e sentenc e stimuli . 

Materials 84 sentences containing 42 stative and 42 
eventiv e verb s (plu s fillers )  wer e selected .  Tes t  verb s an d 
sentence s wer e carefull y nutche d fo r  a  numbe r  o f 
variable s know n t o affec t  readin g time s i n context .  First , 
th e verb s wer e pair-wis e matche d fo r  frequency  an d wor d 
lengd L M e a n log-frrquenc y fo r  bot h state s an d event s wa s 
3.9 6 an d th e mea n wor d lengt h wa s 6.1 1 character s fo r 
event s an d S.8 2 fo r  state s (Collin s Cobuil d corpus) . 
Coni^Mrison s o f  thes e variable s wer e no t  significant . 

Second ,  w e pair-wis e matche d th e verb s use d i n th e 
sentence s b y thei r  numbe r  o f  syntacti c argument s an d 
preferre d (mos t  frequent)  syntacti c frames.  Thi s i s 
becaus e Shapiro ,  Nage l  &  Levin e (1993) ,  Shapiro ,  Zuriff , 
& Gr imsha w (1987) ,  Rayne r  an d Duff y (1986) ,  McElre e 
(1993 )  an d other s hav e show n tha t  argumen t  structur e 
complexit y a s wel l  a s preferre d argumen t  structur e ca n 
hav e behaviora l  consequence s i n readin g times .  W e use d 
Schult e i m Walde' s (1999 )  electroni c corpu s base d o n 
syntacti c analysi s o f  th e Ban k o f  Englis h t o comput e 
number  o f  syntacti c argument s an d th e frequency  o f 
syntacti c frames.  Eac h selecte d ver b pai r  ha d roughl y th e 

same numbe r  o f  syntacti c frames  i n whic h the y ca n occu r 
and fo r  th e mos t  frequent frame,  th e sam e numbe r  o f 
arguments .  Fo r  example ,  lov e wa s matche d wit h build , 
whic h hav e simila r  lo g frequencies.  Proportion s o f  corpu s 
occurrence s i n differen t  syntacti c frames  i s th e following : 

lov e 
subj:ob j 
subj:to-in f 
subj:v-in g 

0.6 7 
0.1 0 
0.0 3 

buil d 
subj:ob j 
subj:obj:ob j 
subj:obj:fo r 

0.7 6 
0.0 5 
0.0 4 

Bot h verb s occu r  ver y frequently  i n transitiv e uses ,  an d 
bot h verb s hav e 3  possibl e argumen t  structures .  Fo r  verb s 
lik e believ e (equi-biase d verbs) ,  whic h hav e tw o equall y 
frequent  argumen t  structur e (NP ,  sentenc e complement) , 
th e tw o mos t  frequent frames  wer e matche d fo r  numbe r  o f 
arguments .  So ,  believ e wa s matche d wit h report ,  whic h 
hav e roughl y th e sam e frequent  syntacti c frames. 

Third ,  tes t  sentence s wer e exactl y alik e u p t o th e poin t 
of  th e verb ,  an d i n som e cases ,  th e sentence s wer e 
completel y alik e excep t  fo r  th e verb .  Thi s eliminate s th e 
possibilit y  tha t  factor s associate d wit h precedin g word s 
affec t  th e reading  tim e o f  th e verbs .  Example s o f  matche d 
ver b an d sentenc e stimul i  ar e th e following : 

(11) The young boy bullied his parents, (event) 
The youn g bo y adore d hi s parents ,  (state ) 

(12)Th e retire d musicia n buil t  a  house ,  (event ) 
The retire d musicia n love d hi s daughter ,  (state ) 

Finally, we control for the plausibility relation between 
th e subjec t  N P an d th e verb .  Becaus e certai n type s o f 
subject s m a y b e mor e likel y t o appea r  wit h on e o r  th e 
othe r  ver b type ,  w e obtaine d individuals '  judgment s 
ratin g th e typicalit y o f  th e subject-ver b relation.  W e aske d 
50 student s t o rat e h o w typica l  i t  wa s fo r  a  give n subjec t 
N P t o perfor m th e correspondin g actio n denoted  b y th e 
ver b (Trueswell ,  e t  al .  1994) .  Th e rating s wer e compare d 
acros s wor d type s an d di d no t  diffe r  significantl y  (t<l) . 
Th e mea n ratin g fo r  event s an d state s wer e 5.5 1 an d 5.6 0 
respectively  i n a  scal e o f  I  t o 7 . 

Procedure 30 students at University of Maryland read 
sentence s o n th e compute r  screen .  Afte r  eac h sentence , 
participant s answere d a  comprehensio n question .  Th e 
word s o f  th e sentence s wer e presente d one-by-on e an d th e 
participant s presse d a  ke y o n th e keyboar d t o se e eac h 
word .  Readin g tim e fo r  eac h wor d wa s recorded ,  thoug h 
our  interes t  wa s i n th e readin g tim e o f  verbs . 

Results comparison of reading times at the verb position 
revealed  a  wor d typ e effec t  bot h acros s subject s (F(l , 
29) = 10.66 ,  p=.003 )  an d item s (F(l,43)=8. 9 p=.004) . 
Eventiv e verb s too k longe r  t o proces s tha n stat e ver b 
(abou t  2 5 m s .  difference) .  Figur e 2  represent s th e mea n 
readin g time s (an d standar d errors )  fo r  th e noun s 
precedin g th e verb ,  th e ver b positio n an d th e nex t  word . 
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The result s ar e thu s simila r  t o thos e o f  th e lexica l  decisio n 
tas k an d strongl y suppor t  ou r  hypothesi s o f  a  semanti c 
complexit y differenc e betwee n ver b meanings .  Semanti c 
complexit y i n thi s experimen t  i s clearl y independen t  o f 
syntacti c behavio r  an d argumen t  structur e complexity . 

RT 

460 
450 

440 

430 

420 

410 

400 

390 

_.  -
1 

— I \ 
\ 

\ 

t 

J  even t 
11 stat e 

precedin g nou n critica l  ver b nex t  wor d 

Figure 2: Reading times as function of word type and 
positio n 

Discussion 

The results of these experiments show that eventive verbs 
tak e longe r  t o proces s tha n stativ e ones ,  thu s supportin g 
th e vie w tha t  th e menta l  representation s associate d wit h 
the m diffe r  i n semanti c complexity .  Computin g th e verbs ' 
meaning s involve s differentia l  processin g cost ,  a s 
suggeste d b y th e hypothesize d complexit y o f  conceptua l 
representations .  Th e distinctio n betwee n thes e ver b 
classe s i s rathe r  abstrac t  an d i s base d o n whethe r  th e verb s 
involv e a  chang e o f  states .  T o ou r  knowledge ,  thi s i s th e 
first  tim e tha t  thes e ver b classe s ar e show n t o hav e 
empirica l  correlates . 

Not e tha t  th e result s canno t  b e attribute d t o syntacti c 
difference s amon g verb s (frame s o r  numbe r  o f 
arguments) ,  a s thi s facto r  wa s kep t  constant .  No r  ca n the y 
be explaine d a s a  consequenc e o f  expectation s generate d 
by th e typ e o f  argument s wit h whic h verb s occur ,  a  facto r 
tha t  ha s bee n ofte n manipulated  i n studie s o f  syntacti c 
ambiguit y resolution .  I n ou r  sentenc e comprehensio n 
experiment ,  th e sam e subject-argument s wer e use d fo r 
bot h eventiv e an d stativ e verb s an d th e plausibilit y 
relation s betwee n subject-argumen t  an d ver b wer e 
equalized .  Also ,  n o suc h facto r  wa s presen t  i n th e lexica l 
decisio n task .  Thus ,  th e alternativ e interpretatio n o f  th e 
result s i n whic h ther e i s a  processin g differenc e bu t  no t  a 
representationa l  on e doe s no t  see m plausible ,  a s ther e i s 
no apparen t  reaso n t o expec t  a  purel y processin g 
difference .  W e ar e incline d t o conclude ,  then ,  tha t 
differenc e i n processin g cos t  ar e du e t o representationa l 
complexit y difference s betwee n state s an d event s an d tha t 
suc h difference s m a y rel y o n th e causa l  vs .  non-causa l 
relation s the y establis h betwee n thei r  participants . 

However ,  th e result s ar e neutra l  a s t o whethe r 
representation s suc h a s x  C A U S E ( B E C O M E (y state) )  ar e 

accurat e expression s o f  th e interna l  representatio n o f  th e 
ver b meaning .  Thes e result s onl y sugges t  tha t  th e 
representatio n o f  eventiv e verb s i s mor e comple x tha n 
tha t  o f  stativ e ones ,  regardles s o f  h o w th e complexit y i s 
spelle d out .  Ye t  i f  th e interna l  menta l  representatio n o f 
verb s include s th e typ e o f  relation s tha t  the y establis h 
betwee n participants ,  i t  i s  possibl e tha t  th e complexit y 
differenc e i s du e t o causa l  features .  I n on e case ,  th e 
eventualitie s denote d involv e change s an d cause-effec t 
relation s (an d therefore ,  agentiv c participants) ,  whil e i n 
th e othe r  case ,  the y involv e mer e description s o f  facts . 
Thes e ar e importan t  cognitiv e difference s tha t  m a y 
someho w b e abstracte d ove r  verb-specifi c  meaning . 

Our  result s hav e som e importan t  implication s fo r 
theorie s o f  wor d meanings .  A s M c K o o n &  Macfarland' s 
(2000 )  findings,  ou r  result s challeng e th e vie w tha t  ver b 
meaning s ar e atomi c an d unstructured .  O n suc h a  view , 
ther e i s n o principle d reaso n t o expec t  thes e difference s i n 
processin g unles s th e lexica l  entr y i s allowe d t o hav e 
some sor t  o f  interna l  structure .  I n thi s respect ,  th e failur e 
of  previou s attempt s t o fin d lexica l  complexit y effect s 
coul d b e du e t o th e fac t  tha t  indirec t  measure s o f 
complexit y wer e use d (e.g. ,  Fodo r  et .  a l  1980 )  o r  ver y 
smal l  (perhap s undetectable )  difference s betwee n ver b 
classe s wer e investigate d (e.g. ,  Rayne r  &  Duffy ,  1986) . 

Our  result s als o sugges t  tha t  par t  o f  th e informatio n 
encode d i n th e ver b i s semantic/conceptual ,  an d 
somewhat  independen t  fi'om  numbe r  o f  participant s an d 
syntacti c frames .  Severa l  psycholinguisti c studie s hav e 
show n tha t  thes e syntacti c variable s d o influenc e 
behaviora l  measure s (e.g. ,  Shapir o e t  al .  1993) .  Similarly , 
Fodo r  &  Lepor e (1998 )  clai m Aa t  syntacti c combinatoria l 
rule s ca n b e par t  o f  lexica l  entries ,  thu s increasin g thei r 
complexity .  Ou r  result s indicat e however ,  tha t  suc h 
syntacti c informatio n i s no t  th e onl y relevan t  facto r  fo r 
complexit y effects .  Purel y semanti c propertie s ca n als o 
yiel d processin g tim e differences . 

Finally ,  ou r  result s hav e implicatio n abou t  th e exac t 
sourc e o f  th e semanti c complexit y effect s an d th e overal l 
organizatio n o f  ver b concept s i n th e lexicon .  M c R a e e t  al . 
(1997 )  an d Ferrett i  e t  al .  (2001 )  hav e suggeste d tha t 
event s i n m e m o r y ar e organize d i n even t  schema s an d tha t 
suc h schema s aris e fi-om  th e knowledg e o f  thei r  typica l 
agent s an d patient s acquire d durin g learning ,  i.e. ,  themati c 
featur e knowledge .  Thus ,  i t  i s  i n principl e possibl e tha t 
th e ver b classe s studie d her e ca n b e distinguishe d b y suc h 
themati c feature s (e.g .  feature s definin g agent/patien t  vs . 
experiencer/entit y  structures) .  However ,  i t  i s  unclea r  h o w 
thes e feature s woul d explai n th e complexit y effects .  M o r e 
importantly ,  i t  i s  unclea r  whethe r  suc h feature s ca n i n fac t 
be distinguishe d fro m othe r  aspect s o f  th e ver b meanin g 
suc h a s th e relatio n betwee n participant s establishe d b y 
th e verb .  Bot h type s o f  informatio n ar e inherentl y related . 
Our  result s sugges t  a  leve l  o f  abstractio n o r  generalizatio n 
of  ver b schema s tha t  goe s beyon d verb-specifi c 
knowledg e o f  typica l  participant s an d typica l  situations . 
Rather ,  a s i s th e cas e fo r  nomina l  concepts ,  ver b concept s 
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see m t o b e orgmnize d i n majo r  even t  types ,  i n thi s cas e 
distinguishe d b y genera l  causa l  properties .  Thes e type s 
provid e th e domai n o f  event s wit h a  hierarchica l 
organizationa l  structur e firo m verb-specifi c  concept s t o 
abstrac t  verb-genera l  concepts . 
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Abstrac t 

This paper argues that interactive knowledge ac-
quisitio n tool s woul d benefi t  from  a  tighte r  eui d 
more thoroug h incorporatio n o f  tutorin g an d learn -
in g principles .  Curren t  system s lear n from  user s i n 
a ver y passiv e an d disengage d manner ,  an d coul d 
be designe d t o incorporat e th e proactiv e capabili -
tie s tha t  on e expect s o f  a  goo d student .  Thi s pa -
per  point s ou t  wha t  tutorin g an d learnin g principle s 
hav e bee n use d t o dat e i n th e acquisitio n literatxire , 
thoug h unintentionall y an d implicitly .  W e discus s 
ho w a  mor e thoroug h an d explici t  representatio n 
of  thes e principle s woul d hel p improv e enormousl y 
how computer s lear n from  users . I n t r o d u c t i o n 

Computer s hav e lon g bee n considere d a n invaluabl e 
too l  fo r  education .  Intelligen t  tutorin g system s an d 
othe r  kind s o f  educationa l  softwar e sho w ho w peopl e 
ca n acquir e knowledg e abou t  divers e topic s b y inter -
actin g wit h a  computer .  Give n ou r  reUanc e i n com -
puter s fo r  th e futur e o f  education ,  w e nee d t o realiz e 
tha t  a n importan t  componen t  o f  th e h u m a n educa -
tio n revolutio n i s th e compute r  educatio n revolution : 
anyon e shoul d b e abl e t o teeic h computer s o n topic s 
tha t  ar e o f  vadue ,  s o tha t  anyon e ca n lear n abou t 
thos e topic s from  computers .  S o a n importan t  ques -
tio n is :  ho w wil l  computer s acqmr e knowledge ? I n 
most  case s knowledg e i s entere d b y han d b y softwar e 
or  knowledg e engineers ,  a s i s ofte n don e i n intelligen t 
tutorin g system s (Forbu s &  Feltovich ,  2001) .  Thi s 
limit s severel y th e utilit y  o f  th e tools ,  a s i t  woul d b e 
mor e desirabl e tha t  th e peopl e wit h expertis e i n th e 
domai n a t  han d woul d b e th e knowledg e providers . 
Knowledg e ca n als o b e extracte d fro m tex t  (Cowi e 
k Lehnert ,  1996) ,  adthoug h give n th e erro r  rate s o f 
stat e o f  th e ar t  system s an d th e kind s o f  knowledg e 
the y acquir e (mostl y instance-leve l  information )  i t 
wil l  tak e man y year s fo r  thes e technique s t o b e o f 
practica l  us e t o buil d a n accurat e bod y o f  knowl -
edg e abou t  a  topi c domain .  Anothe r  possibiUt y i s t o 
use interactiv e knowledg e acquisitio n tool s tha t  hel p 
user s ente r  knowledge .  I n recen t  yeaur s thes e system s 
hav e show n tha t  en d user s wit h n o b8w;kgroun d i n 
compute r  scienc e o r  knowledg e representatio n wer e 
abl e t o ente r  sizeabl e amount s o f  knowledg e (Ki m & 
Gil ,  1999 ;  Eriksso n e t  al ,  1995 ;  Clar k e t  al ,  2001) . 

Althoug h interactiv e knowledg e acquisitio n tool s 
enabl e en d user s t o ente r  knowledge ,  user s remai n 
largel y responsibl e fo r  th e acquisitio n process ,  bot h 
th e teachin g sid e an d th e learnin g side .  Thes e tool s 
ar e quit e passiv e i n term s o f  formulatin g o r  pursuin g 
learnin g goals ,  keepin g trac k o f  th e flow  o f  a  lesson , 
and generall y asses s h o w m u c h the y ar e learnin g an d 
ho w usefu l  tha t  knowledg e is .  A t  th e sam e time , 
user s ar e no t  necessaril y  skille d teacher s b y nature , 
so bein g i n a  positio n t o teac h a  compute r  i s al -
read y a  challeng e fo r  them .  Interactiv e acquisitio n 
tool s nee d t o b e mor e effectiv e an d helpfu l  t o users , 
perhap s b y incorporatin g som e o f  th e skill s  tha t  ar e 
expecte d o f  goo d students .  And ,  a s goo d student s 
do ,  the y shoul d als o b e abl e t o cop e wit h a n inexpe -
rience d teache r  (whic h thei r  user s ar e likel y t o be ) 
amd stil l  lear n from  th e experienc e b y bringin g t o 
bea r  knowledg e abou t  ho w a  goo d tea«;he r  typicall y 
goes abou t  a  lesson .  A n interactiv e aw;quisitio n too l 
coul d the n b e viewe d a s a  too l  t o suppor t  augmente d 
cognition ,  sinc e i t  woul d supplemen t  th e user' s lim -
itation s a s a  teache r  an d knowledg e engineer . 

The contributions of this work are twofold. First, 
we poin t  ou t  h o w existin g knowledg e acquisitio n 
tool s us e technique s tha t  ar e relate d t o widel y use d 
tutorin g an d learnin g principles .  Second ,  w e identif y 
area s tha t  th e acquisitio n tool s develope d t o dat e 
hav e neglected ,  am d sugges t  promisin g area s o f  re -
searc h base d o n ou r  findings .  Thi s woul d resul t  i n a 
ne w generatio n o f  acquisitio n tool s tha t  ar e no t  onl y 
bette r  student s bu t  als o mor e helpfu l  t o th e teache r 
(th e user) . 

The paper begins with a short introduction and 
backgroun d o n interactiv e knowledg e aicquisitio n 
tools .  W e the n discus s severa l  tutorui g an d learn -
in g principle s tha t  w e hav e draw n from  th e educa r 
tiona d literatur e an d tha t  see m usefu l  t o suppor t  th e 
interactiv e acquisitio n process .  Next ,  w e sho w ho w 
some existin g acquisitio n tool s us e technique s tha t 
au- e relate d t o thes e principle s i n som e aspect s o f 
thei r  functionality .  W e finadiz e wit h a  discussio n o f 
promisin g direction s tha t  w e se e i n designin g acqui -
sitio n tool s tha t  incorporat e tutorin g an d learnin g 
principle s mor e thoroughly . 

357 

mailto:jihie@isi.edu


Acquiittio n loo t H\gM\gM $ 
C H I M A H RA (McGulnnes s e i  a l  ,  2000 ) 
E X P E CT (Blyth e e t  a l  ,  2601 ) 

To acquir e concepts ,  relation» ,  an d in»tance« .  Uiagnoae a fault y definition a 
proble m solvin g knowledge .  Exploit a dialogu e scripts , To acquir e 

know[e(ig e interdependenc y models ,  an d backgroun d knowledge . I N 5 T R U r T O - 5 0 A R (Huffma n L  Lair d nt?5 y 
KSSn (Gaine s t  Shaw ,  1993 1 

To acquir e 
To acquir e 

tas k model s fo r  Soa r 
concepts ,  rules ,  an d data .  Base d o n persona l  construc t  psychology . r̂ 5 P R O T OS (Porte r  e t  a l  .  1990 ) "TTser s spec i 

T' o acquir e 

pe 
atl c 

f y cases ,  too l  explain s thei r  classification . 
constraint s an d fixe s fo r  it s underlyin g engin e fo r  configuratio n design . S A LT (Marcus ,  1988 ) 

SEKK2'(Clnsbers ,  1985 1 
S H A K E N'  (ClarVe t  al..'2001 ) 
T A QL (Yost ,  1993 1 
TEIRKISIA S (Davi s 

T' o acquir e 
To acquir e 

rule s Use s veriHcatio n an d validatio n techniques . 
proces s models .  Loosel y base d o n concep t  maps . To acqui n 

To acquir e 
S O AR rules .  Base d o n Proble m Spac e Computationa l  Model , 
rule s Exploit s context ,  derive d rul e models ,  an d heuristics . 1979 1 

T a b l e 1 :  S o m e Interactiv e K n o w l e d g e Acquisi t io n Tools . 
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Goal s 
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Knowledg e 
to<4«R«f» 

Desig n PTMOitiilio n |  * ^  X ^ I ^ ^ S ^ ^ ^ ^ i 

Figur e 1 :  A  Modula r  Vie w o f  Interactiv e Knowledg e 
Acquisitio n Tools . 

Interactive Knowledge Acquisition 

T o o l s 

The interactive knowledge atcquisition tools summa-
rize d i n Tabl e 1  illustrat e differen t  approache s tha t 
researcher s hav e undertake n ove r  th e year s an d as e 
representativ e o f  th e literature .  A  brie f  descriptio n 
of  th e tool s ar e i n Gi l  an d K i m (2002) .  Th e tech -
nique s use d rang e fro m cognitiv e theorie s o f  exper -
tis e an d learning ,  case-base d reasonin g an d cinalogy , 
non-monotoni c theor y revision ,  inductio n an d ma -
chin e learning ,  knowledg e engineerin g approaches , 
analysi s o f  knowledg e interdependencie s an d bugg y 
knowledge ,  an d agent-base d interaction . 

Figur e 1  show s a  diagrainunati c vie w o f  typica l 
component s use d i n variou s tools .  Th e functionalit y 
of  a n interactiv e knowledg e acquisitio n too l  ca n b e 
describe d alon g five  dimensions ,  whic h w e wil l  us e 
fo r  referenc e late r  i n ou r  analysis : 

• Assimilate instruction: Given a user's instruc-
tion ,  th e system  make s th e necessar y addition s 
or  change s t o th e knowledg e bas e an d update s 
any othe r  internji l  structures .  Instructio n ma y b e 
give n a s a n exampl e ( P R O T O S,  S E E K 2 ) ,  a  natu -
ra l  languag e statemen t  ( I N S T R U C T O - S O A R ) ,  a 
descriptiv e piec e o f  knowledg e ( C H I M A E R A ,  EX -
P E C T,  SALT ,  T A Q L ) ,  o r  a  graphica l  renderin g 
(KSSn ,  S H A K E N ) . 

•  Trigge r  goab :  Th e syste m analyze s it s knowl -
edge an d generate s learnin g goal s o f  wha t  knowl -
edge i t  stil l  need s t o acquire .  M a n y tool s focu s o n 
detectin g inconsistencie s o r  gap s i n th e knowledg e 
base ,  whic h generat e th e goal s t o fi x  the m o r  see k 
th e informatio n missin g ( C H I M A E R A ,  E X P E C T, 
S E E K 2,  T A Q L ,  TEIREISIAS) . 

• Propose strategies: The tool can generate 
possibl e strategie s tha t  th e use r  coul d follo w i n 
achievin g th e learnin g goals .  I t  ca n als o generat e 
prediction s o f  wha t  strateg y th e use r  i s mor e likel y 
t o pursue ,  o r  wha t  answer s th e use r  i s mor e Ukel y 
t o giv e t o th e user' s question s (TEIREISIAS) . 
Thi s i s ofte n don e b y analyzin g existin g knowl -
edge .  Plannin g strategie s ar e ofte n use d t o msJc e 
suggestion s t o th e use r  i n term s o f  wha t  t o d o t o 
achiev e th e activ e learnin g goals ,  whic h wil l  mak e 
th e acquisitio n proces s mor e eflfiden t  ( E X P E C T ) . 

• Prioritize goals and strategies: An acquisition 
too l  ca n hel p user s furthe r  i f  i t  i s abl e t o organiz e 
and prioritiz e th e activ e learnin g goal s an d candi -
dat e strategies ,  s o tha t  i t  ca n mak e mor e focuse d 
suggestion s t o th e user .  Sometime s thes e ar e or -
ganize d b y th e typ e o f  knowledg e sough t  (SALT) , 
or  b y th e typ e o f  goa l  bein g pursue d o r  erro r  bein g 
fixed  ( E X P E C T ) . 

• Design presentation: The tool cjui make de-
cision s abou t  wha t  t o brin g t o th e attentio n o f 
th e use r  a t  eac h poin t  i n tim e t o hel p hi m o r 
her  decid e wha t  t o d o next .  Ther e ar e man y 
possibilities ,  an d th e too l  ca n tak e int o accoun t 
th e user' s situatio n (use r  modeling) ,  th e stag e o f 
th e proces s (initia l  stag e versu s final  testing) ,  an d 
th e conten t  o f  th e curren t  knowledg e base .  Th e 
too l  ma y presen t  th e use r  wit h a  singl e questio n 
( I N S T R U C T O - S O A R)  o r  giv e th e use r  a  choic e i n 
th e for m o f  a n agend a containin g multipl e item s 
( C H I M A E R A,  E X P E C T,  SALT) .  Th e too l  ca n 
sugges t  a  specifi c  strategy ,  anticipat e th e user' s 
answer  an d as k fo r  confirmation ,  o r  simpl y presen t 
th e use r  wit h multipl e possibl e strategie s an d sug -
gestion s ( E X P E C T ) .  Othe r  tool s leav e i t  u p t o 
th e use r  t o figure  ou t  wha t  t o d o an d simpl y 
make al l  possibl e option s availabl e t o the m (KSSn , 
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S H A K E N)  Th e too l  ma y simpl y â k  th e use r  t o 
revie w a n explanatio n ( P R O T O S ) ,  chec k som e as -
pec t  o f  th e knowledg e (KSSn) ,  o r  confir m a  hy -
pothesi s (TEIREISIAS) . 

Another useful view of interactive acquisition 
tool s i s i n term s o f  th e kind s o f  knowledg e an d meta -
knowledg e tha t  the y brin g t o bea r  i n orde r  t o sup -
por t  th e user ,  als o illustrate d i n Figurel .  Thi s in -
cludes : 

• Genertd problem solving and task knowledge: Gen-
era l  inferenc e structure s ar e use d t o determin e th e 
rol e tha t  domain-specifi c  knowledg e play s i n prob -
le m solving ,  a s i s don e i n role-limitin g approache s 
t o knowledg e acquisitio n (Marcu s &  McDermott , 
1989 )  (e.g. ,  SALT ,  T A Q L ) . 

• Prior domain knowledge: The initial knowledge 
bas e ma y contai n term s tha t  ai e specifi c  t o th e do -
mai n a t  han d an d tha t  ca n b e use d t o defin e ne w 
term s an d task s (e.g. ,  E X P E C T,  I N S T R U C T O-
SOAR). 

• General background knowledge: The initial knowl-
edge bas e ma y includ e hig h leve l  theorie s an d on -
tologie s tha t  captur e genera l  knowledge ,  suc h a s 
time ,  physica l  objects ,  etc .  (e.g. ,  S H A K E N ) . 

• Example cases: Sample situations, test cases, and 
proble m solvin g episode s ca n hel p groun d abstrac t 
knowledg e (e.g. ,  I N S T R U C T O - S O A R,  P R O T O S, 
SEEK2,  S H A K E N,  TEIREISIAS) . 

• Underlying knowledge representation: Models of 
th e underlyin g knowledg e representatio n wil l  de -
termin e ho w user s nee d t o formulat e ne w knowl -
edge (e.g. ,  C H I M A E R A,  KSSn ,  SEEK2 ,  T A Q L , 
TEIREISIAS) . 

• Diagnosis and debugging knowledge: Typical di-
agnosi s skill s  ar e usefu l  i n orde r  t o detec t  error s 
and potentia l  problem s i n th e knowledg e base .  Ef -
fectiv e debuggin g strategie s ca n b e incorporate d 
t o msik e suggestion s t o th e use r  abou t  ho w t o fix 
th e error s an d problem s foun d (e.g. ,  C H I M A E R A, 
E X P E C T,  TEDIEISLAS) . 

One source of meta-knowledge that has not re-
ceive d attentio n i s effectiv e tutorin g an d learnin g 
techniques .  B y exploitin g meta-knowledg e abou t 
ho w t o \eai n an d ho w t o teach ,  acquisitio n tool s wil l 
become mor e proactiv e learner s an d wil l  b e abl e t o 
hel p user s teac h the m mor e effectively .  Curren t  tool s 
ar e ofte n to o passive ,  an d plac e o n th e use r  th e ma -
jorit y o f  th e burde n o f  th e acquisitio n process .  Ou r 
goal  i s  t o understan d whethe r  an d ho w knowledg e 
acquisitio n tool s ca n exploi t  knowledg e abou t  tutor -
in g an d learning . 

T u t o r i n g a n d L e a r n i n g Pr incip le s i n 

Exist in g Interactiv e Acqu is i t i o n T o o l s 

We analyzed the tutoring and educationad literature 
t o compil e tutorin g an d learnin g principle s tha t  hu -
mans an d computer s exploi t  t o mak e teachin g an d 
learnin g mor e effective .  W e compile d fifteen  prin -
ciple s tha t  coul d b e o f  immediat e us e i n ou r  work , 
and tha t  ar e describe d i n detai l  i n (Ki m &  Gil ,  2002 ) 
includin g detaile d reference s t o th e tutorin g litera -
tur e tha t  ar e omitte d i n thi s pape r  becaus e o f  spac e 
limitations . 

We notice d tha t  man y o f  thes e principle s coul d 
be relate d t o th e technique s use d i n existin g acqui -
sitio n tools .  Yet ,  th e tutorin g literatur e i s seldo m 
mentione d i n knowledg e acquisitio n work .  I n thi s 
section ,  w e describ e ou r  view s o n ho w acquisitio n 
technique s ca n b e expresse d i n term s o f  thes e tutor -
in g an d learnin g principles .  Tabl e 2  summarize s ou r 
analysis ,  indicatin g th e peuticula r  functionalit y (a s 
outline d i n Figur e 1 )  wher e th e principl e wa s applie d 
i n specifi c  acquisitio n tools . 

Introduce lesson topics and goals 

Teacher s ofte n star t  of f  b y introducin g th e topic s 
and goal s o f  th e lesson .  Ther e i s n o notio n i n ac -
quisitio n tool s tha t  ther e i s a  lesso n bein g starte d o r 
ended ,  sinc e a t  an y poin t  user s ca n choos e t o ente r 
knowledg e abou t  an y topic .  E X P E C T allow s user s 
t o specif y th e top-leve l  task s tha t  th e syste m shoul d 
be abl e t o solv e wit h th e ne w knowledge ,  whic h ca n 
be viewe d a s a  statemen t  o f  th e goal s fo r  tha t  acqui -
sitio n session .  S E E K 2 ha s a  suit e o f  tes t  case s tha t 
th e syste m shoul d b e abl e t o solv e afte r  th e lesson , 
and tha t  coul d b e viewe d a s a  statemen t  o f  th e goal s 
of  th e lesson . 

Use topics of the lesson as a guide 

I t  i s  usefu l  fo r  student s an d tutor s t o ensur e tha t 
what  i s bein g leaurne d ha s som e coimectio n o r  rel -
evanc e t o th e topic s o f  th e lesson .  E X P E C T use s 
th e specifie d top-leve l  task s t o chec k tha t  an y ne w 
knowledg e specifie d solve s som e o f  thei r  subtask ,  an d 
i f  no t  i t  notifie s th e use r  an d suggest s ho w i t  coul d 
pla y a  rol e i n solvin g th e tasks .  S E E K 2 use s th e suit e 
of  tes t  case s t o detec t  errors ,  whic h the n driv e th e di -
zdogu e wit h th e use r  toward s fixing  them .  S A L T ca n 
be viewe d a s havin g a n implici t  (an d ver y hig h level ) 
topi c fo r  a h sessions ,  namel y t o acquir e knowledg e 
fo r  configmratio n desig n problems .  SALT' S interfac e 
aske d user s t o specif y onl y thre e kind s o f  knowledg e 
(parameters ,  constraints ,  an d fixes)  tha t  as e relevan t 
t o thos e type s o f  problems . 

Subsumption to existing cognitive 

structur e 

Learnin g abou t  a  ne w topi c involve s relatin g th e ne w 
knowledg e t o wha t  i s alread y known ,  fo r  exampl e b y 
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IXitoring/Learnin g principl e 

Introduc e lesso n topic s an d goal s 
Use topic s o t  th e lesso n a s a  guid e 
Subauniptio n t o existin g 
cognitiv e structur e Immediat e feedbac k 
Generat e educate d guesse s 
Keep o n trac k 
Indicat e lac k o t  understandin g 

Detec t  an d fi x "buggy "  knowledg e 

Lear n dee p model s 
Lear n domai n languag e 
Keep trac k o l  correc t  answer s 
h'rioriTii e learnin g task s 
Summariz e wha t  wa s learne d 
Asses s learne d knowledg e 

Assimilat e 
Instructio n 

SALT 
I'HOTO S 

PHOTOS 
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Goal s 

•  EXPKOT,SKKKJ 
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INS'THUtrrO-SOA K 
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KXPblCT 
CHIMAERA 

anKK- i 

KSSn 

Propos e 
Strategie s 

E X P E CT 
TEIHEIHIA S 

TEIREISIA S 
E X P E CT 

Prioritiz e 
Goal s an d 
Strategie s 

EXPEC'l ' 

Desig n 
Presentatio n 

SAL'l ' 
PHOTOS,  SAL T ' 

EXPECT " • 

INSTHUCTO-
SOAR PHOTOS,  SEEKS 
TEIREISIA S 

Tabl e 2 :  Tutorin g an d learnin g principle s use d i n acquisitio n tools . 

checkin g inconsistencies ,  drawin g analogies ,  o r  de -
rivin g generalizations .  P R O T OS too k a  ne w exam -
pl e cas e provide d b y th e user ,  zm d indexe s i t  int o on e 
of  severa l  classe s (o r  categories )  o f  exaimples .  I t  als o 
presente d th e use r  wit h ai i  explanatio n o f  th e clas -
sificatio n o f  th e ne w exampl e t o sho w ho w th e ne w 
knowledg e wa s incorporate d int o th e existin g struc -
tures .  TEIREISIA S create d generalize d rul e mod -
el s from  it s rul e base ,  an d use d the m t o propos e t o 
th e use r  additiona l  condition s t o newl y define d rules . 
Th e interfac e am d presentatio n o f  S A L T wa s alway s 
base d o n th e kind s o f  knowledg e neede d fo r  config -
uratio n design . 

Immediate feedback 

Educational systems often provide immediate feed-
back ,  a s studie s sho w tha t  i t  i s  mor e effectiv e tha n 
feedbac k receive d afte r  a  delay .  P R O T OS provide d 
immediat e feedbac k a s a  ne w cas e wa s assimilate d 
by showin g th e use r  a n explanatio n o f  it s  classifi -
catio n i n th e knowledg e base .  I N S T R U C T O - S O AR 
generate d clarificatio n an d follow-u p question s fo r 
th e use r  immediatel y afte r  a n instructio n wa s given . 
TEIREISIA S propose d amendment s t o rule s a s soo n 
as th e use r  define d them .  E X P E C T analyze s th e 
knowledg e bas e afte r  eac h use r  actio n an d show s im -
mediatel y a n agend a o f  error s t o resolv e an d task s 
t o do . 

Generate educated guesses 

Students often show their understcinding by finishing 
a tutor' s utterance ,  an d tutor s ofte n invit e student s 
t o gues s a s a  wa y t o asses s an d correc t  th e student' s 
knowledge .  TEIREISIA S map s newl y entere d rule s 
t o rul e model s an d propose s correction s base d o n 
ho w i t  expect s a  rul e t o follo w th e pattern s o f  othe r 
rule s i n tha t  model .  E X P E C T generate s suggestion s 
t o a  use r  abou t  ho w t o fix  specifi c  problem s b y mak -
in g educate d guesse s abou t  th e contex t  o f  th e prob -
le m (relate d domai n knowledge ,  pas t  proble m solv -
in g states ,  etc. ) 

K e e p o n trac k 

Tutor s nee d t o kee p trac k o f  th e lesso n an d brin g 
bac k issue s tha t  ha d t o b e droppe d whil e engagin g 
i n clarification s o r  othe r  sid e dialogues .  Acquisitio n 
tool s d o no t  kee p trac k o f  th e histor y an d statu s o f 
th e dialogue .  User s hav e free  rang e o n wha t  aspect s 
of  th e knowledg e bas e t o extend ,  wha t  paut s o f  th e 
too l  t o invoke ,  an d wha t  The y ca n mov e freely from 
topi c t o topi c an d bac k an d forth ,  o r  discontinu e 
teachin g abou t  a  topi c a t  an y poin t  withou t  noti -
fyin g termination .  Curren t  acquisitio n tool s woul d 
neve r  eve n notic e tha t  th e use r  i s deviatin g from a 
topi c i n an y o f  thes e situations . 

Indicate lack of understanding 

Student s ofte n voluntee r  a n indicatio n o f  thei r  lac k 
of  understjmding ,  bu t  tutor s ads o wil l  poin t  ou t  th e 
specifi c  aspect s introduce d i n a  lesso n tha t  th e stu -
dent  need s t o understand .  I N S T R U C T O - S O AR de -
tect s missin g aspect s o f  a  tas k descriptio n speci -
fied  b y a  use r  an d generate s follo w u p questions . 
E X P E CT an d C H I M A E R A detec t  undefine d term s 
tha t  wil l  b e use d t o guid e futur e dialogu e wit h th e 
user  t o defin e them . 

Detect and fix "buggy" knowledge 

M a ny tutorin g system s ar e aime d t o diagnos e an d fix 
student' s "buggy "  knowledge ,  ofte n b y askin g ques -
tion s an d checkin g th e student' s answers .  T A Q L 
analyze s th e knowledg e specifie d b y th e use r  ein d 
point s ou t  error s base d o n stati c analysis .  CHI -
M A E RA an d E X P E C T detec t  error s m th e knowl -
edge entere d tha t  nee d t o b e fixe d b y th e user .  P R O-
T O S,  S E E K 2 ,  an d TEIREISIA S sho w explanation s 
or  trace s t o user s s o the y ca n detec t  error s i n th e 
system' s reasoning . 

Learn deep models 

Student s shoul d lear n dee p conceptua l  model s in -
stejw l  o f  superficia l  ones .  Knowledg e acquisitio n 
tool s d o no t  hav e an y basi s t o evaluat e o r  pursu e 
dept h i n thei r  knowledg e base ,  thoug h thi s  i s a  lon g 
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recognize d shortcomin g o f  knowledge-baae d sysleniM . 
To date ,  thes e system s ar e a t  th e merc y o f  th e mer' s 
intentio n an d o f  thei r  implementatio n o f  an y dept h 
i n th e models . 

Learn domain language 

Student s ar e expecte d t o b e describ e thei r  knowledg e 
i n term s tha t  ar e suitabl e fo r  th e domai n a t  hand . 
Acquisitio n tool s d o no t  hel p user s specif y ho w t o 
describ e knowledg e i n domai n term s am d ho w th e 
terminolog y use d depend s o n th e contex t  o f  th e sce -
nari o a t  hand .  Knowledg e base s ar e annotate d wit h 
some lexica l  information ,  bu t  acquirin g thi s kin d o f 
knowledg e ha s no t  bee n a  focu s o f  knowledg e bas e 
development . 

Keep track of correct answers 

Instructiona l  tool s kee p trac k o f  th e question s tha t 
th e studen t  i s abl e t o suiswe r  correctl y a s wel l  a s 
thos e answere d incorrectly ,  whic h drive s furthe r  in -
teraction s wit h th e student .  S E E K 2 keep s trac k o f 
whethe r  th e tes t  case s ar e answere d correctly ,  an d 
alert s th e use r  whe n a  chang e t o a  rul e cause s a  cas e 
t o b e solve d incorrectly . 

Prioritize learning tasks 

Tutorin g system s ofte n hcindl e multipl e sub-task s us -
in g priorit y rule s tha t  loo k a t  th e diu-atio n an d typ e 
of  task ,  fo r  exampl e focusin g o n fixing  error s befor e 
turnin g t o omissions .  E X P E C T organize s error s jm d 
othe r  problem s i n th e knowledg e bas e base d o n thei r 
typ e an d th e amoun t  o f  hel p i t  ca n provid e (e.g. ,  i f 
i t  ha s njuTOwe d dow n th e option s tha t  th e use r  ca n 
tak e t o resolv e them) . 

Limit the nesting of sub-lessons 

Tutorin g diadogu e i s sometime s controlle d b y lim -
itin g th e amoun t  o f  subdialogues ,  whic h help s th e 
studen t  kee p trac k o f  th e lesso n topics . 

Summarize what was learned 

Many educationa l  system s wil l  summariz e t o th e 
studen t  th e maii n highUght s a t  th e en d o f  th e les -
son ,  especiall y i f  th e studen t  wa s give n hint s durin g 
th e lesson .  Acquisitio n tool s d o no t  summariz e wha t 
the y hav e learned . 

Assess learned knowledge 

Some instructiona l  tool s isolat e weaknesse s i n th e 
student' s knowledg e an d propos e furthe r  lesson s o n 
thos e cireas ,  som e student s als o voluntee r  thei r  as -
sessmen t  o f  ho w wel l  the y understan d certai n topics . 
KSSn use s clusterin g technique s t o sugges t  aspect s 
of  th e mode l  tha t  user s coul d detsii l  further .  Othe r 
acquisitio n tool s d o no t  perfor m thi s kin d o f  analysis . 
User s ofte n hav e t o pu t  th e knowledg e bas e throug h 
a performanc e syste m tha t  exercise s i t  i n orde r  t o 
be abl e t o asses s i f  th e knowledg e wa s learne d ap -
propriately . 

D i s c u s s i o n 

Acquisitio n tool s hav e use d technique s tha t  ca n b e 
cas t  i n term s o f  tutorin g an d learnin g principle s 
foun d i n educations d softwar e research .  Thes e prin -
ciple s ar e implici t  i n th e desig n o f  th e tool ,  an d the y 
iniauenc e thei r  interactio n wit h th e use r  t o th e de -
gre e tha t  the y ar e implemente d i n th e underlyin g 
code .  Havin g thes e principle s represente d explicitl y 
and declaurativel y woul d enabl e acquisitio n tool s t o 
reaso n i n term s o f  th e teachin g an d learnin g pro -
cess ,  jui d thei r  interactio n wit h th e use r  woul d b e dy -
namicall y generate d give n th e situatio n a t  hand .  A 
declarativ e representatio n o f  meta-knowledg e abou t 
thei r  learnin g state ,  goids ,  an d possibl e strategie s 
coul d tur n interactiv e acquisitio n tool s int o mor e 
proficien t  an d proactiv e learners . 

Th e principle s hav e ord y bee n use d i n som e as -
pect s o f  th e functionedit y o f  acquisitio n tools ,  an d 
ar e exhibite d b y som e bu t  no t  al \  th e tools .  Th e 
sparsenes s o f  th e matri x i n Tabl e 2  point s t o m a n y 
opportunitie s fo r  futur e wor k i n incorporatin g thes e 
principles .  B y havin g declarativ e representation s o f 
thei r  learnin g state ,  goals ,  an d possibl e strategies , 
interactiv e acquisitio n tool s coul d mor e easil y incor -
porat e thes e principle s throughou t  th e acquisitio n 
proces s an d th e five  function s show n i n th e table . 

Acquisitio n interface s shoul d b e abl e t o structur e 
th e diaJogu e wit h th e use r  i n tutorin g terms .  T h e 
shoul d organiz e th e dialogu e base d o n lesso n topic s 
and sub-topics ,  b e awar e o f  th e stJir t  an d th e en d o f 
eac h an d generall y kee p th e use r  o n trac k an d de -
layin g terminatio n unti l  th e goal s o f  th e lesso n ar e 
satisfied .  Acquisitio n tool s shoul d exploi t  th e topic s 
of  th e lesso n throughou t  th e acquisitio n process ,  fo r 
exEunpl e t o naurro w dow n th e prio r  knowledg e tha t  i s 
relevan t  t o tha t  portio n o f  th e dialogu e an d conse -
quentl y naurrowin g dow n th e propose d strategie s an d 
customizin g th e presentatio n o f  informatio n bac k t o 
th e user .  B y keepin g trac k o f  th e interaction s wit h 
th e user ,  th e topi c o f  th e dialogu e a t  eac h poin t  i n 
time ,  an d th e terminatio n o f  sub-topics ,  acquisitio n 
tool s woul d b e abl e t o manag e thei r  participatio n i n 
th e dijilogu e bette r  an d reliev e th e user s fro m hav -
in g t o remembe r  an d kee p traic k o f  wha t  i s  goin g on . 
The y coul d exploi t  thi s informatio n i n generatin g 
goal s b y detectin g area s wher e a  topi c i s stil l  un -
finished,  pla n an d prioritiz e mor e relevan t  strategie s 
tha t  exploi t  th e contex t  o f  th e currentl y ope n topics , 
zui d hel p user s vie w progres s an d termination . 

Acquisitio n tool s shoul d b e abl e t o expos e an d 
asses s th e knowledg e acquire d s o fju: ,  allowin g th e 
use r  t o understan d wha t  th e syste m ha s assimilate d 
an d showin g th e use r  a s wel l  wha t  area s th e sys -
te m think s nee d t o b e furthe r  improved .  Currently , 
knowledge-base d system s wil l  answe r  an y questio n 
the y ar e asked ,  regardles s o f  th e qualit y o f  th e knowl -
edg e use d t o answe r  it .  I t  woul d b e ver y usefu l  fo r 
thes e system s t o conve y whethe r  the y ar e confiden t 
on th e answer .  Thi s woul d als o hel p user s identif y 
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furthe r  area s o f  improvemen t  fo r  futur e acquisitio n 
sessions . 

We ar e pursuin g thes e idea s i n ou r  curren t  work , 
implementin g a  front-en d dialogu e managemen t  sys -
te m tha t  represent s an d use s tutorin g an d learnin g 
principle s t o guid e knowledg e acquisition . 
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Abstrac t 

We study how Extraversion or Introversion influ-
ence s people' s languag e production .  A  corpu s o f 
e-mai l  text s wa s gathere d fro m individual s cate -
gorise d vi a Eysenck' s E P Q - R personalit y  test .  On e 
experimen t  analyse d th e corpu s usin g existin g con -
ten t  analysi s tools ,  an d foun d relativel y wea k ef -
fect s o f  Extraversion .  A  secon d experimen t  use d 
more sensitiv e bigram-base d technique s fro m statis -
tica l  natura l  languag e processin g t o replicat e earhe r 
findings ,  an d uncove r  nove l  pattern s o f  behaviour . 

I n t r o d u c t i o n 

Casua l  acquaintanc e wit h Extraverts ^  an d Introvert s 
suggest s tha t  th e forme r  tal k a  lo t  mor e tha n th e 
latter .  Bu t  apar t  fro m thi s intuitiv e difference ,  ho w 
does thi s personalit y dimensio n influenc e a n individ -
ual' s Itmguag e production ? Befor e addressin g thi s 
question ,  w e nee d t o clarif y wha t  w e mea n b y Ex -
traversion ,  an d it s relevanc e t o cognitiv e science . 

A typica l  Extraver t  tend s t o b e sociable ,  need s 
peopl e t o tal k to ,  crave s excitement ,  take s chances ,  i s 
easy-going ,  an d optimistic .  B y contrast ,  a  typica l  In -
trover t  i s  quiet ,  retiring ,  reserved ,  plan s ahead ,  an d 
dislike s excitemen t  (Eysenc k an d Eysenck ,  1991) . 

Th e personalit y trai t  o f  Extraversion—an d th e 
complementar y Introversion — i s on e o f  th e fe w whic h 
researcher s generall y agre e provide s 'consisten t  an d 
vali d information '  (Jonasse n an d Grabowski ,  1993) . 
Beyon d it ,  ther e i s greate r  controversy . 

For  instance ,  Eysenck' s E P Q - R personalit y tes t 
reflect s a  personalit y mode l  whic h incorporate s jus t 
tw o furthe r  dimensions :  Neuroticism ,  whic h i s 
mainl y characterise d b y susceptibilit y t o anxiety ; 
and Psychoticism ,  whic h i s mor e complicated ,  bu t 
generall y relate d t o aggressio n an d individuality .  B y 
contrast ,  th e NEO-PI - R mode l  incorporate s fiv e fac -
tor s (Cost a an d McCrae ,  1992) .  A s wel l  a s Extraver -
sio n an d Neuroticism ,  ther e ar e Conscientiousness , 
Agreeablenes s an d Openness .  I t  i s  generall y agree d 
tha t  thes e relat e t o Psychoticism ,  bu t  exactl y ho w i s 

'Th e spellin g o f  follow s Eysenck ,  becaus e 
thi s pape r  employ s hi s E P Q - R a s th e measur e o f  per -
sonality ,  bu t  thi s doe s no t  represen t  a  commitmen t  t o a 
specificall y Eysenckia n theor y o f  personality . 

stil l  th e subjec t  o f  debat e (cf .  Matthew s an d Deary , 
1998) . 

Extraversion ,  an d it s linguisti c consequences—i f 
ther e ar e any—i s relevan t  t o cognitiv e researc h fo r 
at  leas t  tw o reasons .  First ,  ther e i s  considerabl e 
evidenc e tha t  thi s personalit y dimensio n i s relate d 
t o preferre d learnin g style s an d educationa l  achieve -
ment ,  vi a spee d o f  exa m completion ,  m e m o r y re -
trieva l  an d recal l  tasks ,  creativity ,  mathematica l 
ability ,  sel f  monitorin g an d communicatio n abilit y 
(Jonasse n an d Grabowski ,  1993) .  Secondly ,  ther e i s 
evidenc e tha t  compute r  user s attribut e personalit y 
t o interfaces ,  an d respon d t o i t  i n robus t  way s (eg . 
Nass ,  M o o n ,  Fogg ,  an d Reeves ,  1995 ;  Isbiste r  an d 
Nass ,  2000) .  Eve n i n a  text-onl y environment ,  Ex -
travert s apparentl y prefe r  interface s presentin g in -
formatio n usin g languag e associate d wit h Extraver t 
traits ;  Introvert s prefe r  Introverte d interfaces .  A n 
interfac e wit h a  matchin g personalit y i s  judge d mor e 
positively ,  an d rate d a s mor e attractive ,  credibl e an d 
informativ e (Nas s e t  ai ,  1995) . 

So th e personalit y dimensio n ha s som e validity , 
an d appear s relevan t  t o th e diagnosi s an d projec -
tio n o f  personalit y i n human-compute r  conmninica -
tion ,  an d i n computer-base d learning .  Bu t  ho w doe s 
Extraversio n influenc e a n individual' s languag e pro -
duction ? I n addressin g thi s question ,  w e first  outlin e 
some hypothese s fro m th e literature ,  befor e describ -
in g ou r  collectio n o f  a  controlle d corpu s o f  language , 
an d ou r  analysi s o f  it .  W e the n repor t  th e results — 
some unsurprising ,  other s unexpected^an d discus s 
some o f  thei r  implications . 

Previous hypotheses 

W o rk o n textua l  personalit y withi n th e "Computer s 
Ar e Socia l  Actors "  paradig m ha s take n th e expres -
siv e hallmark s o f  Extraversio n o r  dominanc e (on e 
face t  o f  th e dimension )  t o b e confidence ,  a s show n 
by a n avoidanc e o f  hedge-expression s suc h a s per -
hap s an d mayb e (Nas s e t  ai ,  1995) ,  an d i s relate d 
t o th e empirica l  wor k o f  Brada c an d Mula c (1984 ) 
on perception s o f  powerfu l  an d powerles s speech . 

Fro m a n intuitiv e perspective ,  Extravert s ar e de -
scribe d a s individual s w h o thin k ou t  loud ,  d o mos t 
of  th e talking ,  ar e les s self-focussed ,  an d ten d t o 
ski p fro m topi c t o topic .  Conversely ,  Introvert s m o -
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nopolis e th e conversatio n o n topic s importan t  t o 
them ,  ar e mor e self-focusse d an d prefe r  t o concen -
trat e o n discussin g on e topi c i n dept h (cf .  Garment , 
Miles ,  an d Cervin ,  1965) .  Wit h referenc e primaril y 
t o speech ,  Purnha m (1990 )  ha s propose d tha t  Ex -
traver t  languag e i s les s formal ,  ha s a  mor e restricte d 
code ,  use s mor e verbs ,  adverb s an d pronoun s (rathe r 
tha n nouns ,  adjectives ,  an d prepositions) ,  an d use s 
vocabular y loosel y (se e als o Dewael e an d Purnham , 
1999 ,  fo r  a  revie w o f  speec h an d writin g studies) . 

Tex t  analysi s approache s hav e foun d tha t  tran -
scribe d text s rate d a s belongin g t o th e war m face t 
of  Extraversio n use d fewe r  negativ e emotio n word s 
an d uniqu e words ,  an d mor e presen t  tens e verbs , 
wit h dominan t  text s usin g fewe r  uniqu e words ,  pos -
itiv e emotio n word s an d sel f  referent s (Berry ,  Pen -
nebaker ,  Mueller ,  an d Hiller ,  1997) .  Finally ,  stud y o f 
th e text s writte n b y Extravert s ha s foun d tha t  the y 
use d fewe r  negations ,  tentativ e words ,  negativ e emo -
tio n words ,  causatio n words ,  inclusiv e words ,  an d ex -
clusiv e words ,  whil e usin g mor e socia l  an d positiv e 
emotio n word s (Pennebake r  an d King ,  1999) . 

Data Collection 

Th e approac h t o dat a collectio n follow s Peimebake r 
an d Kin g (1999) .  Writte n text s wer e collecte d 
fro m 10 5 Universit y student s o r  recen t  graduate s 
(3 7 males ,  6 8 females ;  mea n ag e =  24. 3 years ;  S D 
= 4.6 ;  al l  nativ e Englis h speakers) .  A n introduc -
tor y e-mai l  explaine d th e experiment ,  an d pointe d 
subject s t o th e relevan t  web-page .  Afte r  th e com -
pletio n o f  a n onlin e demographi c questionnair e an d 
a versio n o f  th e Eysenc k Personalit y Questionnair e 
(Revise d shor t  form ;  Eysenck ,  Eysenck ,  an d Bar -
rett ,  1985 )  (mea n scor e fo r  E  =  7.91 ,  S D =  3.25 ; 
normativ e scor e =  7.4 2 (male) ,  7.6 0 (female)) ,  sub -
ject s wer e aske d t o compos e tw o e-mail s t o a  goo d 
frien d w h o m the y hadn' t  see n fo r  quit e som e time , 
th e styl e o f  whic i  i s  considere d t o b e clos e t o ora l 
communicatio n (Baiter ,  1998) .  O n e messag e con -
cerne d thei r  activitie s i n th e pas t  week ;  th e othe r  dis -
cusse d thei r  plan s fo r  th e nex t  week .  Subject s wer e 
advise d t o spen d aroun d te n minute s pe r  message , 
compose d onlin e an d submitte d usin g a n H T M L 
form .  I t  wa s highlighte d tha t  response s woul d b e 
treate d i n confidenc e an d tha t  subject s coul d re -
mai n anonymous .  N o paymen t  wa s mad e fo r  par -
ticipation ,  an d integrit y o f  response s wa s monitore d 
by readin g throug h th e transcripts .  On e additiona l 
submissio n wa s rejecte d a s no t  bein g serious ;  th e re -
sultin g corpu s containe d 21 0 text s an d 65,00 0 words . 

Experiment 1: Dictionary techniques 

LIWC and MRC Methods 

LIWC Each respondent's texts were individually 
processe d usin g th e L I W C tex t  analysi s progra m 
(Pennebake r  an d FVancis ,  1999) .  Item s wer e selecte d 

Tabl e 1 :  Summar y o f  E  Scor e an d L I W C multipl e 
regressio n analysis . 

Dependen t  Independen t 
Variabl e Variabl e 

0 R " 

E Scor e Numbers 
Word Coun t 

-.2 1 
.2 0 .0 8 .014 4 

fo r  principl e component s analysi s usin g th e sam e cri -
teri a a s Pennebake r  an d Kin g (1999) ,  namel y relia -
bility ,  topi c independence ,  independenc e from  othe r 
variables ,  an d a  mea n min imu m usag e o f  1%.  Th e 
validit y o f  th e curren t  dat a wa s show n usin g vari -
m ax rotatio n t o deriv e fou r  factor s whic h essentiaU y 
replicat e thei r  prio r  findings.  Ther e wa s mino r  vari -
atio n i n som e facto r  loadings ,  whic h w e attribut e t o 
difference s i n th e writin g tasks .  Se e Gil l  an d Ober -
lande r  (prep )  fo r  a  fulle r  discussion . 

By correlatin g thei r  resultan t  L I W C factor s wit h 
personalit y dimensions ,  Peimebake r  an d King' s re -
sult s sugges t  broa d styl e preference s fo r  Extraverts . 
But  thi s doe s no t  identif y th e relativ e importanc e o f 
thei r  categorie s fo r  identifyin g tex t  a s Extravert . 

Thus ,  t o identif y whic h L I W C variable s bes t  hel p 
identif y a n author' s personality ,  stepwis e linea r  mul -
tipl e regressio n wa s performed .  Th e variable s en -
tere d wer e thos e whic h showe d a t  leas t  a  smal l  corre -
latio n wit h th e personalit y type—wit h a  significanc e 
of  p  <  .1—an d whic h satisfie d th e criteri a fo r  inclu -
sio n i n th e previou s principl e component s analysis . 
However ,  sinc e requirin g variable s t o hav e a  mea n 
usag e o f  1 % pe r  essa y fo r  inclusio n i n th e analy -
si s di d no t  leav e an y L I W C variable s i n th e regres -
sio n equatio n fo r  Extraversion ,  thi s criterio n wa s ig -
nore d fo r  th e result s presente d below .  (Interestingly , 
by contrast ,  eve n wit h th e applicatio n o f  thi s crite -
rion ,  Psychoticis m an d Neuroticis m bot h ha d severa l 
strongl y significan t  L I W C predicto r  variables. ) 

MRC In addition to the LlWC-based tests, mul-
tipl e regressio n analysi s wa s als o performe d o n psy -
cholinguisti c propertie s o f  th e texts ,  derive d from  th e 
M RC Psycholinguisti c Databas e (Coltheart ,  1981) . 
Text s wer e first  tagge d fo r  Part s o f  Speech, ^  an d 
eac h word-PO S pai r  wa s the n looke d u p i n th e 
database .  I f  th e wor d an d P O S ta g matche d a  pai r 
i n th e database ,  psycholinguisti c dat a wa s returne d 
fo r  tha t  word .  W h e n al l  th e word s i n th e tex t  ha d 
bee n processed ,  mea n score s wer e calculate d fo r  cat -
egorie s suc h a s verba l  frequency,  writte n frequency, 
concreteness ,  ag e o f  acquisition ,  alon g wit h addi -
tiona l  globa l  information ,  suc h a s th e percentag e o f 
a text' s word s whic h wer e capture d b y th e database . 
As wit h th e L I W C regression ,  variable s showin g a 
correlatio n wit h th e personaUt y typ e wit h a  signifi -
canc e o f  p  <  . 1 wer e entere d i n t o th e equation . 

^Usin g th e M X P O ST tagge r  (Ratnaparkhi ,  1996) . 
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Tabl e 2 :  Summar y o f  E  Scor e an d M R C multipl e 
regressio n analysis . 

Dependen t 
Variabl e 
E Scor e 

Independen t 
Variabl e 
Mean 
C!oncretenes s 

P 

-.2 1 

R» 

.0 6 

P 

.027 8 

Result s 

The multipl e regressio n analysi s o f  th e L I W C vari -
able s (Tabl e 1 )  show s tha t  a  greate r  overal l  wor d 
coun t  fo r  a  tex t  { P =  .20) ,  an d th e occurrenc e 
of  fewe r  reference s t o number s withi n tha t  tex t 
(/ 3 =  -.21) ,  indicat e Extraversio n { p <  .05) .  So , 
Extravert s d o appea r  t o typ e mor e tha n Introverts , 
mirrorin g earlie r  result s o n speec h (Garmen t  e t  al , 
1965) ,  wit h th e avoidanc e o f  number s embodyin g 
a 'looser' ,  les s precis e us e o f  languag e (Fumham , 
1990) .  However ,  th e varianc e accounte d fo r  b y thes e 
variable s i s relativel y lo w a t  8% .  I n comparabl e anal -
yses ,  bot h Psychoticis m an d Neuroticis m regressio n 
equation s explai n varianc e greate r  tha n 10% . 

Similarly ,  wit h th e M R C Psycholinguisti c analysi s 
(Tabl e 2) ,  onl y th e nove l  findin g o f  a  genera l  lower -
in g o f  a  text' s concretenes s o f  vocabular y (/ 9 =  -.21 , 
p <  .05 )  wa s see n t o explai n 5 % o f  varianc e i n Ex -
traversion .  Again ,  equation s fo r  Psychoticis m an d 
Neuroticis m explaine d mor e tha n 1 0 % o f  variance . 

Discussion 

I n bot h o f  th e dictionary-base d antdyse s o f  th e 
texts ,  rathe r  fe w feature s appeare d t o distinguis h 
Extravert/Introver t  texts ,  especiall y whe n compare d 
t o th e numerou s L I W C an d M R C feature s whic h as -
sociate d wit h Psychoticis m an d Neuroticis m traits . 

H ow coul d thi s be ? A t  leas t  tw o explanation s 
ar e possible .  First ,  th e L I W C dictionar y i s a  sub -
jectivel y constructe d analysi s tool .  I t  i s  base d o n 
judgement s b y healt h psychologist s o f  text s writte n 
by distresse d individual s fo r  therapeuti c purpose s 
(Pennebake r  an d Francis ,  1999) .  Fo r  it s origina l 
purposes ,  thi s i s a  strength ;  bu t  i t  als o impose s a 
to p dow n limitatio n o n LIWC' s functioning .  Give n 
thi s therapeuti c origin ,  i t  i s temptin g t o sugges t  tha t 
th e linguisti c feature s associate d wit h th e personal -
it y trait s  o f  Psychoticis m an d Neuroticis m wer e mor e 
importan t  o r  relevan t  t o th e distresse d individual s 
producin g th e texts—an d tha t  i s wh y thes e feature s 
ar e bette r  represente d i n LIWC' s dictionary . 

The M R C databas e i s als o fitte d t o it s specifi c 
purposes—fo r  example ,  matchin g psycholinguisti c 
stimuli—bu t  thi s agai n impose s constraint s whic h 
migh t  prov e artificia l  whe n i t  i s  appUe d t o a  differ -
ent  are a o f  investigation . 

Secondly ,  bot h dictionarie s necessaril y  operat e us -
in g string s correspondin g t o individua l  words ,  sub -
sequentl y classifyin g the m i n a  predefine d way .  Nei -
the r  take s int o accoun t  th e contex t  o f  a  word .  Thu s 

i t  ma y b e tha t  fo r  Psychoticis m an d Neuroticis m 
th e choic e o f  word ,  o r  som e propert y o f  th e wor d 
i s informative—bu t  fo r  Extraverts ,  i t  ma y b e tha t 
wor d orde r  o r  collocation s ar e mor e relevant . 

Experiment 2: NLP techniques 

Therefore ,  w e recrui t  botto m u p statistica l  tex t  anal -
ysi s technique s fro m corpu s linguistics .  Specifically , 
bigra m analysi s calculate s th e probabilit y  o f  pair s 
of  adjacen t  terms ,  o r  bigrams ,  occurrin g togethe r  i n 
tha t  orde r  i n a  give n text .  T o determin e th e sig -
nificanc e o f  a  bigram' s occurrence ,  a  statistic—lo g 
likelihood—i s calculated ,  takin g int o accoim t  al l  th e 
othe r  instance s o f  eac h elemen t  i n th e bigra m pair , 
and th e othe r  word s wit h whic h the y appear . 

Sinc e bigram s ca n b e use d t o calculat e th e prob -
abilisti c  spac e i n whic h Ismguag e occurs ,  the y hav e 
been pu t  t o a  variet y o f  use s (Collins ,  1996 ;  Peder -
sen ,  2001) .  However ,  thi s stud y use s the m simpl y 
as a n advancemen t  o n th e classifie d unigra m (tha t 
is ,  single-word )  toialysi s i n Experimen t  1 .  Becaus e 
bigram s contai n informatio n abou t  th e intercoimec -
tio n an d dependencie s o f  words ,  thi s secon d analysi s 
retain s som e o f  th e contextua l  informatio n o f  lan -
guag e use .  Ekjuall y importantly ,  sinc e bigram s ar e 
not  classifie d subjectively ,  the y provid e a  for m o f 
analysi s tha t  i s  bottom-up ,  rathe r  tha n top-down . 

Method 

The origina l  corpu s o f  text s wa s divide d b y degre e 
of  Extraversio n b y selectin g respondent s whos e E 
scor e wa s greate r  o r  les s tha n 1  s.d .  o f  th e mea n 
(cf .  Dewael e an d Pavlenko ,  2002) ,  wit h th e 2 1 Hig h 
Extraver t  author s scorin g mor e tha n 11 ,  an d th e 1 7 
Lo w Extraver t  author s scorin g les s tha n 5 . 

Bigram s wer e calculate d fo r  th e resultin g Ex -
traver t  an d Introver t  subcorpora ;  th e forme r  con -
taine d ove r  12,00 0 words ;  th e latte r  aroun d 8,000.Bi -
gra m profile s wer e generate d fo r  eac h corpu s an d 
thei r  co-occurenc e significanc e i n th e curren t  text s 
ranke d b y log-likelihoo d statisti c (- 2 lo g A), '  sinc e 
fo r  smalle r  corpor a thi s approximate s bette r  t o x ^ 
tha n th e X ^  statisti c (Dunning ,  1993) .  Ranking s 
fo r  eac h grou p ar e base d o n th e to p 5 0 bigram s wit h 
frequenc y o f  T V >  2 ,  an d a  significanc e o f  p  <  .001 . 
Relativ e frequenc y ratio s (Damerau ,  1993 )  wer e the n 
calculate d fo r  bigram s tha t  wer e c o m m o n t o bot h 
th e subcorpora ,  an d a  Spearma n Ran k correlatio n 
was als o performe d o n thes e bigrams . 

Results 

S p e a r m a n R a n k Correlat io n 

The correlatio n coefficien t  scor e o f  .5 3 indicate s tha t 
Extraver t  an d Introver t  us e o f  th e share d bigram s i s 
significantl y correlate d a t  th e p  <  .00 5 (one-tailed , 
N = 2 8)  level ,  an d the y ar e therefor e no t  distinct . 

^Ted Pederson's bigram software is avsdlable from: 
http://www.d.umn.edu/"tpederse/code.html . 
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Tabl e 3 :  Share d Extraver t  an d Introver t  bigrams . Tabl e 4 :  Bigram s uniqu e t o Extraver t  corpus . 

Bigra m 

looking forward 
i t  wa s 
nex t  wee k 
a bi t 
up wit h 
!  ! 
wil l  b e 
i  wa s 
at  th e 
t o se e 
whic h i s 
fo r  a 
i  hav e 

Ext r  Int r  Ext r  Int r  Rel. F 
Cnt  Cn t  Rati o Rati o Rati o 

Bigra m Rank - 2 lo g A  Coun t  Rati o 

15 
46 
24 
29 
19 
45 
24 
33 
27 
32 
15 
34 
44 

4 
22 
12 
15 
10 
24 
13 
18 
16 
19 
9 

21 
29 

0.001 1 
0.003 4 
0.001 8 
0.002 2 
0.001 4 
0.003 3 
0.001 8 
0.002 5 
0.002 0 
0.002 4 
0.001 1 
0.002 5 
0.003 3 

0.000 5 
0.002 5 
0.001 3 
0.001 7 
0.001 1 
0.002 7 
0.001 5 
0.002 0 
0.001 8 
0.002 1 
0.001 0 
0.002 4 
0.003 2 

2.4 9 
1.3 9 
1.3 3 
1.2 8 
1.2 6 
1.2 4 
1.2 2 
1.2 2 
1.1 2 
1.1 2 
1.1 1 
1.0 7 
1.0 1 

t o ge t 
.  i 
on frida y 
,  an d 
and the n 
i n th e 
apar t  fro m 
i  a m 
i  thin k 
,  bu t 
a lo t 
goin g t o 
a fe w 
t o d o 
i'v e bee n 

34 
99 
11 
48 
23 
41 

6 
33 
16 
35 
10 
36 
12 
23 

9 

23 
69 

8 
36 
19 
34 

5 
28 
14 
31 

9 
33 
11 
23 
12 

0.002 5 
0.007 4 
0.000 8 
0.003 6 
0.001 7 
0.003 1 
0.000 5 
0.002 5 
0.001 2 
0.002 6 
0.000 7 
0.002 7 
0.000 9 
0.001 7 
0.000 7 

0.002 6 
0.007 7 
0.000 9 
0.004 0 
0.002 1 
0.003 8 
0.000 6 
0.003 1 
0.001 6 
0.003 5 
0.001 0 
0.003 7 
0.001 2 
0.002 6 
0.001 3 

0.9 8 
0.9 5 
0.9 1 
0.8 8 
0.8 0 
0.8 0 
0.8 0 
0.7 8 
0.7 6 
0.7 5 
0.7 4 
0.7 2 
0.7 2 
0.6 6 
0.5 0 

However ,  furthe r  analysi s showe d Extravert s t o b e 
mor e distinguishabl e fro m Ambivert s o r  Introverts. * 

Extraverts versiis Introverts 

The results of the bigram analysis include: bigrams 
whic h occurre d i n bot h th e Extraver t  an d Intro -
ver t  corpor a (Tabl e 3) ;  bigram s whic h wer e foun d 
uniquel y i n th e Extraver t  corpu s (Tabl e 4) ;  an d 
thos e foun d onl y i n th e Introver t  corpu s (Tabl e 5) . 
Th e share d bigram s ar e ordere d b y thei r  relativ e 
frequency,  wit h th e highes t  ratio s abov e 1. 0 show -
in g th e stronges t  associatio n wit h Extraver t  authors , 
an d th e smalles t  ratio s les s tha n 1. 0 indicatin g a 
preferenc e o n th e par t  o f  mor e Introverte d author s 
(th e breakpoin t  ha s bee n indicate d b y a  separatin g 
rule) .  Feature s whic h ar e uniqu e t o eac h subcorpu s 
grou p ca n b e considere d th e mos t  distinctiv e o f  au -
thoria l  personality .  Fo r  curren t  purposes ,  w e divid e 
th e feature s int o eigh t  groupings . 

Surface Realisation Features These gross fea^ 
ture s ar e perhap s th e mos t  intuitiv e i n thei r  repre -
sentatio n o f  th e Extravert s o r  Introverts .  Fo r  exam -
ple ,  [ < E N D > hi] ,  th e < E N D > (end-of-fil e marker ) 

*When comparin g th e group s Hig h E  (>l8.d.) ,  Mi d 
E ( < ±ls.d. )  an d Lo w E  ( < -Is.d. )  (al l  P  an d N 
< ils.d. )  i t  wa s foun d tha t  Lo w E  an d Mi d E  correlat e 
ver y significantl y ( p <  .005 ;  p  =  .67 ;  A f  =  19) ,  whils t 
Hig h E  an d Mi d E  d o no t  significantl y correlat e a t  th e 
p <  .0 5 leve l  ( p =  .32 ;  N  =  24) . 

of  th e 
,  whic h 
had a 
whic h wa s 
ne w yea r 
got  a 
a goo d 
forwar d t o 
need t o 
i'l l  b e 
on Saturda y 
we wen t 
as wel l 
coupl e o f 
want  t o 
th e moment 
< E N D> h i 
abl e t o 
tak e car e 
catc h u p 
othe r  tha n 

33 
20 
16 
24 

7 
45 
46 
26 
28 
22 
27 
42 
43 
30 
41 
44 
21 
50 
23 
39 
49 

183.4 8 
79.4 7 

100.8 9 
115.6 0 
95.6 9 

192.2 2 
66.6 5 
64.4 5 
94.7 6 
89.9 9 
98.7 0 
90.9 4 
67.5 4 
67.1 8 
84.1 8 
68.0 1 
67.0 9 
99.4 4 
61.1 9 
96.0 0 
70.5 0 
62.8 4 

152 
40 
25 
22 
19 
18 
17 
16 
15 
15 
14 
13 
11 
11 
10 
10 
10 
9 
9 
8 
7 
6 

0.011 3 
0.003 0 
0.001 9 
0.001 6 
0.001 4 
0.001 3 
0.001 3 
0.001 2 
0.001 1 
0.001 1 
0.001 0 
0.001 0 
0.000 8 
0.000 8 
0.000 7 
0.000 7 
0.000 7 
0.000 7 
0.000 7 
0.000 6 
0.000 5 
0.000 5 

followe d b y hi ,  wa s uniqu e t o Extraver t  texts ;  an d 
sinc e th e < E N D > marke r  separate s concatenate d 
files  i n th e corpus ,  her e w e hav e a  tendenc y to -
ward s message-initia l  hi .  B y contras t  th e mor e for -
mal  [ < E N D > hello ]  wa s foun d solel y i n Introver t 
texts .  Us e o f  punctuatio n als o differ s betwee n th e 
two .  groups ,  wit h Extravert s preferrin g multipl e ex -
clamatio n mark s [. '  .'] ,  an d solel y usin g multipl e ful l 
stop s [ .  . ]  a s i n th e elliptica l  (...) ,  agai n a  featur e 
of  informa l  style ,  an d 'looser '  us e o f  language . 

Quantification In terms of quantification. Intro-
vert s generall y ten d t o sho w a  preferenc e fo r  a 
greate r  us e o f  quantifiers ,  suc h a s [ o lot] ,  [ a few ]  an d 
uniquel y [al l  the] ,  [on e of] ,  [lot a of ]  an d [load s of] , 
wherea s Extravert s sho w a  preferenc e fo r  a  bit ]  an d 
uniquel y us e [coupl e of] .  No t  onl y doe s thi s demon -
strat e a n Extraver t  tendenc y t o b e loose r  an d les s 
specific ,  i t  als o apparentl y reveal s exaggeratio n o n 
th e par t  o f  th e Introvert . 

Social Devices The Extravert use of stylistic ex-
pression s suc h a s [catc h up ]  an d [tak e care ]  indicat e 
a relaxe d an d informa l  style ;  thei r  omissio n point s 
t o a  mor e sociall y restraine d Introvert .  A  surpris -
ingl y nea t  equivalenc e i n expressio n ca n b e foun d be -
twee n th e Extraver t  us e o f  [othe r  than ]  rathe r  tha n 
[apar t  from] ,  althoug h i t  i s  no t  immediatel y clea r 
what  migh t  giv e ris e t o this . 

Self/Other Reference References to self in the 
text s demonstrat e difference s betwee n Extravert s 
an d Introverts :  Introvert s mak e extensiv e us e o f  th e 
first  perso n singula r  pronou n ([ i  don't] ,  [ i  went] ,  [i' m 
going] ,  [ i  can] ,  [i'v e got ]  ar e al l  uniqu e t o th e Intro -
ver t  text) ,  an d als o sho w preferenc e fo r  th e followin g 
share d bigrams :  [i'v e done] ,  [ i  think] ,  [ i  am] ,  [ .  i] . 
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Tabl e 5 :  Bigram s uniqu e t o Introver t  corpus . 

Bigra m 

. < E N D > 
i  don' t 
went  t o 
t o g o 
al l  th e 
i  wen t 
one o f 
tryin g t o 
i' m goin g 
i  ca n 
on thiursda y 
don' t  kno w 
i'v e go t 
lot s o f 
thi s wee k 
anywa y , 
shoul d b e 
on monda y 
tw o week s 
load s o f 
< E N D> hell o 
exa m result s 

Rank 

17 
18 
25 
34 
47 
50 
32 
29 
36 
46 
20 
21 
35 
26 
39 
45 
40 
41 
31 
49 
44 
42 

- 2 lo g A 

80.1 3 
78.7 7 
63.5 3 
56.6 5 
43.0 6 
42.7 0 
57.4 5 
60.7 5 
52.8 4 
43.9 0 
72.2 2 
69.7 6 
55.1 9 
62.2 9 
48.5 1 
44.7 9 
48.1 0 
47.9 1 
58.6 5 
42.7 2 
45.0 5 
47.2 6 

Count 

20 
18 
15 
14 
12 
12 
11 
10 
10 
10 
9 
9 
9 
8 
8 
8 
7 
6 
5 
5 
4 
3 

Rati o 

0.002 2 
0.002 0 
0.001 7 
0.001 6 
0.001 3 
0.001 3 
0.001 2 
0.001 1 
0.001 1 
0.001 1 
0.001 0 
0.001 0 
0.001 0 
0.000 9 
0.000 9 
0.000 9 
0.000 8 
0.000 7 
0.000 6 
0.000 6 
0.000 5 
0.000 3 

For  Extraverts ,  th e onl y uniqu e firs t  perso n bigra m 
i s [i'l l  be] ,  an d the y als o sho w greate r  us e o f  [ t  was ] 
an d [ i  will] ,  althoug h relativel y les s preferre d tha n 
Introver t  forms .  Thi s underscore s th e increase d In -
trover t  tendenc y t o focu s o n self ,  wherea s th e onl y 
bigra m containin g a  first  perso n plura l  i s  uniqu e t o 
Extravert s {[w e went]) .  Th e Extraver t  preferenc e fo r 
th e bigra m [u p with ]  typicall y indicate s a  share d ex -
perienc e (promptin g th e questio n wit h w h o m ? )  an d 
greate r  sociability .  Thes e result s apparentl y contra -
dic t  Furnha m (1990 )  o n pronouns ,  bu t  give n tha t 
th e vas t  majorit y o f  pronoun s her e ar e first-person 
singular ,  thu s focusin g o n self ,  thi s i s unsurprising . 

Valence Bigrams containing negations were used 
significantl y onl y b y Introverts ,  a s i n [ i  don't ]  an d 
[don' t  know ]  (indee d [ i  don't ]  i s  th e bigra m wit h mos t 
frequen t  us e o f  i )  ,  whils t  Extravert s use d th e bigra m 
[ a good ]  whic h i s suggestiv e o f  positiv e affect. ^  Sim -
ilarly ,  th e Extraver t  preferenc e fo r  [lookin g forward ] 
an d [forwar d to ]  (presumabl y a s i n lookin g forwar d 
to )  als o suggest s a  mor e positiv e disposition . 

Ability Personal views on capability are suggested 
by th e differen t  collocation s wit h infinitiva l  to. ^  Fo r 
Extraverts ,  thei r  abilit y t o d o somethin g shoul d 
the y choos e i s confidentl y an d assertivel y relaye d us -
in g want- ,  need- ,  an d able -  (to) ;  whic h the y us e 
uniquely .  Introvert s mor e timidl y an d tentativel y 

'Furthe r  investigatio n show s tha t  ••• •  i s no t  directl y 
negate d (a s i n [  )) .  Compar e th e Introver t  [••••] , 
whic h wa s generall y followe d b y •  •  • .  Althoug h th e effec t 
of  negatio n wa s no t  viewe d a s importan t  b y Pennebeike r 
i n th e functionin g o f  L I W C ,  i t  certainl y ha s implication s 
fo r  model s o f  languag e generation . 

*Thi s confirm s th e appropriac y o f  retainin g functor s 
usuall y  filtered  ou t  b y a  sto p lis t  (cf .  Damerau ,  1993) . 

stat e tha t  the y ar e [tryin g to ]  o r  possibly—an d a t 
some poin t  i n th e future—the y ar e [goin g to] . 

Modality Similarly, collocations with the verb be 
sho w a  distinctio n i n us e o f  moda l  auxiliarie s whic h 
has a n effec t  o n th e projectio n o f  certainty .  Fo r 
example ,  Introvert s ar e uniqu e i n thei r  us e o f  th e 
weake r  an d mor e tentativ e shoul d be ,  wherea s Ex -
travert s sho w a  greate r  us e o f  th e stronge r  predictiv e 
[wil l  be] ,  an d ar e uniqu e i n thei r  us e o f  th e contracte d 
for m [i'l l  be ]  { i  wil l  be )  (Coates ,  1983) . 

Message Planning/Expression Looking to-
ward s surrogate s o f  grammatica l  construction ,  Ex -
travert s an d Introvert s diffe r  i n thei r  us e o f  con -
nectives :  Introvert s sho w preferenc e fo r  th e co -
ordinatin g conjunction s [ ,  and ]  an d [ ,  but] ,  whils t 
Extravert s uniquel y sho w us e o f  th e subordinatin g 
[,  which] ,  usuall y deploye d i n a n evaluativ e sense . 

Discussion 

I n summary ,  ou r  result s suppor t  earlie r  findings,  an d 
sugges t  som e ne w conclusions . 

We foun d tha t  Extravert s produc e text s wit h 
mor e words ,  whic h support s th e previou s findings 
fo r  speec h (Garmen t  e t  at. ,  1965) ,  whils t  th e reduce d 
concretenes s o f  Extraver t  languag e i s a  nove l  finding. 
I t  m a y b e a  direc t  consequenc e o f  talkin g o r  writin g 
more ,  i f  th e pressur e t o produc e word s a t  a  hig h 
rat e (i n orde r  t o hol d th e floor,  fo r  instance )  divert s 
resource s awa y fro m mor e detaile d lexica l  planning . 
Introverts '  greate r  preferenc e fo r  number s an d quan -
tificatio n fits  wit h this ,  an d i s compatibl e wit h find-
ing s concernin g th e us e o f  article s (Pennebake r  an d 
King ,  1999) ,  an d suggestion s o f  a  mor e imprecis e an d 
'looser '  Extraver t  styl e (Furnham ,  1990) . 

Extraverts '  us e o f  othe r  o r  socia l  referents ,  an d In -
troverts '  preferenc e fo r  sel f  referent s confirm s Berr y 
et  al .  (1997)' s previou s findings  fo r  Extraversio n an d 
it s dominant/submissiv e facets .  Anothe r  possibl e 
manifestatio n o f  th e increase d Extraver t  socia l  abil -
it y an d eas e i n interactio n i s expresse d b y thei r  us e 
of  surfac e feature s an d socia l  devices .  W e als o not e 
i n passin g th e tendenc y o f  Extravert s t o refe r  t o day s 
of  th e weekend ,  wher e Introvert s refe r  t o weekdays . 

Our  result s o n valenc e ar e consisten t  wit h previou s 
findings  o n Introverts '  preferenc e fo r  negation s an d 
negativ e emotio n words ,  an d th e Extraver t  tendenc y 
fo r  positiv e affec t  word s i s consisten t  wit h result s fo r 
warmth .  However ,  the y d o sugges t  tha t  car e shoul d 
be take n ove r  th e relatio n betwee n Extraversio n an d 
dominan t  face t  feature s (cf .  Isbiste r  an d Nass ,  2000) . 

Expression s o f  definit e modalit y an d abilit y ap -
pea r  t o b e associate d wit h Extraversion ,  althoug h 
the y m a y no t  b e th e sam e form s a s thos e discusse d 
i n th e contex t  o f  powerful/les s speech .  Adoptio n o f 
definit e modalitie s ca n als o b e relate d t o avoidanc e 
of  tentativit y (Pennebake r  an d King ,  1999) . 

Turnin g t o connectives ,  w e not e tha t  ou r  Introver t 
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preferenc e fo r  [ ,  and ]  an d [ ,  but ]  i s consisten t  wit h 
studie s usin g L IW C whic h foun d tha t  th e dictionar y 
categorie s o f  Inclusio n an d Exclusio n wer e bot h in -
versel y correlat e wit h Extraversion .  However ,  [othe r 
than ]  an d [apar t  from ]  woul d bot h fal l  int o th e sam e 
LIWC category ,  ye t  appea r  t o distinguis h opposit e 
ends o f  th e personalit y dimension . 

Conclusion 

By combinin g technique s from  psycholinguistic s an d 
statistica l  natura l  languag e processing ,  w e hav e bee n 
abl e t o replicat e previou s finding s o n th e expressio n 
of  Extraversio n throug h language ,  an d uncove r  som e 
new hnguisti c behaviours .  Wher e existin g conten t 
analysi s tool s coul d no t  detec t  reliabl e differences , 
more sensitiv e linguisti c tool s prove d thei r  worth . 

Further ,  mor e technicall y sophisticate d analyse s 
can b e carrie d ou t  o n thi s data ,  an d w e envisag e th e 
use o f  machin e learnin g technique s t o identif y  dis -
tinctiv e feature s fro m th e texts ,  alon g wit h bigra m 
analysi s exploitin g Part s o f  Speec h tags .  Addition -
ally ,  th e rol e o f  gende r  coul d b e investigated . 

Our  findings  coul d b e exploite d withi n th e field 
of  automati c languag e generation .  A s the y stand , 
stochasti c technique s woul d b e needed ;  however ,  a 
cognitively-base d personalit y mode l  woul d allo w a 
deeper  approach ,  an d tha t  i s  ou r  eventua l  goal . 

Acknowledgements 

Thank s t o Elizabet h Austin ,  Jame s Curra n an d ou r 
anonymous reviewer s fo r  advic e an d conunents .  Thi s 
wor k wa s supporte d b y th e Economi c an d Socia l  Re -
searc h Counci l  (Awar d R00429934162) . 

References 

Baiter ,  O .  (1998) .  Electroni c Mai l  i n a  Workin g 
Context .  Ph.D .  thesis .  Roya l  Institut e o f  Tech -
nology ,  Stockholm . 

Berry ,  D. ,  Pennebaker ,  J. ,  Mueller ,  J. ,  an d Hiller , 
W.  (1997) .  Linguisti c base s o f  socia l  perception . 
Personalit y an d Socia l  Psycholog y Bulletin ,  23 , 
526-537 . 

Bradac ,  J .  an d Mulac ,  A .  (1984) .  A  molecula r  vie w 
of  powerfu l  an d powerles s speec h styles .  Commu-
nicatio n Monographs ,  51 ,  307-319 . 

Garment ,  D .  W. ,  Miles ,  C .  C ,  an d Cervin ,  V .  B . 
(1965) .  Persuasivenes s sai d persuasibilit y  a s re -
late d t o intelligenc e an d extraversion .  Britis h 
Journa l  o f  Socia l  an d Clinica l  Psychology ,  4 ,  1-7 . 

Coates ,  J .  (1983) .  Th e Semantic s o f  th e Moda l  Aux -
iliaries .  Croo m Helm ,  London . 

Collins ,  M .  J .  (1996) .  A  ne w statistica l  parse r  base d 
on bigra m lexica l  dependencies .  I n Pro c o f  th e 
34̂ ^  Annua l  Meetin g o f  th e Associatio n fo r  Com-
putationa l  Linguistics ,  page s 184-191 . 

Coltheart ,  M .  (1981) .  Th e M R C psycholinguisti c 
database .  Quarterl y Journa l  o f  Experimenta l  Psy -
chology ,  33 ,  497-505 . 

Costa ,  P .  an d McCrae ,  R .  R .  (1992) .  N E O PI- R 
Professiona l  Manual .  Psychologica l  Assessmen t 
Resources ,  Odessa ,  Florida . 

Damerau,  F .  (1993) .  Generatin g an d evaluatin g 
domain-oriente d multi-wor d term s fro m texts .  In -
formatio n Processin g an d Management ,  29 ,  433 -
448. 

Dewaele ,  J.-M .  an d Furnham ,  A .  (1999) .  Extraver -
sion :  Th e unlove d variabl e i n applie d linguisti c 
research .  Languag e Learning ,  49(3) ,  509-544 . 

Dewaele ,  J.-M .  an d Pavlenko ,  A .  (2002) .  Emotio n 
vocabular y i n interlanguage .  Languag e Learning , 
52(2) ,  265-324 . 

Dunning ,  T .  E .  (1993) .  Accurat e method s fo r  th e 
statistic s o f  surpris e an d coincidence .  Computa -
tiona l  Linguistics ,  19(1) ,  61-74 . 

Eysenck ,  H .  an d Eysenck ,  S .  (1991) .  Eysenc k Per -
sonalit y Questionnaire-Revised .  Hodder ,  London . 

Eysenck ,  S. ,  Eysenck ,  H. ,  an d Barrett ,  P .  (1985) .  A 
revise d versio n o f  th e psychoticis m scale .  Person -
alit y an d Individua l  Differences ,  6(1) ,  21-29 . 

Furnham ,  A .  (1990) .  Languag e an d personality .  I n 
H.  Gile s an d W.  Robinson ,  editors .  Handboo k o f 
Languag e an d Socia l  Psychology ,  page s 73-95 .  Wi -
ley ,  Chichester . 

Gill ,  A .  an d Oberlander ,  J .  (i n prep.) .  Dictionar y 
approache s t o personalit y language ,  i n prep . 

Isbister ,  K .  an d Nass ,  G.  (2000) .  Consistenc y o f 
personalit y i n interactiv e characters :  verba l  cues , 
non-verba l  cues ,  an d use r  characteristics .  Int .  J 
Human-Compute r  Studies ,  53 ,  251-267 . 

Jonassen ,  D .  £ui d Grabowski ,  B .  (1993) .  Handboo k o f 
Individua l  Differences ,  Learnin g an d Instruction . 
Laurenc e Erlbau m Associates ,  Hillsdale ,  NJ . 

Matthews ,  G.  an d Deary ,  I .  (1998) .  Personalit y 
Traits .  Cambridg e Universit y Press ,  Cambridge . 

Nass,  C ,  Moon ,  Y. ,  Fogg ,  B. ,  an d Reeves ,  B .  (1995) . 
Can compute r  personalitie s b e huma n personali -
ties ? In t  J  Human-Compute r  Studies ,  43 ,  223 -
239. 

Pedersen ,  T .  (2001) .  A  decisio n tre e o f  bigram s i s a n 
accurat e predicto r  o f  wor d sense .  I n Proceeding s o f 
th e 2n d Meetin g o f  th e Nort h America n Chapte r 
of  th e Associatio n fo r  Computationa l  Linguistics . 

Pennebaker ,  W.  an d Francis ,  M .  (1999) .  Linguis -
ti c  Inquir y an d Wor d Coun t  (LIWC) .  Lawrenc e 
Erlbau m Associates ,  Mahwah ,  NJ . 

Pennebaker ,  W.  an d King ,  L .  (1999) .  Linguis -
ti c  styles :  Languag e us e a s a n individua l  differ -
ence .  Journa l  o f  Personalit y an d Socia l  Psychol -
ogy,  77(6) ,  1296-1312 . 

Ratnaparkhi ,  A .  (1996) .  A  maximu m entrop y part -
of-speec h tagger .  I n Proc .  o f  th e Conferenc e o n 
Empirica l  Method s i n Natura l  Languag e Process -
ing ,  Universit y  o f  Pennsylvania . 

368 



T h e Rol e o f  Role s i n Translatin g Acros s Concep tua l  S y s t e m s 

Rober t  L .  Goldston e (rgoId8to@indiaDa.edu ) 
Bria n J .  Rogosli y (brogosky@indiana.edu ) 

Departmen t  o f  Psycholog y 
Indian a Universit y 

Bloomington ,  IN .  4740 5 

Abstrac t 

We explore one aspect of nKaning, the identification of 
matchin g concept s acros s system s (e.g .  people ,  theories , 
or  cultures) .  W e presen t  a  computationa l  algorith m 
calle d ABSURDIS T (Alignin g Betwee n System s Usin g 
Relation s Derive d Insid e System s fo r  Translation )  tha t 
uses onl y within-systc m similarit y relation s t o find  be -
tween-syste m translations .  Whil e illustratin g th e suffi -
cienc y o f  within-syste m relation s t o accoun t  fo r  translat -
in g betwee n systems ,  simulation s o f  A B S U R D I S T als o 
indicat e synergisti c interaction s betwee n intrinsic , 
within-syste m informatio n an d extrinsi c information . 

Conceptual Meaning and Translation 

Ther e hav e bee n tw o majo r  answer s t o th e questio n o f 
ho w ou r  concept s hav e meaning .  Th e firs t  answe r  i s tha t 
concepts '  meaning s depen d o n thei r  connectio n t o th e ex -
terna l  worl d (Hamad ,  1990) .  B y thi s account ,  th e concep t 
Dog mean s wha t  i t  doe s becaus e ou r  perceptua l  apparatu s 
ca n identif y feature s tha t  characterize ,  i f  no t  define ,  dogs . 
D og i s characterize d b y feature s tha t  ar e eithe r  perceptu -
all y given ,  o r  ca n b e reduce d t o feature s tha t  ar e perceptu -
all y given .  Thi s wil l  b e calle d th e "externa l  grounding " 
accoun t  o f  conceptua l  meaning .  Th e secon d answe r  i s 
tha t  concepts '  meaning s depen d o n thei r  connection s t o 
eac h othe r  (Markma n &  Stillwell ,  2001 ;  Saussure , 
191S/I9S9) .  B y thi s account ,  Dog' s meanin g depend s o n 
Cat ,  Domesticated ,  an d Loyal ,  an d i n turn ,  thes e concept s 
depen d o n othe r  concepts ,  includin g Dog .  Th e dominat -
in g metapho r  her e i s o f  a  conceptua l  we b i n whic h con -
cept s al l  mutuall y influenc e eac h othe r  (Quin e &  UUian , 
1970) .  A  concep t  ca n mea n somethin g withi n a  networ k 
of  othe r  concept s bu t  no t  b y itsel f  Thi s wil l  b e calle d th e 
"conceptua l  web "  account . 

The goa l  o f  thi s articl e i s t o argu e fo r  th e synergisti c 
integratio n o f  conceptua l  we b an d externall y grounde d 
account s o f  conceptua l  meaning .  However ,  i n pursuin g 
thi s argument ,  w e wil l  fu^ t  argu e fo r  th e sufficienc y o f  th e 
conceptua l  we b accoun t  fo r  a  particula r  tas k associate d 
wit h conceptua l  meaning .  Then ,  w e wil l  sho w h o w th e 
conceptua l  we b accoun t  ca n b e abl y supplemente d b y ex -
terna l  groundin g t o establis h meaning s mor e successfull y 
tha n eithe r  metho d coul d b y itsel f 

Our  poin t  o f  departur e fo r  explorin g conceptua l 
meanin g wil l  b e a  highl y idealize d an d purposefull y sim -
plifie d versio n o f  a  conceptua l  translatio n task .  Conside r 
tw o individuals ,  Joa n an d John ,  w h o eac h possesse s a 

number  o f  concepts .  Suppos e furthe r  tha t  w e woul d lik e 
some wa y t o tel l  tha t  Joa n an d Joh n bot h hav e a  concep t 
of ,  say ,  M u s h r o o m .  Joa n an d Joh n m a y no t  hav e exactl y 
th e sam e concep t  o f  M u s h r o o m .  Joh n m a y believ e mush -
room s gro w fro m seed s wherea s Joa n believe s the y gro w 
fro m spores .  Mor e generally ,  Joa n an d Joh n wil l  diffe r  i n 
th e res t  o f  thei r  conceptua l  network s becaus e o f  thei r  dif -
feren t  experience s an d level s o f  expertise .  Still ,  i t  seem s 
desirabl e t o sa y tha t  Joa n an d John' s M u s h r o o m concept s 
correspon d t o on e another .  W e wil l  describ e a  networ k 
tha t  translate s betwee n concept s i n tw o systems ,  placing , 
fo r  example ,  Joa n an d John' s M u s h r o o m concept s i n cor -
respondenc e wit h eac h other . 

Translatio n acros s system s i s generall y desirabl e an d 
specificall y necessar y i n orde r  t o sa y thing s lik e "John' s 
concep t  o f  mushroom s i s  les s informe d tha n Joan's. " 
Fodo r  an d Lepor e hav e take n th e existenc e o f  thi s kin d o f 
translatio n a s a  challeng e t o conceptua l  we b account s o f 
meanin g (Fodo r  &  Lepore ,  1992) .  B y Fodo r  an d Lepore' s 
interpretation ,  i f  a  concept' s meanin g depend s o n it s rol e 
withi n th e large r  system ,  an d i f  ther e ar e som e difference s 
betwee n th e systems ,  the n th e concept' s meanin g woul d 
be differen t  i n th e tw o systems .  A  natura l  wa y t o tr y t o 
salvag e th e conceptua l  w e b accoun t  i s  t o argu e tha t  de -
terminin g correspondin g concept s acros s system s doe s no t 
requir e th e system s t o b e identical ,  bu t  onl y similar . 
However ,  Fodo r  (Fodor ,  1998 ;  Fodo r  &  Lepore ,  1992 ) 
insist s tha t  th e notio n o f  similarit y i s no t  adequat e t o es -
tablis h tha t  Joa n an d Joh n bot h posses s a  M u s h r o o m con -
cept .  Fodo r  argue s tha t  "sayin g wha t  i t  i s fo r  concept s t o 
hav e similar ,  bu t  no t  identica l  content s presuppose s a 
prio r  notio n o f  belief s wit h simila r  bu t  no t  identica l  con -
cepts "  [Fodor ,  1998 ,  p .  32] . 

The ABSURDIST Algorithm for Cross-
syste m Translatio n 

We wil l  no w presen t  a  simpl e neura l  networ k calle d 
A B S U R D I ST (Alignin g Betwee n System s Usin g Rela -
tion s Derive d Insid e System s fo r  Translation )  tha t  finds 
conceptua l  correspondence s acros s tw o system s (tw o peo -
ple ,  tw o tim e slice s o f  on e person ,  tw o scientifi c  theories , 
tw o developmenta l  ag e groups ,  tw o languag e communi -
ties ,  etc. )  usin g onl y inter-conceptua l  similarities ,  no t  con -
ceptua l  identities ,  a s input .  Thus ,  A B S U R D I S T wil l  tak e 
as inpu t  tw o system s o f  concept s i n whic h ever y concep t 
of  a  syste m i s define d exclusivel y i n term s o f  it s dissimi -
laritie s t o othe r  concept s i n th e sam e system .  Laaks o an d 
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Cottrel l  (2000 )  describ e anothe r  neura l  networ k mode l 
tha t  use s similarit y relation s withi n tw o system s t o com -
par e th e similarit y o f  th e systems .  A B S U R D I S T produce s 
as outpu t  a  se t  o f  correspondence s indicatin g whic h con -
cept s fro m Syste m A  correspon d t o whic h concept s fro m 
Syste m B .  Thes e correspondence s serv e a s th e basi s fo r 
understandin g ho w th e system s ca n communicat e wit h 
eac h othe r  withou t  th e assumptio n mad e b y Fodo r  (1998 ) 
tha t  th e tw o system s hav e exactl y th e sam e concepts .  Th e 
existenc e o f  A B S U R D I S T provide s evidenc e agains t 
Fodor' s argumen t  tha t  similaritie s betwee n people' s con -
cept s ar e a n insufficien t  basi s fo r  determinin g tha t  tw o 
peopl e shar e a n equivalen t  concept .  A B S U R D I S T i s no t  a 
complet e mode l  o f  conceptua l  meanin g o r  translation . 
Our  poin t  i s  tha t  eve n i f  th e onl y relatio n betwee n con -
cept s i n a  syste m wer e simpl y similarity ,  thi s woul d stil l 
suffic e t o fin d translation s o f  th e concept s i n differen t 
systems . 

Element s A ,  „  belon g t o Syste m A ,  whil e element s B ,  „ 
belon g t o Syste m B .  C,(Aq,B, )  i s  th e activation ,  a t  tim e t , 
of  th e uni t  tha t  represent s th e correspondenc e betwee n th e 
qt h elemen t  o f  A  an d th e xt h elemen t  o f  B .  Ther e wil l  b e 
m n correspondenc e units ,  on e fo r  eac h possibl e pai r  o f 
correspondin g element s betwee n A  an d B .  I n th e curren t 
example ,  ever y elemen t  represent s on e concep t  i n a  sys -
tem .  Th e activatio n o f  a  correspondenc e uni t  i s  boun d 
betwee n 0  an d 1 .  wit h a  valu e o f  1  indicatin g a  stron g cor -
respondenc e betwee n th e associate d elements ,  an d a  valu e 
of  0  indicatin g stron g evidenc e tha t  th e element s d o no t 
correspond .  Correspondenc e unit s dynamicall y evolv e 
ove r  tim e b y th e equations : 

ifN{c\A,.B^)*0lh4nCjA,.B.).C.{A,,B.)*N(c,(A,.B.)){mMX-C.(A,.B.))L 

eluCUA,.B.).CiA,.B.)*N{clA,A)lc,{A,.B,)-nm) L W -

If N(C;(A,,B,)), the net input to a unit that links the qth 
elemen t  o f  A  an d th e xt h elemen t  o f  B ,  i s  positive ,  the n 
th e unit' s  activatio n wil l  increas e a s a  functio n o f  th e ne t 
input ,  a  squashin g functio n tha t  limit s activatio n t o a n up -
per  boun d o f  max=l ,  an d a  learnin g rat e L  (se t  t o 1) .  I f 
th e ne t  inpu t  i s  negative ,  the n activation s ar e limite d b y a 
lowe r  boun d o f  min=0 .  Th e ne t  inpu t  i s  defme d a s 

n(c,(a^,B,)) - a£(/l,,Bj + pR{A,,B,)-xl{\,B,), (2) 

where the E term is the external similarity between \ and 
Bx,  R  i s thei r  interna l  similarity ,  I  i s  th e inhibitio n t o 
placin g A ,  an d B ,  int o correspondenc e tha t  i s  supplie d b y 
othe r  developin g correspondenc e units ,  an d a+b+c=l . 
W h en a=0 ,  the n correspondence s betwee n A  an d B  wil l 
be base d solel y o n th e similaritie s amon g th e element s 
withi n a  system ,  a s propose d b y a  conceptua l  we b ac -
count .  Th e amoun t  o f  excitatio n t o a  uni t  base d o n within -
syste m relation s i s give n b y 

5;2s(D(A,.A,),D(fi,,Bj)c,(4.A,) 

R ( A , , B . ) - ^ 
Mm(m,Ai ) - l 

wher e D(A,,A, )  i s  th e psychologica l  distanc e betwee n 
element s q  an d r  i n Syste m A ,  an d S  i s a  negativ e expo -
nentia l  functio n o f  th e absolut e differenc e betwee n S' s 
tw o arguments .  Th e amoun t  o f  inhibitio n i s give n b y 

p,(\.B.)*p.(A,.B, ) 

According to the equation for R, Elements q and x will 
ten d t o b e place d int o correspondenc e t o th e exten t  tha t 
the y ente r  int o simila r  similarit y relation s wit h othe r  ele -
ments .  Fo r  influencin g alignments ,  th e similarit y betwee n 
tw o distance s i s weighte d b y th e strength s o f  th e unit s tha t 
alig n element s tha t  ar e place d i n correspondenc e b y th e 
distances .  Th e equatio n fo r  R  represent s th e su m o f  th e 
supportin g evidenc e (th e consisten t  correspondences) , 
wit h eac h piec e o f  suppor t  weighte d b y it s relevanc e 
(give n b y th e S  term) .  Th e inhibitor y I  ter m i s base d o n a 
one-to-on e mappin g constrain t  (Falkenhainer ,  Forbus ,  & 
Centner ,  1989) .  Th e uni t  tha t  place s A ,  int o correspon -
denc e wit h B ,  wil l  ten d t o becom e deactivate d i f  othe r 
strongl y activate d unit s plac e A ,  int o correspondenc e wit h 
othe r  element s fro m B ,  o r  B ,  int o correspondenc e wit h 
othe r  element s fro m A . 

Correspondenc e uni t  activation s ar e initialize d t o ran -
d o m value s selecte d fro m a  norma l  distributio n wit h a 
mean o f  O. S an d a  standar d deviatio n o f  O.OS .  I n ou r 
simulations ,  Equatio n (1 )  i s  iterate d fo r  a  fixe d numbe r  o f 
cycles .  I t  i s  assume d tha t  A B S U R D I S T place s tw o ele -
ment s int o correspondence s i f  th e activatio n o f  thei r  cor -
respondenc e uni t  i s  greate r  tha n o r  equa l  t o 0.5 5 afte r  th e 
fixe d numbe r  o f  iteration s hav e bee n complete d (400 0 
cylce s i n th e simulation s describe d below) . 

Assessing ABSURDIST'S Performance 

I n assessin g A B S U R D I S T ' S performance ,  w e wil l  as -
sume tha t  conceptua l  dissimilaritie s obe y Euclidea n dis -
tanc e metri c assumptions ,  an d ar e interpretabl e a s dis -
tance s betwee n concept s lyin g i n a  geometri c space .  Ou r 
genera l  metho d fo r  evaluatin g A B S U R D I S T wil l  b e t o 
generat e a  numbe r  o f  element s i n a  tw o dimensiona l 
space ,  wit h eac h elemen t  identifie d b y it s valu e o n eac h o f 
th e tw o dimensions .  Thes e wil l  b e th e element s o f  Sys -
te m A ,  an d eac h i s represente d a s a  poin t  i n space .  Sys -
te m B' s element s ar e create d b y copyin g th e point s fro m 
Syste m A  an d addin g Gaussia n nois e t o eac h o f  th e di -
mensio n value s o f  eac h o f  th e points .  Then ,  equatio n (1 )  i s 
use d t o updat e correspondence s acros s th e tw o system s 
fo r  a  fixe d numbe r  o f  iterations .  Th e correspondence s 
compute d b y A B S U R D I S T ar e the n compare d t o th e cor -
rec t  correspondences .  T w o element s correctl y correspon d 
t o eac h othe r  i f  th e elemen t  i n Syste m B  wa s originall y 
copie d fro m th e elemen t  i n Syste m A . 

Noise tolerance and system complexity 

An initia l  se t  o f  simulation s wa s conducte d t o deter -
min e ho w robus t  th e A B S U R D I S T algorith m wa s t o nois e 
and h o w wel l  th e algorith m scale d t o differen t  size d sys -
tems .  W e ra n a  7  X  6  factoria l  combinatio n o f  simula -
tions ,  wit h 7  level s o f  adde d nois e an d 6  differen t  num -
ber s o f  element s pe r  system .  Nois e wa s infuse d int o th e 
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algorith m b y varyin g th e displacemen t  betwee n corre -
spondin g point s acros s systems .  Th e point s i n Syste m A 
wer e se t  b y randoml y selectin g dimensio n value s fro m a 
unifor m rando m distributio n wit h a  rang e fro m 0  t o 1000 . 
Syste m B  point s wer e copie d fro m Syste m A ,  an d Gaus -
sia n nois e wit h standar d deviation s o f  0 ,  0.1 ,  0.2 ,  0.3,0.4 , 
0.5 ,  o r  0.6 % wa s adde d t o th e point s o f  B .  Th e numbe r  o f 
point s pe r  syste m wa s 3 ,  4 ,  5 ,  6 ,  10 ,  o r  15 .  a  wa s se t  t o 0 , 
P wa s se t  t o 0.4 ,  an d x  t o 0.6 .  Th e value s fo r  p  an d x 
wer e selecte d becaus e the y wer e th e mos t  balance d 
weight s tha t  produce d fewe r  tha n 5 % two-to-on e corre -
spondences .  Fo r  eac h o f  th e 4 2 combination s o f  nois e an d 
number  o f  items ,  100 0 separat e randomize d startin g con -
figuration s wer e tested .  Th e result s from  thi s simulatio n 
ar e show n i n Figur e 1 ,  whic h plot s th e percentag e o f 
simulation s i n whic h eac h o f  th e prope r  correspondence s 
betwee n system s i s recovered .  Fo r  example ,  fo r  15-ite m 
systems ,  th e figur e plot s th e percentag e o f  tim e tha t  al l  1 5 
correspondence s ar e recovered .  Th e grap h show s tha t  per -
formanc e graduall y deteriorate s wit h adde d noise ,  bu t  tha t 
th e algorith m i s robus t  t o a t  leas t  modes t  amount s o f 
noise . 

Mor e surprisingly .  Figur e 1  als o show s tha t  th e algo -
rithm's  abilit y  t o recove r  tru e correspondence s generall y 
increase s a s a  functio n o f  th e numbe r  o f  element s i n eac h 
system ,  a t  leas t  fo r  smal l  level s o f  noise .  On e migh t  hav e 
though t  tha t  a s mor e element s wer e matche d betwee n 
system s tha t  ther e woul d b e greate r  confusio n betwee n 
elements ,  give n tha t  th e siz e o f  th e boundin g regio n re -

main s constant .  A s th e numbe r  o f  element s i n a  syste m 
increases ,  th e similarit y relation s betwee n thos e element s 
provid e increasingl y stron g constraint s tha t  serv e t o 
uniquel y identif y eac h element .  I f  on e generate d rando m 
translation s tha t  wer e constraine d t o allo w onl y one-to -
one correspondences ,  the n th e probabilit y  o f  generatin g a 
completel y correc t  translatio n woul d b e l/N! .  Thus ,  wit h 
0.6 % noise ,  th e 2 3 % rat e o f  recoverin g al l  3  correspon -
dence s fo r  a  3-ite m syste m i s slightl y abov e chanc e per -
formanc e o f  16.67% .  However ,  wit h th e sam e amoun t  o f 
noise ,  th e 1 7 % rat e o f  recoverin g al l  o f  th e correspon -
dence s fo r  a  15-ite m syste m i s remarkabl y highe r  tha n th e 
chanc e rat e o f  7.6X10" .  Thus ,  a t  leas t  i n ou r  highl y sim -
plifie d domain ,  w e hav e suppor t  fo r  th e argumen t  (Lena t 
& Feigenbaum ,  1991 )  tha t  establishin g meaning s o n th e 
basi s o f  within-syste m relation s become s easier ,  no t 
harder ,  a s th e siz e o f  th e syste m increases . 

Interactions between extrinsic and intrinsic de-
terminant s o f  al ignment s 

Th e simulatio n abov e indicate s tha t  within-syste m rela -
tion s ar e sufficien t  fo r  discoverin g between-syste m trans -
lations ,  bu t  thi s shoul d no t  b e interprete d a s suggestin g 
tha t  th e meanin g o f  a n elemen t  i s no t  als o dependen t  o n 
relation s extrinsi c t o th e system .  A B S U R D I S T offer s a 
useful ,  idealize d syste m fo r  examinin g interaction s be -
twee n intrinsi c (within-system )  an d extrinsi c (externa l  t o 

A—3 Item s 
Item * 

5 Item s 
6 Item s 
10 Item s 
I S Item s 

Percen t  Nois e 

Figur e 1 
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th e system )  aspect s o f  meaning .  O n e w a y t o incorporat e 
extrinsi c biase s int o th e syste m i s b y initiall y  seedin g cor -
respondenc e unit s wit h values .  T h u s far ,  al l  correspon -
denc e unit s hav e bee n seede d wit h initia l  activatio n value s 
tightl y clustere d aroun d 0.5 .  H o w e v e r ,  i n m a n y situa -
tions ,  ther e m a y b e externa l  reaso n t o thin k tha t  t w o ele -
men t s correspon d t o eac h other :  the y m a y receiv e th e 
s a me label ,  the y m a y hav e perceptua l  attribute s i n c o m -
m o n,  the y m a y b e associate d wit h a  c o m m o n event ,  o r  a 
teache r  signa l  m a y hav e provide d a  hin t  tha t  th e t w o ele -
men t s correspond .  I n thes e cases ,  th e initia l  seed-valu e 
m ay b e significantl y greate r  tha n 0.5 . 

Figur e 2  s h o w s th e result s o f  a  simulatio n o f 
A B S U R D I ST wit h differen t  amoun t s o f  extrinsi c suppor t 
fo r  a  selecte d correspondenc e be twee n t w o elements . 
T w o system s ar e generate d b y randoml y creatin g a  se t  o f 
point s i n t w o dimension s fo r  Sys te m 1 ,  an d copyin g th e 
points '  coordinate s t o Sys te m 2  whil e introducin g 0 . 6 % 
nois e t o thei r  positions .  W h e n See d =  0.5 ,  the n n o corre -
spondenc e i s give n a n extrinsicall y supplie d bias .  W h e n 
Seed=0.75 ,  the n on e o f  th e tru e correspondence s betwee n 
th e system s i s give n a  large r  initia l  activatio n tha n th e 
othe r  correspondences .  Fo r  a  syste m m a d e u p o f  1 5 efc -
ments ,  a  m a p p i n g accurac y o f  3 1 % i s obtaine d withou t 
an y extrinsi c assistanc e (Seed=0.5) .  I f  seedin g a  singl e 
correc t  correspondenc e wit h a  valu e o f  1  rathe r  tha n 0. 5 
allowe d A B S U R D I S T t o recove r  jus t  tha t  on e correspon -
denc e wit h 1 0 0 % probability ,  the n accurac y w o u l d in -
creas e a t  mos t  t o 3 5 . 6 % (((.3 1 •  14 )  +  1)/15) .  T h e refer -
enc e lin e i n Figur e 2  s h o w s thes e predicte d increase s i n 
accuracy .  Fo r  al l  system s tested ,  th e observe d incremen t 
i n accurac y fa r  outstretche s th e increas e i n accurac y pre -
dicte d i f  seedin g a  correspondenc e onl y helpe d tha t  corre -
spondence .  Moreove r ,  th e a m o u n t  b y wh ic h translatio n 
accurac y improve s beyon d th e a m o u n t  predicte d generall y 
increase s a s a  functio n o f  syste m size .  T h u s ,  externall y 
seedin g a  correspondenc e doe s m o r e tha n jus t  fix  tha t  cor -
respondence .  I n a  syste m w h e r e correspondence s al l 
mutuall y depen d u p o n eac h other ,  seedin g o n e correspon -

denc e ha s a  ripple-effect  throug h whic h othe r  correspon -
dence s ar e improved . 

Equatio n 2  provide s a  secon d w a y o f  incorporatin g ex -
trinsi c influence s o n correspondence s betwee n systems . 
Thi s equatio n define s th e ne t  inpu t  t o a  correspondenc e 
uni t  a s a n additiv e functio n o f  th e extrinsi c suppor t  fo r  th e 
correspondence ,  th e intrinsi c support ,  an d th e competitio n 
agains t  it .  T h u s far ,  th e extrinsi c suppor t  ha s bee n se t  t o 
0.  T h e extrinsi c suppor t  ter m ca n b e viewe d a s an y per -
ceptual ,  linguistic ,  o r  top-dow n informatio n tha t  suggest s 
tha t  tw o object s correspon d (thi s differ s fro m th e philoso -
pher' s us e o f  "externa l  m e a n i n g "  t o refe r  t o th e causa l 
determinant s o f  a  concept) .  T o stud y interaction s betwee n 
extrinsi c an d intrinsi c suppor t  fo r  correspondences ,  w e 
conducte d 100 0 simulation s tha t  starte d wit h 1 0 randoml y 
place d point s i n a  two-dimensiona l  spac e fo r  Syste m A , 
an d the n copie d thes e point s ove r  t o Syste m B  wit h Gaus -
sian-distribute d noise .  T h e intrinsic ,  role-base d suppor t  i s 
determine d b y th e previousl y describe d equations .  T h e 
extrinsi c suppor t  ter m o f  Equatio n 2  i s give n b y a  negativ e 
exponentia l  functio n o f  th e absolut e distanc e betwee n th e 
t w o concepts '  absolut e locations .  T h u s ,  th e correspon -
denc e uni t  connectin g q  an d x  wil l  ten d t o b e strengthene d 
i f  q  an d x  hav e simila r  coordinates .  Thi s i s extrinsi c sup -
por t  becaus e th e similarit y o f  q' s  an d x' s coordinate s ca n 
be determine d withou t  an y referenc e t o othe r  elements . 

I n conductin g thi s thir d simulation ,  w e assigne d thre e 
differen t  set s o f  weight s t o th e extrinsi c an d intrinsi c sup -
por t  terms .  Fo r  th e "Extrinsi c only "  result s o f  Figur e 3 , 
we se t  a = 0 . 4 ,  p = 0 ,  an d x=0-6 .  Fo r  th e "Intrinsi c only " 
results ,  w e se t  a = 0 ,  P=0.4 ,  an d x=0-6 -  Fo r  "Intrinsi c an d 
Extrinsic, "  w e se t  ot=0.2 ,  p=0.2 ,  an d x=0.6 . 

Figur e 3  s h o w s tha t  usin g onl y informatio n intrinsi c t o 
a syste m result s i n bette r  correspondence s tha n usin g onl y 
extrinsi c information .  Thi s i s becaus e correspondin g ele -
ment s tha t  hav e considerabl y differen t  position s i n thei r 
system s ca n ofte n stil l  b e properl y connecte d wit h intrin -
si c informatio n i f  othe r  prope r  correspondence s ca n b e 
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recovered .  Th e intrinsi c suppor t  ter m i s mor e robust  tha n 
th e extrinsi c ter m becaus e i t  depend s o n th e entir e syste m 
of  emergin g correspondences.  Fo r  thi s reason ,  i t  i s  sur -
prisin g tha t  th e bes t  translatio n performanc e i s foun d 
when intrinsi c an d extrinsi c informatio n ar e bot h incorpo -
rate d int o Equatio n 2  wit h equa l  weight .  Th e superio r 
performanc e o f  th e networ k tha t  use s bot h intrinsi c an d 
extrinsi c informatio n derive s fro m it s robustnes s i n th e 
fac e o f  noise .  S o m e distortion s t o point s o f  Syste m B  ad -
versel y affec t  th e intrinsi c syste m mor e tha n th e extrinsi c 
system .  Fo r  example ,  a  sligh t  distortio n t o a  poin t  m a y 
make it s patter n o f  distance s t o othe r  point s quit e simila r 
t o anothe r  point .  A  syste m tha t  incorporate s bot h source s 
of  informatio n wil l  ten d t o recove r  wel l  fro m eithe r  dis -
ruptio n t o absolut e o r  relative  position s i f  th e othe r  sourc e 
of  informatio n i s reasonably  intact . 

Discussion 

The A B S U R D I S T mode l  make s tw o theoreticall y im -
portan t  points .  First ,  translation s betwee n tw o system s 
ca n b e foun d usin g onl y informatio n abou t  th e relation s 
betwee n element s withi n a  system .  Th e clai m i s tha t  th e 
concep t  i n Perso n A  tha t  matche s a  concep t  i n Perso n B 
ca n b e foun d considerin g onl y th e relation s betwee n con -
cept s i n Perso n A ,  an d th e relation s betwee n concept s i n 
Perso n B .  A B S U R D I S T demonstrate s h o w a  holisti c 
conceptio n o f  meanin g i s compatibl e wit h th e goa l  o f  de -
terminin g correspondence s betwee n concept s acros s indi -
viduals .  T w o peopl e nee d no t  hav e exactl y th e sam e sys -
tems ,  o r  eve n th e sam e numbe r  o f  concepts ,  t o creat e 
prope r  conceptua l  correspondences .  Contr a Fodo r  (Fodor , 
1998 ;  Fodo r  &  Lepore ,  1992 )  informatio n i n th e for m o f 
inter-conceptua l  similaritie s suffice s t o find  inter-svste m 

translation s betwee n concepts .  I t  i s  ofte n easie r  t o fin d 
translation s fo r  larg e system s tha n smal l  systems . 

Th e secon d importan t  theoretica l  contributio n o f 
A B S U R D I ST i s t o formaliz e som e o f  th e way s tha t  intrin -
sic ,  within-syste m relation s an d extrinsic ,  perceptua l  in -
formatio n synergisticall y interac t  i n determinin g concep -
tua l  alignments .  Intrinsi c relation s suffic e t o determin e 
cross-concep t  translations ,  bu t  i f  extrinsi c informatio n i s 
available ,  mor e robust ,  noise-resistan t  translation s ca n b e 
found .  Th e synergisti c benefi t  o f  combinin g intrinsi c an d 
extrinsi c informatio n shed s n e w ligh t  o n th e debat e o n ac -
count s o f  conceptua l  meaning .  I t  i s  c o m m o n t o thin k o f 
intrinsi c an d extrinsi c account s o f  meanin g a s bein g m u -
tuall y exclusive ,  o r  a t  leas t  zero-sum .  Seemingly ,  eithe r  a 
concept' s meanin g depend s o n informatio n withi n it s con -
ceptua l  syste m o r  outsid e o f  it s conceptua l  system ,  an d t o 
th e exten t  tha t  on e dependenc y i s strengthened ,  th e othe r 
dependenc y i s weakened .  I n oppositio n t o thi s zero-su m 
perspectiv e o n intrinsi c an d extrinsi c meaning , 
A B S U R D I ST offer s a  framewor k i n whic h a  concepts ' 
meanin g i s bot h intrinsicall y an d extrinsicall y determine d 
(se e als o two-facto r  theorie s i n philosoph y suc h a s Block , 
1986) ,  an d th e externa l  groundin g make s intrinsi c infor -
matio n more ,  no t  less ,  powerful .  T o clai m tha t  al l  con -
cept s i n a  syste m depen d o n al l  o f  th e othe r  concept s i n a 
syste m i s perfectl y compatibl e wit h claimin g tha t  al l  o f 
thes e concept s hav e a  perceptua l  basis . 

We hav e focuse d o n th e applicatio n o f  A B S U R D I S T t o 
th e proble m o f  translatin g betwee n differen t  people' s con -
ceptua l  systems .  However ,  th e algorith m i s applicabl e t o 
a variet y o f  situation s i n whic h element s fro m tw o sys -
tem s mus t  b e place d i n correspondenc e i n a n efficien t  an d 
reasonabl e (thoug h no t  necessaril y  optimal )  manner .  A 
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combinatio n o f  propertie s make s A B S U R D I S T particu -
larl y usefu l  fo r  application s i n cognitiv e science :  1 )  th e 
algorith m ca n operat e solel y o n relation s withi n a  system , 
2)  th e within-syste m relation s ca n b e a s simpl e a s generi c 
similarit y relations ,  3 )  th e algorith m ca n combin e within -
syste m an d between-system s informatio n whe n eac h i s 
available .  4 )  th e algorith m ha s a  stron g bia s t o establis h 
one-to-on e correspondences ,  an d 5 )  th e algorith m doe s 
not  requir e large r  number s o f  iteration s fo r  convergenc e 
as th e numbe r  o f  element s pe r  syste m increases .  S o m e o f 
th e domain s o f  applicatio n fo r  A B S U R D I S T includ e ob -
jec t  recognition ,  analogy ,  an d automati c translation . 

Object recognition 

The A B S U R D I S T algorith m ca n b e applie d t o th e prob -
le m o f  objec t  recognitio n tha t  i s invarian t  t o translation , 
rotation ,  an d reflection .  Fo r  thi s application ,  a  pictoria l 
objec t  i s  th e system ,  an d point s o n th e objec t  ar e element s 
of  th e system .  A  standar d solutio n t o recognizin g rotate d 
object s i s t o fin d matchin g landmar k point s tha t  ar e identi -
fiable  o n a  know n objec t  an d a n inpu t  objec t  t o b e recog -
nize d (Ullman ,  1996) .  Onc e identified ,  thes e landmark s 
ca n revea l  h o w th e inpu t  woul d nee d t o b e rotate d t o matc h 
th e know n object .  Eve n i f  n o extrinsicall y aligne d land -
mark s ca n b e identified ,  A B S U R D I S T ca n stil l  matc h th e 
object s b y takin g advantag e o f  th e wealt h o f  informatio n 
containe d i n within-objec t  proximit y relation s (Edelman , 
1999) . 

Analogy 

A B S U R D I ST offer s a  complementar y approac h t o 
analogica l  reasonin g betwee n domains .  Mos t  existin g 
model s o f  analogica l  compariso n represen t  th e domain s t o 
be compare d i n term s o f  richl y structure d proposition s 
(Hummel  &  Holyoak ,  1997 ;  Eliasmit h &  Thagard ,  2001) . 
I n man y cases ,  suc h a s singl e word s o r  pictures ,  i t  i s diffi -
cul t  t o com e u p wit h propositiona l  encoding s tha t  captur e 
an item' s meaning .  I n suc h cases ,  A B S U R D I S T ' S un -
structure d similarit y relation s ar e a  usefu l  additio n t o ex -
istin g model s o f  analogica l  reasoning . 

Automatic dictionary translation 

The small-scal e simulation s conducte d her e leav e ope n 
th e promis e o f  applyin g A B S U R D I S T t o muc h large r 
translatio n tasks ,  suc h a s dictionaries ,  thesauri ,  encyclope -
dias ,  an d organizationa l  structures .  A B S U R D I S T coul d 
provid e automati c translation s betwee n dictionarie s o f  tw o 
differen t  languages ,  usin g onl y co-occurrenc e relation s 
betwee n word s withi n eac h dictionar y (Burges s &  Lund , 
2000 ;  Landaue r  &  Dumais ,  1997) ,  perhap s supplemente d 
by a  smal l  numbe r  o f  externa l  hint s (e.g .  tha t  Frenc h "chat " 
and Englis h 'cat "  migh t  correspon d t o eac h othe r  becaus e 
of  thei r  phonologica l  similarity) . 

A c k n o w l e d g m e n t s 

We woul d lik e t o than k Gar y Cottrcll ,  Eri c Dietrich , 
Shimo n Edelman ,  Steva n Hamad ,  Joh n H u m m e l ,  Michae l 
Lynch ,  Ar t  Markman ,  an d Mar k Steyver s fo r  comment s o n 
an earlie r  versio n o f  thi s research .  Thi s researc h wa s 
funde d b y N I H gran t  M H 5 6 8 7 1 an d N S F gran t  0125287 . 
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Abstrac t 

Many scientific fields continue to explore cognition 
relate d t o Theor y o f  Min d abilities ,  wher e peopl e reaso n 
abou t  th e menta l  state s o f  themselve s an d others . 
Experimenta l  an d theoretica l  approache s t o thi s proble m 
hav e largel y avoide d issue s concernin g th e content s o f 
representation s employe d i n thi s clas s o f  reasoning .  I n 
thi s paper ,  w e describ e a  ne w approac h t o th e 
investigatio n o f  representation s relate d t o Theor y o f 
Min d abilitie s tha t  i s  base d o n th e analysi s o f 
commonsense strategies .  W e argu e tha t  becaus e th e 
menta l  representation s o f  strategie s mus t  includ e 
concept s o f  menta l  state s an d processes ,  th e large-scal e 
analysi s o f  strategie s ca n b e informativ e o f  th e 
representationa l  scop e o f  Theor y o f  Min d abilities .  Th e 
result s o f  a n analysi s o f  thi s sor t  ar e presente d a s a 
descriptio n o f  thirt y representationa l  area s tha t  organiz e 
th e breadt h o f  Theor y o f  Min d concepts .  Implication s fo r 
Theor y Theorie s an d Simulatio n Theorie s o f  Theor y o f 
Min d reasonin g ar e discussed . 

Investigating the Tlieory of Mind 

One o f  th e mos t  challengin g area s o f  researc h i n th e 
cognitiv e science s ha s concerne d th e Theor y o f  Mind , 
i n referenc e t o th e abilitie s human s hav e t o perceiv e 
and reaso n abou t  thei r  o w n menta l  state s an d th e menta l 
state s o f  othe r  people .  Alon g wit h th e inheren t 
difficultie s i n investigatin g behavio r  tha t  i s  largel y 
unobservable ,  researcher s i n thi s are a ar e require d t o b e 
extremel y interdisciplinary .  M a n y researc h field s 
contribut e evidenc e tha t  influence s ou r  understandin g 
of  thes e huma n abilities ,  althoug h th e method s use d t o 
gathe r  thi s evidenc e ar e diverse . 

Researcher s i n developmenta l  psycholog y largel y 
choos e t o investigat e th e Theor y o f  M in d a s a  se t  o f 
abilitie s tha t  progressivel y emerg e i n norma l  chil d 
developmen t  (Wellma n &  Lagattuta ,  2000) .  B y th e las t 
hal f  o f  thei r  secon d year ,  toddler s demonstrat e a n 
understandin g o f  th e rol e o f  intentionalit y i n action ,  an d 
tha t  othe r  peopl e hav e subjectiv e experiences .  B y th e 
age o f  fou r  an d five,  childre n comprehen d an d us e 
vocabular y t o refe r  t o menta l  state s suc h a s thoughts , 
imaginations ,  an d knowledge .  A s childre n advanc e int o 
grade-schoo l  year s an d adulthood ,  ther e i s a  growin g 
appreciatio n o f  peopl e a s activ e constructor s an d 
interpreter s o f  knowledge ,  an d awarenes s tha t  other s 
hav e ongoin g thoughts .  Ther e i s evidenc e tha t  Theor y 
of  M in d capabilitie s continu e t o improv e int o th e late r 

adul t  years ,  eve n whil e non-socia l  reasonin g abilitie s 
begi n t o degrad e (Happ ^  e t  al. ,  1998) . 

I n th e researc h are a o f  abnorma l  psychology , 
compellin g case s hav e bee n m a d e relatin g illnesse s 
suc h a s autis m (Baron-Cohen ,  2000 )  an d schizophreni a 
(Corcoran ,  2001 )  t o deficit s i n Theor y o f  Min d abilities . 
Neuropatholog y studie s o f  strok e patient s hav e 
provide d evidenc e tha t  Theor y o f  M in d mechanism s 
m ay b e localize d i n th e brai n (Happ 6 e t  al. ,  1999) ,  an d 
ongoin g functiona l  neuroimagin g studie s continu e t o 
provid e furthe r  evidenc e fo r  localizatio n (Frit h &  Frith , 
2000) . 

I n searc h o f  a  mor e process-oriente d understandin g o f 
Theor y o f  M i n d abilities ,  i t  i s  th e philosoph y 
communi t y tha t  ha s m a d e th e mos t  contributions , 
proposin g tw o classe s o f  proces s theorie s tha t  hav e 
bee n extensivel y debated .  First ,  th e Theor y Theor y 
hypothesize s tha t  Theor y o f  M i n d abilitie s ar e 
compute d b y predictio n an d explanatio n mechanism s 
by employin g representation-leve l  knowledg e abou t 
menta l  attitude s (Gopni k &  Meltzoff ,  1997 ;  Nichol s & 
Stich ,  forthcoming) .  Th e opposin g vie w i s  tha t  o f 
Simulatio n Theor y (Goldman ,  2000) ,  whic h argue s tha t 
Theor y o f  M in d abilitie s ar e compute d b y imaginin g 
tha t  yo u ar e i n th e plac e o f  th e othe r  person ,  the n 
inferrin g thei r  menta l  state s b y monitorin g th e 
processin g tha t  i s  don e b y you r  o w n cognitiv e 
mechanisms .  Whil e som e high-leve l  process-oriente d 
cognitiv e model s hav e bee n propose d (e.g .  Nichol s an d 
Stich ,  2000) ,  ther e ar e m a n y unanswere d question s tha t 
prohibi t  th e creatio n o f  detailed ,  computationa l  model s 
of  Theor y o f  Min d abilities . 

Most  lackin g i n ou r  theoretica l  understandin g o f 
Theor y o f  M in d abilitie s i s a  descriptio n o f  th e specifi c 
content s o f  th e menta l  representation s tha t  ar e 
employe d i n thi s reasoning .  Ther e i s genera l  agreemen t 
tha t  thes e representationa l  element s mus t  includ e 
concept s suc h a s belief s an d desire s (e.g .  Harris ,  1996) , 
an d thes e tw o concept s i n particula r  hav e take n a 
privilege d rol e i n th e cognitiv e model s tha t  hav e bee n 
proposed .  A  potentia l  benefi t  o f  th e focu s o n thes e 
concept s i s  tha t  thi s representationa l  are a (beliefs , 
desires ,  intentionality )  i s  a m o n g th e ver y fe w wher e 
establishe d axiomati c theorie s hav e bee n develope d i n 
th e artificia l  intelligenc e commun i t y (Cohe n & 
Levesque ,  1990) .  Continue d artificia l  intelligenc e 
progres s i n developin g axiom s fo r  inferenc e concernin g 
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menta l  state s (e.g .  Ortiz ,  1998 )  wil l  greatl y suppor t  th e 
plausibilit y  o f  th e Theor y Theor y approach . 

However ,  ther e i s a  genera l  sens e throughou t  th e 
field s investigatin g Theor y o f  Min d abilitie s tha t  th e 
content s o f  thes e representation s g o fa r  beyon d simpl e 
notion s o f  belief s an d desires ,  particularl y a m o n g 
developmenta l  psychologist s investigatin g th e rol e tha t 
languag e play s i n acquirin g menta l  stat e concepts . 
Severa l  studie s hav e bee n conducte d tha t  investigat e th e 
linguisti c environmen t  o f  childre n fo r  th e presenc e o f 
Theor y o f  M in d relate d terms ,  wher e th e conceptua l 
scop e i s m u c h mor e broadl y construed .  Dye r  e t  al . 
(2000 )  bes t  exemplifie s th e broa d conceptua l  scop e o f 
thi s lin e o f  work ,  whic h compare d th e frequenc y o f  45 5 
menta l  stat e term s tha t  appea r  i n youn g children' s 
storybooks .  Thi s lis t  include d 10 2 cognitiv e stat e term s 
(e.g .  notice ,  wonder) ,  15 2 emotiona l  stat e term s (e.g . 
nervous ,  boring) ,  8 4 desir e an d volitio n term s (e.g . 
hope ,  wish) ,  an d 11 7 mora l  evaluatio n an d obligatio n 
term s (e.g .  ought ,  terrible) ,  wher e th e complet e lis t  wa s 
compile d from  previou s languag e studies . 

Whil e thes e linguisti c approache s hel p t o broade n ou r 
conceptio n o f  th e scop e o f  representationa l  element s i n 
Theor y o f  M in d reasoning ,  m a n y o f  th e traditiona l 
concern s abou t  th e relationshi p betwee n languag e an d 
menta l  representatio n m a y apply .  Particularly ,  ther e i s 
no reaso n t o believ e tha t  an y ful l  enumeratio n o f  menta l 
stat e term s mus t  paralle l  th e breadt h o f  concept s tha t 
ar e represente d an d manipulate d b y reasonin g 
processes .  Th e inheren t  subjectivit y o f  thes e concept s 
m ay serv e t o restric t  th e introductio n o f  ne w vocabular y 
i n th e lexico n a s compare d wit h othe r  topic s o f 
discourse .  Likewise ,  th e remarkabl e creativit y tha t  i s 
eviden t  i n h u m a n languag e us e m a y mislea d u s t o 
believ e tha t  ther e ar e representationa l  distinction s 
betwee n concept s tha t  ar e i n fac t  functionall y 
synonymous .  Whil e thes e linguisti c approache s hav e 
bee n persuasiv e i n arguin g fo r  a  broade r  scop e o f 
Theor y o f  M in d representation s i n ou r  cognitiv e 
models ,  a  n e w investigativ e methodolog y fo r  concep t 
enumeratio n woul d b e useful . 

Analogy as an Investigative Tool 

I n previou s wor k (Gordon ,  2001a) ,  w e argue d tha t 
progres s i n a  differen t  are a o f  cognitio n -  tha t  o f 
analogica l  reasonin g -  coul d b e a  basi s fo r  a  nove l 
methodolog y fo r  th e investigatio n o f  menta l 
representations .  A s a  cognitiv e process ,  analogica l 
reasonin g ha s receive d a n enormou s amoun t  o f 
attention ,  bot h theoretica l  an d experimental ,  wit h th e 
ai m o f  understandin g h o w peopl e dra w analogie s 
betwee n tw o differen t  case s i n workin g memory .  Th e 
prevailin g explanatio n i s base d o n th e notio n o f 
structura l  alignmen t  o f  th e menta l  representation s tha t 
peopl e hav e o f  thes e case s (Gentaer ,  1983) .  Tha t  is ,  tw o 
differen t  case s ar e judge d a s strongl y analogou s whe n 

portion s o f  th e structure d menta l  representatio n o f  on e 
cas e ca n b e mappe d ont o structurall y identica l  portion s 
of  th e other .  Stron g empirica l  suppor t  fo r  th e structur e 
mappin g theor y o f  analogica l  reasonin g (se e Centne r  & 
Markman ,  1997 ,  fo r  a  review )  present s a n opportunity : 
i f  structura l  alignmen t  o f  representation s ar e necessar y 
t o proces s analogies ,  the n a n analysi s o f  th e analogie s 
tha t  peopl e naturall y mak e ca n revea l  th e sort s o f 
representation s tha t  the y mus t  employ . 

I n thi s previou s work ,  tw o mai n claim s wer e pu t 
forth .  Firs t  i t  wa s note d tha t  ther e i s somethin g 
particularl y interestin g abou t  th e commonsens e notio n 
of  a  strateg y a s i t  relate s t o analogie s betwee n plannin g 
cases .  Peopl e readil y se e analogie s betwee n plaruiin g 
behavior s exhibite d i n vastl y differen t  goal-drive n 
domains .  Fo r  example ,  a  retreatin g militar y forc e tha t 
destroy s th e supplie s tha t  the y can' t  tak e wit h the m ma y 
be viewe d a s analogou s t o th e compan y tha t  publicl y 
release s it s closel y guarde d industria l  secret s i n th e fac e 
of  a  hostil e corporat e takeover .  I n bot h case s w e woul d 
say th e actor s wer e usin g th e sam e strategy ,  on e tha t  i s 
so commonl y recognize d tha t  i t  ha s bee n give n a  name , 
scorche d eart h policy .  I n accordanc e wit h th e structur e 
mappin g theor y o f  analogy ,  i t  wa s argue d tha t  strategie s 
lik e thi s on e ar e structure d menta l  representation s tha t 
ar e share d betwee n th e analogou s plannin g case s wher e 
the y ar e employed . 

The secon d clai m wa s tha t  menta l  representation s o f 
strategie s necessaril y  includ e reference s t o th e menta l 
state s an d processe s o f  people .  Fo r  example ,  t o b e 
considere d a s a n exampl e o f  scorche d eart h policy ,  i t 
must  b e th e cas e tha t  th e acto r  foresee s h e wil l  loos e 
possessio n o f  a  valuabl e resourc e t o a n advancin g 
enemy,  h e foresee s tha t  afte r  th e enem y gain s 
possessio n o f  i t  h e wil l  us e th e resourc e t o furthe r 
advanc e agains t  him ,  an d tha t  th e acto r  imagine s tha t 
what  h e doe s t o thes e resource s wil l  mak e the m useles s 
t o th e enemy .  Strategi c analogie s sho w u s tha t  concept s 
suc h a s thes e tha t  specificall y refe r  t o menta l  processe s 
must  b e explicitl y  represente d i n cognition .  A s th e 
menta l  stat e concept s i n thes e statement s ar e exactl y th e 
sor t  relevan t  t o Theor y o f  Min d abilities ,  ou r  clai m i s 
tha t  th e analysi s o f  strategie s provide s a  mean s o f 
identifyin g th e breadt h o f  reifie d menta l  stat e concept s 
tha t  ar e availabl e i n suppor t  o f  thi s clas s o f  reasoning . 

I n orde r  t o explor e th e representationa l  scop e o f 
strategies ,  w e undertoo k a  large-scal e strateg y 
representatio n effor t  (Gordon ,  2001b) .  First ,  37 2 
commonsens e strategie s wer e collecte d fro m 1 0 
differen t  plannin g domain s usin g directe d exper t 
interviews ,  th e analysi s o f  text s tha t  ar e encyclopedi c o f 
strategie s i n a  particula r  domain ,  an d th e introspectiv e 
elaboratio n o f  strategie s i n ou r  o w n area s o f  expertise . 
T o identif y th e representationa l  requirement s o f  thi s 
catalo g o f  strategies ,  w e develope d a  notationa l  for m 
calle d a  pre-forma l  representatio n tha t  woul d allo w u s 
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t o commi t  t o th e specifi c  semanti c element s i n th e 
representatio n o f  a  strateg y withou t  adherin g t o th e 
syntacti c constraint s tha t  woul d b e necessar y i n mor e 
formal ,  logic-base d representations .  Afte r  authorin g 
pre-forma l  representation s o f  eac h o f  th e 37 2 strategies , 
th e componen t  concept s wer e groupe d int o set s o f 
synonym s t o for m a  controlle d vocabular y consistin g o f 
989 uniqu e concepts .  Thi s lis t  wa s the n organize d int o 
48 representationa l  area s tha t  paralle l  bot h thos e tha t 
ar e traditionall y th e subjec t  o f  forma l  conrunonsens e 
knowledg e representatio n (e.g .  tim e an d events)  an d 
thos e tha t  ar e viewe d a s componen t  cognitiv e processe s 
i n previou s cognitiv e modelin g wor k (plannin g an d 
memory retrieval) . 

Eightee n o f  th e representationa l  area s tha t  wer e 
identifie d i n thi s previou s wor k di d no t  concer n th e 
menta l  state s an d processe s o f  people .  A  larg e portio n 
of  thes e area s relate d mor e generall y t o th e physica l 
world ,  includin g concept s o f  time ,  space ,  events ,  states , 
objects ,  numbers ,  sets ,  an d taxonomies .  Th e remainin g 
portio n o f  thes e eightee n area s concerne d peopl e 
directly ,  bu t  no t  thei r  menta l  state s i n particular ,  an d 
include d term s fo r  th e relationship s the y hold ,  th e 
organization s the y participat e in ,  thei r  abilities , 
activities ,  an d non-menta l  actions . 

The othe r  thirt y representationa l  area s tha t  wer e 
identifie d dea l  specificall y wit h th e menta l  lif e o f 
people .  W h a t  i s interestin g abou t  thi s collectio n o f 
representationa l  term s i s tha t  it s  scop e i s significantl y 
large r  tha n wha t  ha s bee n suggeste d i n cognitiv e 
model s o f  Theor y o f  M in d abilitie s o r  eve n i n th e 
content s o f  th e lexicon s use d i n th e analysi s o f  languag e 
fo r  Theor y o f  Min d concepts . 

The primar y directio n i n whic h thes e representationa l 
area s expan d th e scop e o f  previou s wor k i s wit h respec t 
t o fol k psychologica l  conception s o f  menta l  processes , 
wherea s previou s wor k ha s focuse d mostl y o n menta l 
states .  Whil e th e term s reveale d i n ou r  investigatio n 
certainl y includ e menta l  stat e concept s suc h a s belief s 
and desires ,  thes e ar e couple d wit h concept s describin g 
th e menta l  processe s tha t  affec t  thes e states ,  suc h a s th e 
menta l  processe s o f  removin g th e justificatio n fo r  a 
belie f  an d th e proces s o f  abandonin g o f  a  goa l  t o 
achiev e som e desire d state .  I n short ,  th e representation s 
tha t  appea r  t o b e necessar y t o accoun t  fo r  strategi c 
analogie s outlin e a  se t  o f  processe s tha t  constitut e a 
cognitiv e architecture . 

Theory of Mind Representations 

I n orde r  t o elaborat e o n th e menta l  stat e an d menta l 
proces s component s tha t  ar e eviden t  i n th e organizatio n 
of  strateg y representatio n terms ,  thi s sectio n briefl y 
describe s eac h o f  th e thirt y representationa l  area s (o f 
th e 4 8 total )  specificall y relate d t o Theor y o f  M in d 
reasoning .  Eac h are a i s liste d wit h a  shor t  are a title ,  th e 

number  o f  uniqu e representationa l  term s (ou t  o f  989 )  i n 
th e are a foun d i n strateg y representations ,  a  shor t 
definitio n o f  th e scop e o f  th e area ,  an d a  fe w example s 
of  th e specifi c  term s i n th e area . 

I .  Managin g knowledg e (3 0 terms) :  Th e knowledg e 
tha t  agent s hav e i s a  se t  o f  belief s tha t  m a y b e tru e o r 
fals e base d o n certai n justifications ,  an d ca n b e activel y 
assume d true ,  affirmed ,  o r  disregarde d entirely . 
Examples :  Assumption ,  Justification ,  Reveale d fals e 
belief . 

2.  Similarit y compariso n (1 6 terms) :  Agent s ca n 
reaso n abou t  th e similarit y o f  differen t  thing s usin g 
differen t  similarit y metrics ,  wher e analogie s ar e simila r 
onl y a t  a n abstrac t  level .  Examples :  Clas s similarity . 
Similarit y metric .  M a k e analogy . 

3.  M e m o r y retrieva l  ( 3 terms) :  Agent s hav e a 
m e m o ry tha t  the y us e t o stor e informatio n throug h a 
proces s o f  memorization ,  an d m a y us e m e m o r y aid s 
and cue s t o facilitat e retrieval .  Examples :  M e m o r y cue . 
Memory retrieval .  Memorize . 

4.  Emotion s ( 8 terms) :  Agent s m a y experienc e a  wid e 
rang e o f  emotiona l  response s base d o n thei r  appraisa l  o f 
situations ,  whic h define s thei r  emotiona l  state . 
Examples :  Anxiet y emotion .  Prid e emotion .  Emotiona l 
state . 

5.  Explanation s (1 7 terms) :  Agent s generat e 
candidat e explanation s fo r  cause s i n th e worl d tha t  ar e 
unknown ,  an d m a y hav e preference s fo r  certai n classe s 
o f  explanations .  Examples :  Candidat e explanation . 
Explanatio n preference .  Explanatio n failure . 

6.  Worl d envisionmen t  (4 8 terms) :  Agent s hav e th e 
capacit y t o imagin e state s othe r  tha n th e curren t  state ,  t o 
predic t  wha t  wil l  happe n nex t  o r  wha t  ha s happene d i n 
th e past ,  an d t o determin e th e feasibilit y  o f  certai n stat e 
transitions .  Examples ;  Causa l  chain .  Envisione d 
likelihoood .  Possibl e envisione d state . 

7.  Executio n envisionmen t  (2 3 terms) :  O n e m o d e o f 
envisionmen t  i s tha t  o f  imaginin g th e executio n o f  a 
pla n fo r  th e purpos e o f  predictin g possibl e conflicts , 
executio n failures ,  sid e effects ,  an d th e likelihoo d o f 
successfu l  execution .  Examples :  Envisione d failure . 
Sid e effect .  Imagin e possibl e execution . 

8.  Cause s o f  failur e (3 1 terms) :  I n attemptin g t o 
explai n failure s o f  plan s an d reasoning ,  agent s m a y 
emplo y a  numbe r  o f  explanatio n patterns ,  suc h a s 
explainin g a  schedulin g failur e b y th e lac k o f  time ,  o r  a 
plannin g failur e b y a  lac k o f  resources .  Examples : 
Fals e triggere d monitor .  Lac k o f  ability .  Successfu l 
executio n o f  opposin g competitiv e plan . 

9.  Managin g expectation s ( 8 terms) :  Envisionment s 
abou t  wha t  wil l  happe n nex t  constitut e expectations , 
whic h ca n b e validate d o r  violate d base d o n wha t 
actuall y occurs .  Examples :  Expectatio n violation . 
Unexpecte d event .  Remov e expectation . 

10.  Othe r  agen t  reasonin g ( 8 terms) :  Envisionment s 
abou t  th e plannin g an d reasonin g processe s o f  othe r 
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agent s allo w a n agen t  t o imagin e wha t  the y woul d b e 
thinkin g abou t  i f  the y wer e them .  Examples :  Gues s 
expectation ,  Gues s goal .  Deduc e othe r  agen t  plan . 

11.  Threa t  detectio n (1 5 terms) :  B y monitorin g thei r 
o wn envisionment s fo r  state s tha t  violat e goals ,  a n 
agen t  ca n detec t  threat s an d trac k thei r  realization . 
Examples :  Envisione d threat .  Realize d threat .  Threa t 
condition . 

12.  Goal s (2 7 terms) :  Goal s o f  agent s describ e worl d 
state s an d event s tha t  ar e desired ,  an d includ e bot h 
state s an d event s tha t  ar e externa l  t o th e planne r  a s wel l 
as thos e tha t  characteriz e desire d interna l  menta l  sUte s 
and processes .  Examples :  Auxiliar y goal .  Knowledg e 
goal .  Share d goal . 

13.  Goa l  theme s ( 6 terms) :  A  potentia l  reaso n tha t  a n 
agen t  m a y hav e a  goa l  coul d b e base d o n th e role s tha t 
agent s hav e i n relationship s an d organizations ,  o r 
becaus e o f  a  valu e tha t  the y hold .  Examples :  Generou s 
theme .  G o o d perso n theme .  Retaliatio n theme . 

14.  Goa l  managemen t  (2 8 terms) :  Agent s activel y 
manage th e goal s tha t  the y have ,  decidin g whe n t o ad d 
ne w goals ,  commenc e o r  suspen d th e pursui t  o f  goals , 
modif y o r  specif y thei r  goal s i n som e way ,  o r  abando n 
the m altogether .  Examples :  Currentl y pursue d goal . 
Goal  prioritization .  Suspen d goal . 

IS .  Plan s (3 2 terms) :  Th e plan s o f  agent s ar e 
description s o f  behavior s tha t  ar e imagine d t o achiev e 
goals ,  an d ca n b e distinguishe d b y th e type s o f  goal s 
tha t  the y achiev e o r  b y h o w the y ar e executed ,  an d ma y 
be compose d o f  othe r  plan s o r  onl y partiall y  specified . 
Examples :  Adversaria l  plan .  Repetitiv e plan ,  Share d 
plan . 

16.  Pla n element s (2 8 terms) :  Plan s ar e compose d o f 
subplans ,  includin g branche s tha t  ar e contingen t  o n 
factor s onl y know n a t  th e tim e o f  execution .  The y m a y 
hav e iterativ e o r  repetitiv e components ,  o r  includ e 
component s tha t  ar e absolutel y require d fo r  a  pla n t o 
succeed .  Examples :  / /  then .  Iteratio n terminatio n 
condition .  Triggere d star t  time . 

17.  Plannin g modalitie s (1 7 terms) :  Th e selectio n o f 
plan s ca n b e don e i n a  variet y o f  differen t  ways ,  suc h a s 
adaptin g ol d plan s t o curren t  situations ,  collaborativel y 
plannin g wit h othe r  agents ,  an d counterplannin g agains t 
th e envisione d plan s o f  adversaries .  Examples : 
Adversaria l  planning .  Auxiliar y goa l  pursuit .  Imagine d 
worl d planning . 

18.  Plannin g goal s (2 7 terms) :  Th e plannin g proces s 
i s directe d b y abstrac t  plannin g goal s o f  a n agent ,  whic h 
includ e goal s o f  blockin g threats ,  delayin g events , 
enablin g a n action ,  preservin g a  precondition ,  o r 
satisfyin g th e goal s o f  others .  Examples :  Avoi d action . 
Dela y duratio n end .  Maximiz e value . 

19.  Pla n constructio n (3 0 terms) :  Agent s construc t 
n e w plan s b y specializin g partia l  plans ,  addin g an d 
orderin g subplans ,  an d resolvin g plannin g problem s 

when the y arise .  Examples :  Candidat e plan .  Plannin g 
failure .  Plannin g preference . 

20 .  Pla n adaptatio n (1 8 terms) :  Existin g plan s ca n b e 
adapte d an d modifie d b y substitutin g value s o r  agency , 
and b y addin g o r  removin g subplan s t o achiev e goal s 
give n th e curren t  situation .  Examples :  Adaptatio n cost . 
Adaptatio n failure .  Substitutio n adaptation . 

21 .  Desig n ( 8 terms) :  O n e modalit y o f  plannin g i s 
design ,  wher e th e constructe d pla n i s a  descriptio n o f  a 
thin g i n th e worl d withi n certai n desig n constraints ,  an d 
wher e th e resultin g thing s hav e a  degre e o f  adherenc e 
t o thi s design .  Examples :  Desig n adherence .  Desig n 
failure .  Designe d use . 

22 .  Decision s (3 8 terms) :  Agent s ar e face d wit h 
choice s tha t  ma y hav e a n effec t  o n thei r  goals ,  an d mus t 
decid e amon g option s base d o n som e selectio n criteri a 
or  b y evaluatin g th e envisione d consequences . 
Examples :  Bes t  candidate .  Decisio n justification . 
Preference . 

23 .  Schedulin g (2 3 terms) :  A s agent s selec t  plans , 
the y mus t  b e schedule d s o tha t  the y ar e performe d 
befor e deadline s an d abid e b y othe r  schedulin g 
constraints .  Plan s m a y hav e schedule d star t  time s an d 
durations ,  o r  m a y b e pendin g a s th e plaiwe r  wait s fo r 
th e nex t  opportunit y fo r  execution .  Examples : 
Deadline ,  Pendin g plan .  Schedulin g constraint . 

24 .  Monitorin g (1 8 terms) :  Agent s monito r  bot h 
state s an d event s i n th e worl d an d i n thei r  ow n 
reasonin g processe s fo r  certai n trigge r  condition s whic h 
m ay promp t  th e executio n o f  a  triggere d action . 
Examples :  Firs t  monito r  triggering .  Monitorin g 
duration .  Monito r  envisionmenl . 

25 .  Executio n modalitie s (1 1 terms) :  Plan s ca n b e 
execute d i n a  variet y o f  ways ,  includin g consecutivel y 
alon g wit h othe r  plans ,  i n a  repetitiv e manner ,  an d 
collaborativel y alon g wit h othe r  agents .  Examples : 
Concurren t  execution .  Continuou s execution .  Periodi c 
execution . 

26.  Executio n contro l  (2 8 terms) :  A  plaime r  activel y 
decide s t o begi n th e executio n o f  a  plan ,  an d ma y the n 
decid e t o suspen d o r  terminat e it s execution .  A 
suspende d pla n ca n late r  b e resume d fro m th e poin t  th e 
agen t  lef t  of f  Examples :  Executio n delay .  Suspen d 
execution .  Terminat e activity . 

27 .  Repetitiv e executio n (1 6 terms) :  Som e plan s an d 
subplan s ar e execute d iterativel y fo r  som e numbe r  o f 
times ,  o r  repetitivel y unti l  som e terminatio n conditio n 
i s achieved .  Examples :  Curren t  iteration .  Iteratio n 
completion .  Remainin g repetition . 

28 .  Pla n followin g (2 9 terms) :  Agent s trac k th e 
progres s o f  thei r  plan s a s the y execut e the m i n orde r  t o 
recogniz e whe n deadline s ar e missed ,  precondition s ar e 
satisfied ,  an d whe n the y hav e successfiiU y achieve d th e 
goal .  Examples :  Achiev e precondition .  Mis s deadline . 
Successfu l  execution . 
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29.  Observatio n o f  executio n (2 9 terms) :  Agen U ca n 
trac k th e executio n o f  plan s b y othe r  agents ,  evaluatin g 
th e degre e t o whic h thes e execution s adher e t o 
performanc e description s know n t o th e observin g agent . 
Examples :  Observe d execution ,  Assessmen t  criteria , 
Performanc e encoding . 

30.  Bod y interactio n (1 5 terms) :  Th e physica l  bod y 
of  a n agen t  translate s intende d action s int o physica l 
movements ,  an d sometime s behave s i n unintende d 
ways .  Th e bod y modifie s th e planner' s knowledg e 
throug h perceptio n o f  th e worl d aroun d it ,  an d b y 
causin g a  sensatio n o f  execution .  Examples :  Impaire d 
agency ,  Nonconsciou s execution .  Attend . 

Discussion 

Ther e exist s n o infallibl e techniqu e fo r  identifyin g th e 
content s o f  th e menta l  representation s use d i n 
reasoning .  Th e approac h describe d here ,  wher e ou r 
theoretica l  understandin g o f  analogica l  reasonin g i s 
use d a s a n investigativ e tool ,  relie s heavil y o n ou r 
analyti c abilitie s i n describin g th e share d relationa l 
structur e o f  analogou s case s a s muc h a s o n th e validit y 
of  th e structure-mappin g theor y itsel f  W e fee l  tha t 
whil e th e specifi c  concept s chose n i n th e cours e o f 
authorin g pre-forma l  representation s o f  37 2 strategie s 
ca n rightl y b e questioned ,  th e scop e o f  thes e concept s 
as a  whol e cannot .  Th e evidenc e provide d b y term s 
use d i n strateg y representation s suggest s tha t  th e scop e 
of  menta l  representation s tha t  m a y suppor t  Theor y o f 
Min d abilitie s include s concept s fo r  bot h th e menta l 
state s o f  peopl e an d o f  th e cognitiv e processe s tha t  the y 
employ . 

Thi s evidenc e o f  process-oriente d menta l 
representation s doe s no t  b y itsel f  provid e suppor t  fo r 
eithe r  o f  th e tw o prominen t  Theor y o f  M in d theorie s 
(Theor y Theor y an d Simulatio n Theory) .  However ,  i t 
doe s hav e relevanc e t o h o w proponent s o f  thes e 
theorie s procee d t o produc e mor e detailed ,  eve n 
computational ,  proces s model s o f  Theor y o f  M in d 
abilities . 

Proponent s o f  th e Theor y Theor y shoul d vie w thes e 
representatio n area s a s a  catalo g o f  th e componen t 
theorie s tha t  wil l  b e necessar y t o specif y a  complet e 
fol k psychology ,  i n muc h th e sam e w a y tha t  artificia l 
intelligenc e researcher s hav e attempte d t o defin e th e 
componen t  theorie s o f  naiv e physic s (Hayes ,  1985) .  I f 
th e tw o endeavor s ar e indee d similar ,  the n term s lik e 
thos e tha t  compris e th e representationa l  area s liste d 
her e wil l  appea r  a s notation s (predicate s o r  otherwise ) 
i n forma l  axiomati c theorie s tha t  coul d driv e deductiv e 
reasoning .  Becaus e breadt h o f  componen t  theorie s fo r  a 
ful l  fol k psycholog y appear s t o b e a t  leas t  a s ric h a s 
thos e i n naJv e physics ,  w e woul d expec t  tha t  th e sam e 
methodologica l  problem s i n specifyin g thes e theorie s 
woul d prohibi t  progres s (se e Davis ,  1998) .  A s fol k 

psycholog y ha s receive d littl e attentio n withi n th e 
artificia l  intelligenc e communit y a s compare d wit h 
n a We physics ,  fe w axiomati c theorie s exis t  toda y fo r 
th e majorit y o f  th e representationa l  area s tha t  ar e liste d 
i n thi s paper . 

Whil e axiomati c theorie s hav e no t  bee n forthcoming , 
most  o f  thes e representationa l  area s hav e bee n 
extensivel y studie d a s cognitiv e processes .  Cognitiv e 
scienc e an d artificia l  intelligenc e researcher s hav e 
constructe d a n enormou s numbe r  o f  computationa l 
model s i n suppor t  o f  ou r  theoretica l  understandings , 
wit h on e notabl e exceptio n o f  Theor y o f  M i n d 
reasonin g itsel f  (representationa l  are a 10 ,  Othe r  Agen t 
Reasoning) .  Fo r  proponent s o f  th e Simulatio n Theor y i t 
i s  thi s se t  o f  computationa l  model s tha t  wil l  hav e t o b e 
employe d i n th e off-lin e reasonin g tha t  allow s a  perso n 
t o perfor m Theor y o f  Min d tasks .  Evidenc e o f  menta l 
representation s tha t  correspon d t o thes e processe s coul d 
sugges t  tha t  ther e i s a  representationa l  interfac e t o 
suppor t  off-lin e reasoning .  Tha t  is ,  term s lik e thos e i n 
eac h o f  th e representationa l  area s coul d b e viewe d a s a 
vocabular y fo r  expressin g input s (e.g .  command s an d 
arguments )  t o thes e processe s a s wel l  a s thei r  output s 
(e.g .  inferences) .  Furthe r  agreemen t  withi n th e 
cognitiv e modelin g conununit y concernin g input s an d 
output s coul d potentiall y  promot e th e developmen t  o f 
mor e modula r  computationa l  theories ,  facilitatin g th e 
integratio n o f  model s tha t  wil l  b e necessar y i n 
providin g a  proces s accoun t  o f  Simulatio n Theory , 
among others . 

Whi l e th e investigatio n o f  Theor y o f  M i n d 
representation s m a y affec t  th e theoretica l  debat e onl y i n 
th e lon g run ,  it s  utilit y  i n linguisti c studie s o f  Theor y o f 
Min d languag e us e m a y b e mor e direct .  Specifically , 
th e identificatio n o f  thes e representatio n area s -  a s wel l 
as th e specifi c  term s tha t  appea r  i n eac h -  m a y b e 
valuabl e i n identifyin g a  broade r  lexico n fo r  us e i n th e 
analysi s o f  languag e data .  Fo r  example ,  a  process -
oriente d ter m suc h a s suspen d goa l  (fro m are a 14 ,  Goa l 
Management )  i s  expressibl e i n a  wid e variet y o f  way s 
i n English ,  a s i n "Let's/?« r  i t  of f  fo r  now "  o r  "I'l l  c o m e 
bac k t o i t  later' '  wher e th e direc t  objec t  i n bot h 
statement s i s th e suspende d goal .  Compilin g wor d an d 
phras e lexicon s fo r  eac h o f  th e term s i n thes e 
representationa l  area s coul d provid e enoug h coverag e 
ove r  a  languag e t o facilitat e mor e automate d tex t 
analysi s approaches ,  whic h i n tur n coul d greatl y scal e 
up th e amoun t  o f  linguisti c dat a tha t  coul d b e analyzed . 

Conclusions 

Whil e ther e ha s bee n grea t  interes t  i n understandin g th e 
Theor y o f  Min d abilitie s o f  people ,  th e experimenta l 
and theoretica l  approache s t o thi s proble m hav e largel y 
avoide d issue s concernin g th e content s o f 
representation s employe d i n thi s clas s o f  reasoning .  I n 
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thi s paper ,  w e hav e argued  tha t  progres s i n ou r 
understandin g o f  a  differen t  cognitiv e proces s -  tha t  o f 
analogica l  reasonin g -  provide s u s wit h a  too l  tha t  ca n 
be use d t o investigat e thes e representation s i n a  ne w 
way.  Th e curiou s natur e o f  commonsens e strategies ,  i n 
accountin g fo r  analogie s i n plannin g domain s an d 
includin g reference s t o menta l  state s an d processes , 
makes the m a  particularl y importan t  subjec t  o f  analysis . 
By conductin g a  large-scal e analysi s o f  strategie s fro m 
m a ny plannin g domains ,  authorin g pre-forma l 
representation s fo r  each ,  w e hav e improve d th e 
understandin g o f  th e scop e o f  representation s tha t 
woul d b e availabl e i n suppor t  o f  Theor y o f  Min d 
reasonin g abilities .  I n additio n t o th e menta l  stat e 
concept s tha t  hav e traditionall y bee n discusse d i n 
Theor y o f  Min d research ,  thi s investigatio n suggest s 
tha t  ric h representation s o f  menta l  processe s ar e als o 
par t  o f  ou r  representations . 
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Abstrac t 

Semantic networks produced from human data have 
statistica l  propertie s tha t  canno t  b e easil y capture d 
t y spatia l  representations .  W e explor e a  probabilis -
ti c approac h t o semanti c representatio n tha t  explic -
itl y  model s th e probabilit y  wit h whic h word s occu r 
i n differen t  contexts ,  an d henc e capture s th e proba -
bilisti c  relationship s betwee n words .  W e sho w tha t 
thi s representatio n ha s statistica l  propertie s consis -
ten t  wit h th e large-scal e structur e o f  semanti c net -
work s constructe d b y humans ,  an d trac e th e origin s 
of  thes e properties . 

Contemporary accounts of semantic representa-
tio n sugges t  tha t  w e shoul d conside r  word s t o b e 
eithe r  point s i n a  high-dimensiona l  spac e (eg .  Lan -
daue r  k  Dumais ,  1997) ,  o r  interconnecte d node s i n a 
semanti c networ k (eg .  Collin s &  Loftus ,  1975) .  Bot h 
of  thes e way s o f  representin g semanti c informatio n 
provid e importan t  insights ,  bu t  als o hav e shortcom -
ings .  Spatia l  approache s illustrat e th e importanc e 
of  dimensionalit y reductio n an d emplo y simpl e al -
gorithms ,  bu t  ax e limite d b y Euclidea n geometry . 
Semanti c network s ar e les s constrained ,  bu t  thei r 
graphica l  structur e lack s a  cleeu r  interpretation . 

I n thi s paper ,  w e vie w th e functio n o f  associa r 
tiv e semanti c memor y t o b e efficien t  predictio n o f 
th e concept s likel y t o occu r  i n a  give n context .  W e 
tak e a  probabilisti c  approac h t o thi s problem ,  mod -
elin g document s a s expressin g informatio n relate d 
t o a  smal l  numbe r  o f  topic s (cf .  Blei ,  Ng ,  &  Jordan , 
2002) .  Th e topic s o f  a  languag e ca n the n b e learne d 
fro m th e word s tha t  occu r  i n differen t  documents . 
We illustrat e tha t  th e large-scal e structur e o f  thi s 
representatio n ha s statistica l  propertie s tha t  corre -
spon d wel l  wit h thos e o f  semanti c network s produce d 
by humans ,  an d trac e thi s t o th e fidelit y wit h whic h 
i t  reproduce s th e natiura l  statistic s o f  language . 

Approaches to semantic representation 

Spatia l  approache s Laten t  Semanti c Analysi s 
(LSA ;  Landaue r  &  Dumais ,  1997 )  i s  a  procedur e 
fo r  findin g a  high-dimensiona l  spatia l  representatio n 
fo r  words .  L S A use s singula r  valu e decompositio n 
t o factoriz e a  word-documen t  co-occurrenc e matrix . 
A n approximatio n t o th e origina l  matri x ca n b e ob -
taine d b y choosin g t o us e les s singula r  value s tha n 

it s rank .  O n e componen t  o f  thi s approximatio n i s a 
matri x tha t  give s eac h wor d a  locatio n i n a  hig h di -
mensiona l  space .  Distance s i n thi s spac e ar e predic -
tiv e i n m a n y task s tha t  requir e th e us e o f  semanti c 
information .  Performanc e i s bes t  fo r  approximation s 
tha t  use d les s singulsi r  value s tha n th e ran k o f  th e 
matrix ,  illiistratin g tha t  reducin g th e dimensional -
it y o f  th e representatio n cei n reduc e th e effect s o f 
statistica l  nois e an d increas e efficiency . 

Whil e th e method s behin d L S A wer e nove l  i n scal e 
an d subject ,  th e suggestio n tha t  similarit y relate s t o 
distanc e i n psychologica l  spac e ha s a  lon g histor y 
(Shepard ,  1957) .  Critic s hav e argue d tha t  h u m a n 
similarit y judgment s d o no t  satisf y th e propertie s o f 
Euclidea n distances ,  suc h a s symmetr y o r  th e tri -
angl e inequality .  Tversk y an d Hutchinso n (1986 ) 
pointe d ou t  tha t  Euclidea n geometr y place s stron g 
constraint s o n th e numbe r  o f  point s t o whic h a  par -
ticula r  poin t  ca n b e th e neares t  neighbor ,  an d tha t 
m a ny set s o f  stimul i  violat e thes e constraints .  T h e 
number  o f  neares t  neighbor s i n similarit y judgment s 
has a n analogu e i n semanti c representation .  Nelson , 
M c E v oy an d Schreibe r  (1999 )  ha d peopl e perfor m a 
wor d associatio n tas k i n whic h the y name d a n as -
sociate d wor d i n respons e t o a  se t  o f  targe t  words . 
Steyver s an d Tenenbau m (submitted )  note d tha t  th e 
number  o f  uniqu e word s produce d fo r  eac h targe t  fol -
low s a  powe r  la w distribution :  i f  k  i s th e numbe r  o f 
words ,  P{k )  a  k"̂ .  Fo r  reason s simila r  t o thos e o f 
Tversk y an d Hutchinson ,  i t  i s  difficul t  t o produc e a 
power  la w distributio n b y thresholdin g cosin e o r  dis -
tanc e i n Euclidea n space .  Thi s i s show n i n Figur e 1 . 
Power  la w distribution s appea r  linea r  i n log-lo g co -
ordinates .  L S A produce s curve d log-lo g plots ,  mor e 
consisten t  wit h a n exponentia l  distribution . 

Semeintic networks Semantic networks were pro-
pose d b y Collin s an d Quillia n (1969 )  a s a  mean s 
of  storin g semanti c knowledge .  Th e origina l  net -
work s wer e inheritanc e hierarchies ,  bu t  Collin s an d 
Loftu s (1975 )  generalize d th e notio n t o cove r  sirbi -
trar y graphica l  structures .  Th e interpretatio n o f  thi s 
graphica l  structur e i s vague ,  bein g base d o n connect -
in g node s tha t  "activate "  on e another .  Steyver s an d 
Tenenbau m (submitted )  constructe d a  semanti c net -
wor k fro m th e wor d associatio n norm s o f  Nelso n e t 
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Figur e 1 :  Th e lef t  pane l  show s th e distributio n o f  th e 
number  o f  associate s name d fo r  eac h targe t  i n a  wor d 
associatio n task .  Th e righ t  show s th e distributio n 
of  th e numbe r  o f  word s abov e a  cosin e threshol d fo r 
eac h targe t  i n L S A space s o f  dimensio n d ,  wher e th e 
threshol d wa s chose n t o matc h th e empirica l  mean . 

al .  (1999) ,  connectin g word s tha t  wer e produce d a s 
response s t o on e another .  I n suc h a  semanti c net -
work ,  th e numbe r  o f  associate s o f  a  wor d become s 
th e numbe r  o f  edge s o f  a  node ,  terme d it s "degree" . 
Steyver s an d Tenenbau m foun d tha t  th e resultin g 
grap h ha d th e statistica l  propertie s o f  "smal l  world " 
graphs ,  o f  whic h a  powe r  la w degre e distributio n i s 
a featur e (Barabas i  &  Albert ,  1999) . 

Th e fac t  tha t  semanti c network s ca n displa y thes e 
propertie s reflect s thei r  flexibihty ,  bu t  ther e i s n o in -
dicatio n tha t  th e sam e propertie s woul d emerg e i f 
suc h a  representatio n wer e learne d rathe r  tha n con -
structe d b y hand .  I n th e remainde r  o f  th e paper ,  w e 
presen t  a  probabilisti c  metho d fo r  learnin g a  rep -
resentatio n fro m word-documen t  co-occurence s tha t 
reproduce s som e o f  th e large-scal e statistica l  proj) -
ertie s o f  semanti c network s constructe d b y humans . 

A probabilistic approach 

Anderson' s (1990 )  rationa l  analysi s o f  memor y an d 
categorizatio n take s predictio n a s th e goa l  o f  th e 
learner .  Analogously ,  w e ca n vie w th e functio n o f 
associativ e semanti c memor y t o b e th e predictio n 
of  whic h word s ar e likel y t o aris e i n a  give n con -
text ,  ensurin g tha t  relevan t  semantic  informatio n i s 
availabl e whe n needed .  Simpl y trackin g ho w ofte n 
word s occu r  i n differen t  context s i s insufficien t  fo r 
thi s task ,  a s i t  give s n o ground s fo r  generalization . 
I f  w e assimi e tha t  th e word s tha t  occu r  i n differen t 
context s ar e draw n fro m T  topics ,  an d eac h topi c 
ca n b e characterize d b y a  probabilit y  distributio n 
ove r  words ,  the n w e ca n mode l  th e distributio n ove r 
word s i n an y on e contex t  a s a  mixtur e o f  thos e top -
ic s 

T 
P{Wi )  =  ^ P { W i \ Z i = j ) P i Z i = j ) 

>=1 
wher e Z j  i s  a  laten t  variabl e indicatin g th e topi c 

from  whic h th e it h wor d wa s draw n an d P{wi\z i  =  j ) 
i s th e probabilit y  o f  th e it h wor d unde r  th e j't h topic . 
Th e word s likel y t o b e use d i n a  ne w contex t  ca n 
be determine d b y estimatin g th e distributio n ove r 
topic s fo r  tha t  context ,  correspondin g t o P{zi) . 

Intuitively ,  F{w\ z =  j )  indicate s whic h word s ar e 
importan t  t o a  topic ,  whil e P{z )  i s th e prevalenc e 
of  thos e topic s withi n a  document .  Fo r  example , 
imagin e a  worl d wher e th e onl y topic s o f  conversa r 
tio n ar e lov e fin d research .  I n suc h a  worl d w e coul d 
captur e th e probabilit y  distributio n ove r  word s wit h 
tw o topics ,  on e relatin g t o lov e an d th e othe r  t o re -
search .  Th e differenc e betwee n th e topic s woul d b e 
reflecte d i n P{w\ z =  j) :  th e lov e topi c woul d giv e 
hig h probabilit y  t o word s lik e joy ,  pleasure ,  o r  heart , 
whil e th e researc h topi c woul d giv e hig h probabilit y 
t o word s lik e science ,  mathematics ,  o r  experiment . 
Whethe r  a  particular -  conversatio n concern s love ,  re -
search ,  o r  th e lov e o f  researc h woul d depen d upo n 
th e distributio n ove r  topics ,  P{z) ,  fo r  tha t  particu -
la r  context . 

Formally ,  ou r  dat a consis t  o f  word s w  = 
{wi, .  • •  ,Wn} ,  wher e eac h lO j  belong s t o som e doc -
ument  dj ,  a s i n a  word-documen t  co-occurrenc e ma -
trix .  Fo r  eac h documen t  w e hav e a  multinomia l  dis -
tributio n ove r  th e T  topics ,  wit h parameter s d̂ '̂^ K 

so fo r  a  wor d i n documen t  di ,  P{z i  =  j )  =  6^' . 
Th e jt h topi c i s represente d b y a  multinomia l  dis -
tributio n ove r  th e W word s i n th e vocabulary ,  wit h 

parameter s <l>̂ ^ \  s o P{wi\z i  =  j )  =  <l>w} .  T o m a k e 
prediction s abou t  n e w documen ts ,  w e nee d t o as -
s u me a  prio r  distributio n o n th e parameter s fl^"**). 
T h e Dirichle t  distributio n i s conjugat e t o th e multi -
nomial ,  s o w e tak e a  Dirichle t  prio r  o n fl^''*^ 

Thi s probabilit y  m o d e l  i s  a  generativ e model :  i t 
give s a  procedur e b y wh ic h d o c u m e n t s ca n b e gen -
erated .  Firs t  w e pic k a  distributio n ove r  topic s fro m 
th e prio r  o n 6 ,  whic h determine s P{zi )  fo r  word s 
i n tha t  d o c u m e n t .  E a c h t im e w e w a n t  t o ad d a 
w o r d t o th e d o c u m e n t ,  w e pic k a  topi c accordin g 
t o thi s distribution ,  a n d the n pic k a  wo r d from  tha t 
topi c accordin g t o P{wi\z i  =  j ) ,  whic h i s determine d 
b y (f)̂ ^ \  Thi s generativ e m o d e l  w a s introduce d b y 
Ble i  e t  al .  (2002) ,  improvin g u p o n Ho fmann ' s (1999 ) 
probabilisti c  Laten t  Semant i c Indexin g (pLSI) .  Us -
in g fe w topic s t o represen t  th e probabilit y  distribu -
tion s ove r  word s i n m a n y documen t s i s a  for m o f 
dimensionalit y reduction ,  a n d ha s a n elegan t  geo -
metri c interpretatio n (se e H o & n a n n ,  1999) . 

Th i s approac h mode l s th e frequencies  i n a  word -
d o c u m e n t  co-occurrenc e matr i x a s arisin g from  a 
simpl e statistica l  process ,  an d explore s th e parame -
ter s o f  thi s process .  T h e resul t  i s  no t  a n explici t  rep -
resentatio n o f  words ,  bu t  a  representatio n tha t  cap -
ture s th e probabilisti c  relationship s a m o n g words . 
Thi s representatio n i s  exactl y w h a t  i s  require d fo r 
predictin g w h e n word s ar e likel y t o b e used .  Be -
caus e w e trea t  th e entrie s i n a  word -documen t  co -
occurrenc e matri x a s frequencies,  th e representatio n 
develope d fro m thi s informatio n i s  sensitiv e t o th e 
natura l  statistic s o f  language .  Usin g a  generativ e 
mode l ,  i n whic h w e articulat e th e assumption s abou t 
h o w th e dat a wer e generated ,  ensure s tha t  w e ar e 
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abl e t o for m prediction s abou t  whic h word s migh t 
be see n i n a  ne w document . 

Ble i  e t  al .  (2002 )  gav e a n algorith m fo r  finding 
estimate s o f  ̂ •̂' '  an d th e hyperparameter s o f  th e 
prio r  o n fl^"**)  tha t  correspon d t o loca l  maxim a o f 
th e likelihood ,  termin g thi s procedur e Laten t  Dirich -
le t  Allocatio n (LDA) .  Here ,  w e us e a  symmetri c 
Dirichlet(a )  prio r  o n ^ ( * ^  fo r  al l  documents ,  a  sym -
metri c Dirichlet(̂ )  prio r  o n (̂•' ^  fo r  al l  topics ,  an d 
Marko v chai n Mont e Carl o fo r  inference .  A n advan -
tag e o f  thi s approac h i s tha t  w e d o no t  nee d t o ex -
plicitl y  represen t  th e mode l  parameters :  w e ca n in -
tegrat e ou t  6  an d 0 ,  definin g mode l  simpl y i n term s 
of  th e assignment s o f  word s t o topic s indicate d b y 
the^i .  ' 

Marko v chai n Mont e Carl o i s a  procedur e fo r  ob -
tainin g sample s fro m complicate d probabilit y  distri -
butions ,  allowin g a  Marko v chai n t o converg e t o th e 
targe t  distributio n an d the n drawin g sample s from 
th e Marko v chai n (se e Gilks ,  Richardso n &  Spiegel -
halter ,  1996) .  Eac h stat e o f  th e chai n i s a n assign -
ment  o f  value s t o th e variable s bein g sampled ,  an d 
transition s betwee n state s follo w a  simpl e rule .  W e 
use Gibb s sampling ,  wher e th e nex t  stat e i s reache d 
by seĉ uentiall y  samplin g al l  variable s from  thei r  dis -
tributio n whe n conditione d o n th e curren t  value s o f 
al l  othe r  variable s an d th e data .  W e wil l  sampl e onl y 
th e assignment s o f  word s t o topics ,  Zj .  Th e condi -
tiona l  posterio r  distributio n fo r  z t  i s give n b y ,(«-< ) 

P{Z i  =  j\Z-i,w )  o c n̂ :j+/ ? n^ ^  +  g 
n'L\_j+W0n^^il+T a 

(1 ) 

wher e z_ i  i s th e assignmen t  o f  al l  Z k suc h tha t  k ^ i , 

and 'n_̂ J i s th e numbe r  o f  word s assigne d t o topi c 

j  tha t  ar e th e sam e a s Wi ,  n_\ j  i s th e tota l  numbe r 

of  word s assigne d t o topi c j ,  n i / ^  i s  th e numbe r 
of  word s from  documen t  d i  assigne d t o topi c  j ,  an d 

n^/ '  i s th e tota l  numbe r  o f  word s i n documen t  di ,  al l 
not  countin g th e assignmen t  o f  th e curren t  wor d Wi . 
a,  0  ar e free  parameter s tha t  determin e ho w heavil y 
thes e empirica l  distribution s ar e smoothed . 

The Mont e Carl o algorith m i s the n straightfor -
ward .  Th e Z i  ar e initialize d t o value s betwee n 1  an d 
T,  determinin g th e initia l  stat e o f  th e Marko v chain . 
The chai n i s the n ru n fo r  a  numbe r  o f  iterations , 
eac h tim e findin g a  ne w stat e b y samplin g eac h Z i 
from  th e distributio n specifie d b y Equatio n 1 .  Af -
te r  enoug h iteration s fo r  th e chai n t o approac h th e 
targe t  distribution ,  th e curren t  value s o f  th e Z i  ar e 
recorded .  Subsequen t  sample s ar e take n afte r  a n ap -
propriat e lag ,  t o ensur e tha t  thei r  autocorrelatio n i s 
low .  Gibb s samplin g i s use d i n eac h o f  th e followin g 
simulation s i n orde r  t o explor e th e consequence s o f 
thi s probabilisti c  approach . 

S i m u l a t i o n 1 : 

L e a r n i n g top ic s w i t h G i b b s s a m p l i n g 

Th e ai m o f  thi s simulatio n wa s t o establis h th e sta ^ 
tistica l  propertie s o f  th e samplin g procedur e an d t o 
qualitativel y asses s it s results ,  a s wel l  a s t o demon -
strat e tha t  complexitie s o f  languag e lik e polysem y 
and behaviora l  asymmetrie s ar e naturall y capture d 
by ou r  approach .  W e too k a  subse t  o f  th e T A S A 
corpu s (Landauer ,  Foltz ,  &  Laham ,  1998) ,  usin g th e 
454 4 word s tha t  occurre d bot h i n th e wor d associa -
tio n nor m dat a an d a t  leas t  1 0 time s i n th e complet e 
corpus ,  togethe r  wit h a  rando m se t  o f  500 0 docu -
ments .  Th e tota l  numbe r  o f  word s occurrin g i n thi s 
subse t  o f  th e corpus ,  an d henc e th e numbe r  o f  Z i  t o 
be sampled ,  wa s n  =  395853 .  W e se t  th e parame -
ter s o f  th e mode l  s o tha t  15 0 topic s woul d b e foun d 
( T =  150) ,  wit h a  =  0.1 ,  / ? =  0.01 . 

Th e initia l  stat e o f  th e Marko v chai n wa s estab -
lishe d wit h a n onlin e learnin g procedure .  Initially , 
non e o f  th e Wi  wer e assigne d t o topics .  Th e z ,  wer e 
the n sequentiall y  draw n accordin g t o Equatio n 1 
wher e eac h o f  th e frequencie s involved ,  a s wel l  a s W , 
reflecte d onl y th e word s tha t  ha d alread y bee n as -
signe d t o topics. ^  Thi s initiaUzatio n procedur e wa s 
use d becaus e i t  wa s hope d tha t  i t  woul d star t  th e 
chai n a t  a  poin t  clos e t o th e tru e posterio r  distribu -
tion ,  speedin g convergence . 

Ten run s o f  th e Marko v chai n wer e conducted , 
eac h lastin g fo r  200 0 iterations .  O n eac h iteratio n 
we compute d th e averag e numbe r  o f  topic s t o whic h 
a wor d wa s assigned ,  (k) ,  whic h wa s use d t o evaluat e 
th e samplin g procedur e fo r  larg e scal e propertie s o f 
th e representation .  Specifically ,  w e wer e concerne d 
abou t  convergenc e an d th e autocorrelatio n betwee n 
samples .  Th e rat e o f  convergenc e wa s assesse d usin g 
th e Gelman-Rubi n statisti c R ,  whic h remaine d be -
lo w 1. 2 afte r  2 5 iterations .  Th e autocorrelatio n wa s 
les s tha n 0. 1 afte r  a  la g o f  5 0 iterations . 

A singl e sampl e wa s draw n from  th e first  ru n o f  th e 
Marko v chai n afte r  200 0 iterations .  A  subse t  o f  th e 
150 topic s foun d b y th e mode l  ar e displaye d i n Tabl e 
1,  wit h word s i n eac h colum n correspondin g t o on e 
topic ,  an d ordere d b y th e frequency  wit h whic h the y 
wer e assigne d t o tha t  topic .  Th e topic s displaye d ar e 
not  necessaril y  th e mos t  interpretabl e foun d b y th e 
model ,  havin g bee n selecte d onl y t o highligh t  th e 
way i n whic h polysem y i s naturall y deal t  wit h b y 
thi s representation .  Mor e tha n 9 0 o f  th e 15 0 topic s 
appeare d t o hav e coheren t  interpretations. ^ 

Th e wor d associatio n dat a o f  Nelso n e t  al .  (1999 ) 
contai n a  numbe r  o f  asymmetrie s -  case s wher e peo -
pl e wer e mor e likel y t o produc e on e wor d i n respons e 
t o th e other .  Suc h asymmetrie s ar e har d t o ac -

*  A  detaile d derivatio n o f  th e conditiona l  probabilitie s 
use d her e i s give n i n a  technica l  repor t  availabl e a t 
bttp;//www-psych.Stanford.edu/'N'grufTydd/cog8ci02/lda.p 8 

^ R a n d o m number s use d i n al l  simulation s wer e gener -
ate d wit h th e Mersenn e Twister ,  whic h ha s a n extremel y 
dee p perio d (Matsumot o &  Nishimura ,  1998) . 

T h e 2 0 mos t  frequent  word s i n thes e topic s ar e liste d 
at  http://www-p8ych.8tanford.edu/-wgruffydd/cosaci02/topice.tx t 
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COLD 
WINTER 

WEATHER 
WARM 

SUMMER 
SUN WIND 

SNOW 
HOT 

CUMATE 
YEAR 
RAIN 
DAY 

SPRING 
LONG 
FALL 
HEAT 
ICE 
FEW 

GREAT 

TREES 
TREE 

FOREST 
LEAVES 

GROUND 
PINE 

GRASS 
LONG 
LEAF 
CUT 

WALK 
SHORT 
OAK 
FALL 

GRSBN 
FEET 
TALL 
GROW 

WOODS 
WOOD 

COLOR 
BLUE 
RED 

GRRRN 
LIK E 

WHITE 
BROWN 
BLACK 

YELLOW 
LIGHT 
BRIGHT 
DARK 
GRAY 
MADE 

LITTL E 
TURN 
WIDE 
SUN 

PURPLE 
PINK 

FIEL D 
CURRENT 
ELECTRIC 

ELECTRICITY 
TWO 
FLOW 
WIRE 

SWITCH 
TURN 
BULB 

BATTERY 
PATH 
CAN 
LOAD 

LIGHT 
RADIO 
MOVE 
LOOP 

DEVICE 
DIAGRAM 

GAME 
PLAY 
BALL 
TEAM 

PLAYING 
GAMES 

FOOTBALL 
BASEBALL 

FIEL D 
SPORl' S 
PLAYER 
COACH 
LIK E 
HIT 

TENNIS 
SPORT 

BASKETBALL 
LEAGUE 

FUN 
BAT 

ART 
MUSIC 
PLAY 
PART 
SING 
LIK E 

POETRY 
BAND 

WORLD 
RHYTHM 

POEM 
SONG 

LITERATURE 
SAY 

CHARACTER 
AUDIENCE 
THEATER 

OWN 
KNOWN 

TRAGEDY 

BODY 
BLOOD 
HEART 
MUSCLE 

FOOD 
OTHER 
BONE 
MADE 
SKIN 

TISSUE 
MOVE 

STOMACH 
PART 

OXYGEN 
THIN 

SYSTEM 
CHEST 
TIN Y 
FORM 
BEAT 

KINO 
GREAT 

SON 
LORDS 
QUEEN 

EMPEROR OWN 
PALACE 

DAY 
PRINCE 
LADY 

CASTLE 
ROYAL 
MAN 

MAGIC 
COURT 
HEART 
GOLDEN 
KNIGHT 
GRACE 

LAW 
RIGHTS 
COURT 

LAWS 
ACT 

LEGAL 
STATE 

PERSON 
CASE 

DECISION 
CRIME 

IMPORTANT 
JUSTICE 

FREEDOM 
ACTION 

OWN 
SET 

LAWYER 
YEARS 
FREE 

Tabl e 1 :  Nin e topic s fro m th e singl e sampl e i n Simulatio n 1 .  Eac h colum n show s 2 0 word s fro m on e topic , 
ordere d b y th e numbe r  o f  time s tha t  wor d wa s assigne d t o th e topic .  Adjacen t  column s shar e a t  leas t  on e 
word .  Share d word s ar e show n i n boldface ,  providin g som e clea r  example s o f  polysem y 

coim t  fo r  i n spatia l  representation s becaus e distanc e 
i s symmetric .  Th e generativ e structur e o f  ou r  mode l 
allow s u s t o calculat e Piwilwi) ,  th e probabilit y  tha t 
th e nex t  wor d see n i n a  nove l  contex t  wil l  b e iU2 , 
give n tha t  th e first  wor d wa s Wi .  Sinc e thi s i s a 
conditiona l  probability ,  i t  i s  inherentl y asymmetric . 
The asjrmmetrie s i n P(iy2|it;i )  predic t  77.47 % o f  th e 
asymmetrie s i n th e wor d associatio n norm s o f  Nel -
son e t  al .  (1999) ,  restricte d t o th e 454 4 word s use d 
i n th e simulation .  Thes e result s ar e drive n b y wor d 
frequency:  P{w2 )  shoul d b e clos e t o P{w2\wi) ,  an d 
77.32 % o f  th e asymmetrie s coul d b e predicte d b y th e 
frequency  o f  word s i n thi s subse t  o f  th e T A S A cor -
pus .  Th e sligh t  improvemen t  i n performanc e cam e 
from  case s wher e wor d frequencie s wer e ver y simila r 
or  polysem y mad e overal l  frequency  a  poo r  indicato r 
of  th e frequency  o f  a  particula r  sens e o f  a  word . 

Bipartite semantic networks 

The standard conception of a semantic network is 
a grap h wit h edge s betwee n wor d nodes .  Suc h a 
grap h i s unipartite :  ther e i s onl y on e typ e o f  node , 
and thos e node s ca n b e interconnecte d freely.  I n 
contrast ,  bipartit e graph s consis t  o f  node s o f  tw o 
types ,  an d onl y node s o f  differen t  type s ca n b e con -
nected .  W e ca n for m a  bipartit e semanti c networ k 
by introducin g a  secon d clas s o f  node s tha t  medi -
at e th e connection s betwee n words .  On e exampl e o f 
suc h a  networ k i s a  thesaurus :  word s ar e organize d 
topically ,  an d a  bipartit e grap h ca n b e forme d b y 
cormectin g word s t o th e topic s i n whic h the y occur , 
as illustrate d i n th e lef t  pane l  o f  Figur e 2 . 

Steyver s an d Tenenbau m (submitted )  discovere d 
tha t  bipartit e semanti c network s constructe d b y hu -
mans,  suc h a s tha t  correspondin g t o Roget' s (1911 ) 
Thesaurus ,  shar e th e statistica l  propertie s o f  unipar -
tit e semanti c networks .  I n particular ,  th e numbe r  o f 
topic s i n whic h a  wor d occurs ,  o r  th e degre e o f  tha t 
wor d i n th e graph ,  follow s a  powe r  la w distributio n 
as show n i n th e righ t  pane l  o f  Figur e 2 .  Thi s resul t 
i s reminiscen t  o f  Zipf' s  (1965 )  "la w o f  meaning" :  th e 

number  o f  meaning s o f  a  wor d follow s a  powe r  la w 
distribution .  Zipf' s la w wa s establishe d b y analyz -
in g dictionar y entries ,  bu t  appear s t o describ e th e 
same propert y o f  language . 

<k> =  1  6 9 

Figur e 2 :  T h e lef t  pane l  show s a  bipartit e semanti c 
network .  T h e righ t  show s th e degre e distributio n a 
networ k constructe d from  Roget' s Thesaurus . 

Our probabilistic approach specifies a probability 
distributio n ove r  th e allocatio n o f  word s t o topics .  I f 
we for m a  bipartit e grap h b y connectin g word s t o th e 
topic s i n whic h the y occur ,  w e obtai n a  probabilit y 
distributio n ove r  suc h graphs .  T h e existenc e o f  a n 
edg e betwee n a  wor d an d a  topi c indicate s tha t  th e 
wor d ha s s o m e significan t  probabilit y  o f  occurrin g i n 
tha t  topic .  I n th e followin g simulations ,  w e explor e 
whethe r  th e distributio n ove r  bipartit e graph s re -
sultin g from  ou r  approac h i s consisten t  wit h th e sta r 
tistica l  propertie s o f  Roget' s Thesauru s an d Zipf' s 
la w o f  meaning .  I n particular ,  w e examin e whethe r 
we obtai n structure s tha t  hav e a  powe r  la w degre e 
distribution . 

Simulation 2: 

P o w e r  l a w d e g r e e distribution s 

We use d Gibb s samplin g t o obtai n sample s from 
th e posterio r  distributio n o f  th e Z j  fo r  tw o word -
document  co-occurrenc e matrices :  th e matri x wit h 
th e 454 4 word s from  th e wor d associatio n norm s 
use d i n Simulatio n 1 ,  an d a  secon d matrb c usin g 
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Figur e 3 :  Degre e distribution s fo r  network s constructe d i n Simulation s 2  a n d 3 .  Al l  ar e o n th e s a m e axes . 

454 4 word s d r a w n a t  r a n d o m f ro m thos e occurrin g 
at  leas t  1 0 time s i n th e T A S A corpu s ( n =  164401) . 
B o t h matrice s use d th e s a m e 500 0 r a n d o m docu -
ments .  Fo r  eac h matrix ,  10 0 sample s wer e take n 
wit h T  =  50,100,150,20 0 a n d 250 .  Sinc e th e re -
sult s seeme d unaffecte d b y th e n u m b e r  o f  topics ,  w e 
wil l  focu s o n T  =  50,150,250 .  Te n sample s wer e 
obtaine d i n eac h o f  1 0 separat e run s wit h a  burn-i n 
of  100 0 iteration s i n whic h n o sample s wer e drawn , 
and a  between-sampl e la g o f  10 0 iterations . 

For  eac h sample ,  a  bipartit e semanti c networ k wa s 
constructe d b y connectin g word s t o th e topic s t o 
whic h the y wer e assigned .  Fo r  eac h network ,  th e 
degre e o f  eac h wor d nod e wa s average d ove r  th e 10 0 
samples.' *  Th e resultin g distribution s wer e clearl y 
power-law ,  a s show n i n Figur e 3 .  Th e 7  coefficient s 
remaine d withi n a  smal l  rang e an d wer e al l  clos e 
t o 7  =  —3.6 5 fo r  Roget' s Thesaurus .  A s i s t o b e 
expected ,  th e averag e degre e increase d a s mor e top -
ic s wer e mad e available ,  an d wa s generall y highe r 
tha n Roget's .  Semanti c network s i n whic h edge s ar e 
adde d fo r  eeic h assignmen t  ten d t o b e quit e densel y 
cormected .  Sparse r  network s ca n b e produce d b y 
settin g a  mor e conservativ e threshol d fo r  th e inclu -
sio n o f  a n edge ,  suc h a s multipl e assignment s o f  a 
wor d t o a  topic ,  o r  exceedin g som e baselin e proba ^ 
bilit y  i n th e distributio n represente d b y tha t  topic . 

Our  probabilisti c  approac h produce s powe r  la w 
degre e distributions ,  i n thi s cas e indicatin g tha t  th e 
number  o f  topic s t o whic h a  wor d i s assigne d follow s 
a powe r  law .  Thi s resul t  i s ver y simila r  t o th e prop -
ertie s o f  Roget' s Thesauru s an d Zipf' s observation s 
abou t  dictionar y definitions .  Thi s provide s a n op-

*  Sinc e powe r  la w distribution s ca n b e produce d b y av -
eragin g exponentials ,  w e als o inspecte d individua l  sam -
ple s t o confir m tha t  the y ha d th e sam e characteristics . 

portunit y t o establis h th e origi n o f  thi s distribution , 
t o se e whethe r  i t  i s  a  consequenc e o f  th e modelui g 
approac h o r  a  basi c propert y o f  language . 

Simulation 3: 

O r i g i n s o f  t h e p o w e r  l a w 

To investigat e th e origin s o f  th e powe r  law ,  w e first 
establishe d tha t  ou r  initializatio n procedur e wa s no t 
responsibl e fo r  ou r  results .  Usin g T  =  15 0 an d th e 
matri x wit h rando m words ,  w e obtaine d 10 0 sample s 
of  th e degre e distributio n immediatel y followin g ini -
tialization .  A s ca n b e see n i n Figur e 3 ,  thi s produce d 
a curve d log-lo g plo t  an d highe r  value s o f  7  an d (fc ) 
tha n i n Simulatio n 2 . 

Th e remainin g analyse s employe d variant s o f  thi s 
co-occurrenc e matrix ,  an d thei r  result s ar e als o pre -
sente d i n Figur e 3 .  Th e first  varian t  kep t  wor d fre -
quenc y constant ,  bu t  assigne d instance s o f  word s t o 
document s a t  random ,  disruptin g th e co-occurrenc e 
structure .  Interestingly ,  thi s appeare d t o hav e onl y 
a wea k effec t  o n th e results ,  althoug h th e curva -
tur e o f  th e resultin g plo t  di d increase .  Th e secon d 
varian t  force d th e frequencies  o f  al l  word s t o b e a s 
clos e a s possibl e t o th e media n frequency.  Thi s wa s 
don e b y dividin g al l  entrie s i n th e matri x b y th e 
frequency  o f  tha t  word ,  multiplyin g b y th e media n 
frequency,  an d roundin g t o th e neares t  integer .  T h e 
tota l  numbe r  o f  instance s i n th e resultin g matri x wa s 
n =  156891 .  Thi s manipulatio n reduce d th e aver -
age densit y i n th e resultin g grap h considerably ,  bu t 
th e distributio n stil l  appeare d t o follo w a  powe r  law . 
Th e thir d varian t  hel d th e numbe r  o f  document s i n 
whic h a  wor d participate d constant .  W o r d frequen-
cie s wer e onl y weakl y affecte d b y thi s manipulation , 
whic h sprea d th e instance s o f  eac h wor d uniforml y 
ove r  th e to p five  document s i n whic h i t  occurre d 
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and the n rounde d u p t o th e neares t  integer ,  givin g 
n =  174615 .  Fiv e wa s th e media n numbe r  o f  docu -
ment s i n whic h word s occurred ,  an d document s wer e 
chose n a t  rando m fo r  word s belo w th e median .  Thi s 
manipulatio n ha d a  stron g effec t  o n th e degre e dis -
tribution ,  whic h wa s n o longe r  powe r  law ,  o r  eve n 
monotonicall y decreasing . 

Th e distributio n o f  th e numbe r  o f  topic s i n whic h 
a wor d participate s wa s strongl y affecte d b y th e dis -
tributio n o f  th e numbe r  o f  document s i n whic h a 
wor d occurs .  Examinatio n o f  th e latte r  distributio n 
i n th e T A S A corpu s reveale d tha t  i t  follow s a  powe r 
law .  Ou r  approac h produce s a  powe r  la w degre e dis -
tributio n becaus e i t  accuratel y capture s th e natura l 
statistic s o f  thes e data ,  eve n a s i t  construct s a  lower -
dimensiona l  representation . 

General Discussion 

We hav e take n a  probabilisti c  approac h t o th e prob -
le m o f  semanti c representation ,  motivate d b y con -
siderin g th e functio n o f  associativ e semanti c m e m-
ory .  W e assum e a  generativ e mode l  wher e th e word s 
tha t  occu r  i n eac h contex t  ar e chose n fro m a  smal l 
number  o f  topics .  Thi s approac h produce s a  lower -
dimensiona l  representatio n o f  a  word-documen t  co -
occurrenc e matrix ,  an d explicitl y  model s th e fre -
quencie s i n tha t  matri x a s probabilit y  distributions . 
Simulatio n 1  showe d tha t  ou r  approac h coul d ex -
trac t  coheren t  topics ,  an d naturall y dea l  wit h issue s 
lik e polysem y an d asymmetrie s tha t  ar e har d t o ac -
coun t  fo r  i n spatia l  representations .  I n Simulatio n 2 , 
we showe d tha t  thi s probabilisti c  approac h wa s als o 
capabl e o f  producin g representation s wit h a  large -
scal e structur e consisten t  wit h semtinti c network s 
constructe d fro m huma n data .  I n particular ,  th e 
nimibe r  o f  topic s t o whic h a  wor d wa s assigne d fol -
lowe d a  powe r  la w distribution ,  a s i n Roget' s (1911 ) 
Thesauru s an d Zipf' s (1965 )  la w o f  meaning .  I n Sim -
ulatio n 3 ,  w e discovere d tha t  th e onl y manipulatio n 
tha t  woul d remov e th e powe r  la w wa s alterin g th e 
number  o f  document s i n whic h word s participate , 
whic h follow s a  powe r  la w distributio n itself . 

Steyver s an d Tenenbau m (submitted )  suggeste d 
tha t  powe r  la w distribution s i n languag e migh t  b e 
trace d t o som e kin d o f  growt h process .  Ou r  result s 
indicat e tha t  thi s growt h proces s nee d no t  b e a  par t 
of  th e learnin g algorithm ,  i f  th e algorith m i s faith -
fu l  t o th e statistic s o f  th e data .  Whil e w e wer e abl e 
t o establis h th e origin s o f  th e powe r  la w distribu -
tio n i n ou r  model ,  th e growt h processe s describe d b y 
Steyver s an d Tenenbau m migh t  contribut e t o under -
standin g th e origin s o f  th e powe r  la w distributio n i n 
dictionar y meanings ,  thesauru s topics ,  an d th e num -
ber  o f  docvunent s i n whic h word s participate . 

Th e representatio n learne d b y ou r  probabilisti c 
approac h i s no t  explicitl y  a  representatio n o f  words , 
i n whic h eac h wor d migh t  b e describe d b y som e se t  o f 
features .  Instead ,  i t  i s  a  representatio n o f  th e prob -
abilisti c  relationship s betwee n words ,  a s expresse d 

by thei r  probabilitie s o f  arisin g i n differen t  contexts . 
We ca n easil y comput e importan t  statistica l  quan -
titie s fro m thi s representation ,  suc h a s P{w2\wi) , 
th e probabilit y  o f  w ^  arisin g i n a  particula r  contex t 
give n tha t  w i  wa s observed ,  an d mor e complicate d 
conditiona l  probabilities .  O n e advantag e o f  a n ex -
plicitl y  probabilisti c  representatio n i s tha t  w e gai n 
th e opportunit y t o incorporat e thi s representatio n 
int o othe r  probabilisti c  models .  I n particular ,  w e 
see grea t  potentia l  fo r  usin g thi s kin d o f  represen -
tatio n i n understandin g th e broade r  phenomen a o f 
human memory . 
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Abstrac t 

Participants were trained to use one of two different 
strategie s i n a n orientatio n task ,  whic h wer e base d o n 
verba l  report s fro m participant s i n anothe r  experiment . 
The dat a provid e suppor t  fo r  th e conclusio n tha t 
participant s i n th e tw o trainin g condition s searche d th e 
scree n differentl y t o complet e th e task ,  bu t  tha t  neithe r 
grou p use d menta l  transformation s lik e imag e rotation . 
Thes e result s hav e implication s fo r  researc h i n thi s are a 
as wel l  a s fo r  conceptualizin g ho w individual s perfor m 
suc h tasks .  A  compariso n o f  th e result s fro m th e tw o 
strateg y condition s i s mad e base d o n a n ACT- R mode l 
of  on e o f  them .  Smal l  difference s i n ho w informatio n o n 
th e scree n i s  scanne d ca n produc e th e observe d 
difference s i n performance . 

Introduction 

Th e coordinatio n o f  differen t  view s o f  spac e i s a 
fundamenta l  tas k i n h u m a n functioning .  A n everyda y 
exampl e o f  i t  involve s determinin g whic h w a y t o tur n a t 
an intersectio n b y using  a  m a p .  Th e visua l  scen e 
present s on e vie w o f  th e spac e (egocentric) ,  whil e th e 
m ap present s a n alternativ e representotio n (allocentric) . 
I n orde r  t o accuratel y decid e whic h w a y t o go ,  i t  i s 
necessar y t o brin g thes e tw o view s o f  th e spac e int o 
correspondence .  O f  course ,  wit h a  physica l  m a p i t  m a y 
be possibl e t o actuall y rotat e i t  t o alig n i t  wit h you r  o w n 
orientation .  I n othe r  situations ,  menta l  transformation s 
m ay nee d t o b e don e i n orde r  t o coordinat e thes e view s 
t o mak e accurat e decisions . 

On a  continuu m o f  reasonin g abou t  orientatio n withi n 
a space ,  decidin g whethe r  th e correc t  tur n i s lef t  o r  righ t 
i s a  fairl y straightforwar d task .  Still ,  researc h o n thi s 
issu e ha s show n tha t  i t  become s increasingl y difficul t  t o 
perfon n a s a  fimctio n o f  th e differenc e i n orientatio n 
betwee n th e tw o view s o f  spac e (Shepar d an d Hurwitz , 
1984) .  Th e phenomeno n bear s a  stron g resemblanc e t o 
finding s i n th e menta l  rotatio n literatur e (Shepar d an d 
Metzler ,  1971 )  wher e th e tim e neede d t o determin e tha t 
tw o object s ar e identica l  increase s linearl y a s a  functio n 
of  th e angula r  disparit y betwee n them .  Thes e fmding s 
hav e bee n use d t o suppor t  th e conclusio n tha t 
performanc e i n orientatio n task s involve s analo g menta l 
rotatio n o f  menta l  images .  Note ,  however ,  tha t  th e tas k 

o f  coordinatin g view s o f  spac e add s a  laye r  o f 
complexit y t o th e traditiona l  menta l  rotatio n task .  I n a 
spatia l  orientatio n task ,  th e informatio n i s presente d i n 
tw o differen t  formats .  Thus ,  decidin g whethe r  th e 
visua l  scen e matche s th e informatio n o n th e m a p 
require s additiona l  reasonin g beyon d th e imag e 
transformation . 

I n a n importan t  serie s o f  experiments ,  Hintzman , 
O'Dell ,  an d A m d t  (1981 )  ha d participant s perfor m 
orientatio n task s i n a  variet y o f  ways .  I n th e basi c task , 
participant s ha d t o indicat e th e directio n o f  a  targe t 
relativ e t o a  give n orientation .  Figur e 1  show s th e 
orientatio n tas k use d i n th e experimen t  presente d here . 
I n thi s figure,  th e lef t  sid e represent s th e targe t  field  a s 
viewe d from a  camer a (o n a  plan e abov e th e field)  an d 
th e darkene d circl e indicate s th e target .  Th e right  sid e 
represent s a  map-vie w wit h th e targe t  field  a t  th e center . 
Th e arro w o n tha t  sid e show s th e camera' s orientatio n 
fo r  viewin g th e targe t  field.  Participant s ar e aske d t o 
indicat e i n whic h cardina l  directio n th e targe t  i s  locate d 
relativ e t o th e cente r  o f  th e targe t  field.  I n th e sampl e 
tria l  i n Figur e 1 ,  th e correc t  respons e i s South .  T h e 
genera l  findin g i s tha t  decision s fo r  target s i n lin e wit h 
th e assume d orientatio n ar e m a d e mor e rapidly ,  an d 
respons e time s fo r  othe r  target s increas e a s the y depar t 
from  th e neares t  poin t  immediatel y i n front  o f  th e 
viewpoint .  Althoug h no t  explicitl y  addresse d b y 
Hintzman ,  e t  al. ,  thi s increas e i n respons e tim e i s no t 
strictl y  linear .  I n addition ,  n o evidenc e wa s presente d i n 
thei r  stud y abou t  h o w participant s claime d t o b e 
performin g th e task . 

I n orde r  t o investigat e wha t  factor s influenc e 
performanc e o n thi s task ,  w e aske d participant s t o 
complet e th e tas k an d the n questione d the m a s t o th e 
manner  i n whic h the y solve d it .  Whil e w e wil l  no t  g o 
int o detai l  abou t  thi s experiment ,  th e dat a ar e presente d 
belo w an d bea r  a  stron g resemblanc e t o result s from 
simila r  studies ,  includin g Hintzman ,  e t  al .  (1981) . 
However ,  b y  questionin g participant s afte r  the y ha d 
complete d th e experiment ,  w e discovere d tha t 
participant s wer e usin g a t  leas t  tw o distinc t  strategie s t o 
d o th e task .  S o m e participant s claime d t o b e 
implementin g a  strateg y tha t  incorporate d imager y an d 
menta l  rotatio n t o determin e correc t  responses . 
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H o w e v e r ,  othe r  participant s indicate d tha t  the y use d a 
differen t  strateg y altogether ,  o n e tha t  di d no t  d e p e n d o n 
menta l  imager y o r  menta l  rotatio n a t  all . 
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Figur e 1 :  S a m p l e tria l  fo r  th e orientatio n task . 

In the imagery-based strategy, participants reported 
fo rm in g a n angl e connectin g th e c a m e r a t o th e targe t  i n 
th e c a m e r a v i e w wit h th e verte x a t  th e cente r  o f  th e 
targe t  fiel d ( a 13 5 degre e angl e i n Figur e 1) .  Th i s angl e 
w a s the n mentall y transforme d t o lin e i t  u p wit h th e 
positio n o f  th e c a m e r a o n th e m a p v iew .  A  secon d 
g r o u p o f  th e participant s s impl y counte d aroun d th e 
targe t  fiel d t o A e targe t  o n th e c a m e r a v i e w ( 3 i n Figur e 
1 ) ,  a n d the n coimte d tha t  n u m b e r  o f  step s f ro m th e 
camera ' s positio n i n th e appropriat e directio n o n th e 
m ap view . 

Bot h strategie s ar e equall y effectiv e an d vali d fo r 
doin g th e task ,  bu t  on e depend s o n menta l  imager y 
whil e th e othe r  doe s not .  I n addition ,  th e verba l  report s 
indicat e tha t  fe w o f  th e participant s treate d th e tas k a s 
an orientatio n task .  Rather ,  th e strategie s the y reporte d 
sugges t  tha t  the y treate d th e tas k mor e lik e a  traditiona l 
menta l  rotatio n experiment .  Tha t  is ,  participant s 
effectivel y eliminate d th e adde d leve l  o f  complexit y 
introduce d b y havin g differen t  representation s o f  th e 
informatio n b y selectin g strategie s tha t  bypasse d th e 
nee d t o conside r  them .  Thi s findin g cast s som e doub t 
on som e previou s explanation s fo r  performanc e o n 
simila r  tasks .  Th e experimen t  presente d i n detai l  belo w 
was conducte d t o furthe r  investigat e th e implication s o f 
thes e strategies ,  b y trainin g participant s t o perfor m th e 
tas k usin g eithe r  th e imagery-base d "angle "  strateg y o r 
th e mor e analyti c "counting "  strategy . 

Experiment 

Previou s researc h aime d a t  addressin g performanc e 
on task s simila r  t o th e on e presente d her e hav e base d 
explanation s largel y o n menta l  imager y an d menta l 
rotatio n (Shepar d an d Hurwitz ,  1984 ;  Hintzman ,  e t  al. , 
1981) ,  thoug h Hintzma n e t  al .  d o conside r  a  sequentia l 

scarmin g explanation .  However ,  al l  thes e explanation s 
fai l  t o accoun t  fo r  som e o f  th e mor e subtl e aspect s o f 
th e dat a an d ignor e th e potentia l  fo r  differen t 
approache s t o th e task .  Th e experimen t  presente d her e 
examine s strategi c difference s i n a n orientatio n tas k 
tha t  i s simila r  t o thos e use d b y Hintzman ,  e t  a l  (1981) . 

I f  th e strategie s wer e t o b e implemente d accordin g t o 
th e description s provide d t o participants ,  ther e shoul d 
be clea r  difference s i n performanc e betwee n th e tw o 
strateg y conditions .  Fo r  th e countin g strategy ,  th e 
positio n o f  th e targe t  relativ e t o th e camer a shoul d 
greatl y influenc e respons e times .  Tha t  is ,  respons e tim e 
shoul d increas e linearl y a s a  functio n o f  th e amoun t  o f 
th e countin g tha t  need s t o b e done .  However ,  th e 
locatio n o f  th e camer a i n th e m a p vie w shoul d hav e n o 
impac t  o n performance ,  sinc e th e strateg y ca n b e 
implemente d identicall y regardles s o f  th e camera' s 
positio n i n th e m a p view .  Th e angl e strateg y make s th e 
opposit e se t  o f  predictions .  Respons e tim e shoul d b e 
unaffecte d b y th e target' s location ,  sinc e th e angl e t o b e 
forme d i s simila r  i n complexit y regardles s o f  th e 
target' s positio n i n th e camer a view .  However ,  th e 
degre e o f  rotatio n tha t  need s t o b e don e depend s o n th e 
camera' s positio n i n th e m a p view ,  suggestin g tha t 
respons e time s shoul d increas e linearl y a s a  functio n o f 
th e camera' s positio n relativ e t o th e botto m o f  th e 
screen . 

Method 

Th e experimenta l  tas k wa s base d bot h o n th e 
experimenta l  tas k use d b y Hintzman ,  e t  a l  (1981 )  a s 
wel l  a s o n a n unmanne d ai r  vehicl e ( U A V )  fligh t 
simulato r  use d b y th e Ai r  Forc e fo r  trainin g U A V pilot s 
(se e Gugerty ,  e t  al ,  2000 ;  Figur e 1) .  Th e displa y 
consiste d o f  tw o stati c views ,  a n egocentri c "camera " 
vie w o f  a  targe t  field ,  an d a n allocentri c "map "  view . 
Th e targe t  fiel d wa s i n th e cente r  o f  th e m a p view ,  an d 
th e perspectiv e o f  th e camer a wa s identifie d wit h a n 
arro w (th e right  hal f  o f  Figur e 1) .  Th e targe t  field  wa s a 
circle ,  containin g eigh t  object s equall y space d a t  4 5 
degre e interval s o n th e circl e (th e lef t  portio n o f  Figur e 
1) ,  wit h on e o f  the m highlighte d i n re d t o identif y  i t  a s 
th e target .  Participant s wer e aske d t o indicat e i n whic h 
cardina l  directio n th e targe t  wa s locate d relativ e t o th e 
targe t  field's  center .  Response s wer e mad e usin g th e 
number  pa d o n th e keyboard . 

Afte r  bein g introduce d t o th e experimenta l  task , 
participant s wer e traine d t o complet e th e tas k usin g 
eithe r  th e angl e o r  countin g strateg y (n=1 6 pe r 
condition) .  The y firs t  rea d a  brie f  descriptio n o f  th e 
strategy ,  an d the n wer e show n h o w th e strateg y applie d 
t o a  sampl e trial .  Afte r  that ,  participant s complete d 1 6 
paper-base d practic e trial s i n rando m order .  I n thes e 
practic e trials ,  participant s wer e aske d t o explicitl y 
demonstrat e us e o f  th e strateg y the y ha d bee n taugh t  b y 
labelin g the m appropriatel y base d o n th e strateg y the y 
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ha d bee n taugh t  I n th e countin g strateg y condition , 
participant s wer e taugh t  t o us e positiv e lumber s fo r 
target s o n th e lef t  (clockwis e from  th e camera) ,  an d 
negativ e number s fo r  target s o n th e righ t 
(counterclockwise) .  Participant s i n angl e strateg y 
conditio n wer e instructe d t o not e th e directio n i n whic h 
th e angl e "opened" .  Feedbac k wa s give n o n eac h o f  th e 
practic e trial s b y th e experimenter . 

Afte r  training ,  participant s complete d 4  block s o f 
trial s o n th e computer .  Eac h bloc k include d al l  6 4 
possibl e trial s i n rando m order .  A  dropou t  procedur e 
was use d suc h tha t  i f  a n erro r  wa s m a d e o n on e o f  th e 
trial s  i t  wa s presente d agai n late r  i n th e block .  Durin g 
thi s phas e o f  th e experimen t  feedbac k wa s stil l  give n 
afte r  eac h trial ,  includin g wha t  th e correc t  answe r  wa s 
i n case s wher e participant s m a d e a n error . 

Results 

Th e result s fo r  th e origina l  experimen t  an d th e tw o 
trainin g condition s i n thi s experimen t  ar e presente d i n 
Figure s 2  an d 3 .  I n Figur e 2 ,  respons e tim e i s plotte d a s 
a functio n o f  th e target' s clockwis e deviatio n from  th e 
camera .  Th e number s correspon d t o th e measur e o f  th e 
clockwis e ar c from  th e camer a positio n t o th e targe t  o n 
th e targe t  fiel d i n th e camer a view .  I n Figur e 3 ,  th e dat a 
ar e presente d a s a  ftinction  o f  th e locatio n o f  th e camer a 
relativ e t o th e targe t  fiel d i n th e m a p view .  I n th e 
sampl e tria l  show n i n Figur e 1 ,  th e targe t  angl e i s 13 5 
an d th e camera' s locatio n i s N E .  O n e aspec t  o f  th e dat a 
tha t  shoul d b e immediatel y apparen t  from  thes e graph s 
i s tha t  performanc e w a s symmetrica l  i n term s o f  lef t 
and right  position s o f  bot h th e camer a an d th e target .  I n 
addition ,  respons e time s wer e somewha t  faste r  i n thi s 
experimen t  tha n i n th e first  one .  Thi s m a y b e a  resul t  o f 
th e trainin g give n i n thi s experiment ,  whic h participant s 
i n th e first  experimen t  di d no t  receive . 

Finally ,  th e trainin g condition s use d i n thi s 
experimen t  see m t o separat e ou t  tw o component s o f  th e 
dat a from  th e first  experimen t  i n term s o f  th e effec t  o f 
th e target' s position .  Specifically ,  dat a produce d b y 
participant s usin g th e countin g strateg y increas e 
linearl y wit h th e target' s angula r  deviatio n from  th e 
camera .  I n contrast ,  th e dat a produce d b y participant s 
usin g th e angl e strateg y sho w a  scallope d effect ,  wit h 
no differenc e betwee n 4 5 an d 9 0 degree s (o r  31 5 an d 
27 0 degrees) .  Th e dat a from  th e origina l  experimen t 
sho w evidenc e o f  a  combinatio n o f  bot h trends .  Thi s 
suggest s tha t  averagin g dat a ove r  al l  participant s m a y 
not  provid e a  complet e stor y o f  th e effect s i n thi s task . 

At  th e highes t  leve l  o f  abstraction ,  ther e w a s n o mai n 
effec t  o f  strateg y conditio n i n averag e respons e time , 
F(l,210)=0.233,p=.63 ,  suggestin g tha t  a t  a  globa l  leve l 
bot h strategie s wer e equall y effectiv e fo r  completin g 
th e task .  O n e ha s t o b e struc k b y th e overal l  similarit y 
of  th e result s betwee n th e tw o strateg y condition s an d 
thei r  clos e relatio n t o th e result s from  th e first  smdy . 

give n tha t  participant s wer e taugh t  quit e differen t  way s 
of  doin g th e task .  Despit e th e overal l  similarity ,  ther e 
was a  significan t  interactio n betwee n th e strategie s an d 
th e particula r  targe t  angle ,  F(7,210)=3.534,p<.02 ,  a s 
wel l  a s betwee n th e strategie s an d th e camer a angle , 
E(7,210)=3.810,p=.01 .  Lookin g a t  Figur e 2 ,  respons e 
time s wer e highe r  fo r  participant s usin g th e angl e 
strateg y w h e n th e targe t  wa s directl y i n front  o f  th e 
camer a o r  w h e n i t  w a s 4 5 degree s t o th e right  o r  left .  I n 
term s o f  camer a angle ,  Figur e 3  show s tha t  participant s 
traine d t o us e th e angl e strateg y exhibi t  relativel y 
longe r  latencie s w h e n th e camer a i s locate d i n a 
northerl y position . 
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Figur e 2 :  R e s p o n s e t im e (sec )  a s a  fvmctio n o f  th e 
target' s position . 
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Figure 3: Response time (sec) as a function of the 
camera' s position . 

Discussion 

Base d upo n th e data ,  i t  i s  clea r  tha t  participant s wer e 
not  executin g th e strategie s precisel y accordin g t o th e 
instruction s provided .  I n fact ,  onl y on e o f  th e 
prediction s i s clearl y born e ou t  i n th e data .  Specifically , 
respons e time s increase d linearl y a s a  fimction  o f  th e 
exten t  o f  countin g fo r  participant s traine d t o us e th e 
countin g strategy .  However ,  thes e participant s stil l 
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showe d a  smal l  cfTec t  o f  th e camera' s location .  I n 
addition ,  dat a fro m participant s traine d t o us e th e angl e 
strateg y showe d a  discontinuou s effec t  o f  bot h th e 
camera' s positio n an d th e target' s relativ e position . 

Th e mos t  curiou s resul t  i s  th e effec t  o f  th e target' s 
positio n relativ e t o th e camer a i n th e angl e strategy . 
That  is ,  th e descriptio n o f  th e angl e strateg y predict s n o 
increas e i n respons e tim e a s a  functio n o f  th e target' s 
location .  However ,  a n increas e doe s occur ,  an d i t  i s 
complicate d b y th e discontinuit y a t  9 0 an d 27 0 degrees . 
Thi s finding ,  i n particular ,  cast s doub t  o n th e clai m tha t 
participant s wer e usin g menta l  rotatio n a t  ai l  i n 
performin g thi s task .  I n particular ,  i t  i s  har d t o imagin e 
h o w a n imagery-base d strateg y ca n accoun t  fo r  thi s 
particula r  effec t  withou t  resortin g t o specialize d 
mechanism s relatin g t o imaginin g and/o r  manipulatin g 
90-dcgre c angles .  Researc h doc s sugges t  tha t  cognitiv e 
representation s o f  spac e ten d t o distor t  angle s t o b e 
close r  t o 9 0 degree s (Glicksohn ,  1984) ,  an d als o 
indicate s tha t  horizonta l  an d vertica l  line s ar e preferre d 
i n visua l  perceptio n (4 S an d 13 5 degre e angle s involv e 
obliqu e angles ;  Cecal a an d Gamer ,  1986) .  Still ,  i t  i s no t 
clea r  h o w thi s shoul d hav e suc h a  larg e impac t  o n th e 
abilit y  t o manipulat e o r  creat e menta l  image s o f  angle s 
of  variou s sizes .  A  mor e likel y explanatio n i s tha t  th e 
difference s i n performanc e betwee n th e tw o strateg y 
condition s aris e fro m smal l  difference s i n h o w th e 
scree n wa s scanne d b y participant s a s a  resul t  o f  thei r 
training ,  rathe r  tha n becaus e o f  difference s i n higher -
leve l  cognitiv e operation s o n th e information . 

I n th e countin g strategy ,  th e linearit y o f  th e target -
positio n effec t  suggest s tha t  participant s wer e indee d 
countin g fix) m th e camera' s positio n t o fin d th e target . 
Th e smal l  effec t  o f  th e camera' s position ,  however , 
indicate s tha t  th e strateg y wa s no t  bein g implemente d 
exactl y accordin g t o th e instructions .  W e believ e tha t 
participant s encode d th e locatio n o f  th e targe t  a s bein g 
t o th e "left "  o r  "right "  o f  th e camera ,  rathe r  tha n a s 
"clockwise "  o r  "counterclockwise" .  Whil e thi s i s a 
smal l  differenc e i n encoding ,  i t  doe s hav e implication s 
fo r  locatin g th e targe t  o n th e m a p view .  I f  a  targe t 
locatio n i s encode d a s clockwise ,  th e m a p vie w ca n b e 
scanne d i n a  clockwis e directio n regardles s o f  wher e 
th e camer a i s located .  However ,  i f  th e locatio n o f  th e 
targe t  i s represente d a s "left "  instead ,  th e correc t 
scannin g directio n i s "right "  whe n scannin g fro m N W , 
N,  o r  N E .  So ,  wheneve r  participant s searc h th e scree n 
fro m on e o f  thes e locations ,  extr a cognitiv e step s ar e 
neede d t o mak e sur e tha t  th e scree n i s scanne d i n th e 
^propnat e direction . 

A n exampl e shoul d clarif y h o w w e believ e th e 
countin g strateg y wa s implemente d b y participants .  Fo r 
thi s purpose ,  conside r  th e tria l  presente d i n Figur e 1 . 
We believ e tha t  coimtin g participant s woul d begi n thi s 
tria l  b y locatin g th e targe t  o n th e camer a vie w an d 
encodin g i t  a s "3-lefl" .  A t  tha t  point ,  the y woul d find 

th e camera' s locatio n o n th e m a p view .  Sinc e th e 
camer a i s locate d a t  N E ,  th e correc t  searc h directio n i s 
actuall y "right" ,  s o a n extr a operatio n i s neede d t o 
conver t  th e directio n o f  scanning .  Then ,  th e scree n ca n 
be scanne d t o locat e East ,  an d th e coun t  ca n the n b e 
incremented .  Then ,  Southeas t  ca n b e found ,  an d th e 
coun t  incremente d again ,  followe d b y Sout h an d th e 
final  incremen t  i n th e coun t  sequence .  A t  thi s point , 
participant s hav e locate d th e answe r  an d ca n issu e thei r 
respons e b y pressin g th e "2 "  ke y o n th e numbe r  pa d 
(key s wer e assigne d t o correspon d t o th e layou t  o f 
cardina l  location s o n th e screen) . 

Give n tha t  participant s usin g thi s strateg y produce d 
dat a tha t  wer e largel y i n lin e wit h prediction s an d th e 
result s wer e simila r  t o th e othe r  condition ,  w e decide d 
t o develo p a  mode l  fo r  th e countin g strategy .  Thi s i s a 
first  ste p t o a n overal l  mode l  fo r  th e task ,  whic h wil l 
involv e som e mixtur e o f  strategies . 

ACT-R Model 

Th e A C T - R theor y (Anderso n an d Lebiere ,  1998 ) 
provide s a n architectur e i n whic h th e propose d 
mechanism s ca n b e implemente d t o determin e h o w wel l 
the y fit  wit h th e data .  I n addition ,  A C T - R n o w 
incorporate s a  theor y o f  perceptual-moto r  action , 
allowin g i t  t o interac t  directl y wit h th e experimenta l 
softwar e (Byrn e an d Anderson ,  1998) .  I n thi s way ,  a n 
A C T - R mode l  ca n participat e i n th e experimen t  exactl y 
as thoug h i t  wer e a  participan t  b y gatherin g informatio n 
fi-om  th e scree n usin g visua l  perception ,  operatin g o n 
tha t  informatio n withi n it s cognitiv e system ,  an d issuin g 
a respons e b y sendin g command s t o it s moto r  module . 
Thi s integratio n mean s tha t  al l  aspect s o f  performanc e 
ar e considere d i n th e model' s performance . 

Model Design 

Ther e i s certainl y a  larg e degre e o f  overla p betwee n 
th e tw o strateg y conditions .  I n particular ,  th e detail s o f 
gatherin g informatio n an d issuin g response s i n th e tas k 
ar e assume d t o b e largel y th e sam e fo r  bot h strategies . 
Thus ,  b y understandin g h o w participant s execute d on e 
of  th e strategie s i t  wil l  b e easie r  t o understan d h o w 
participant s i n th e othe r  conditio n m a y hav e performe d 
th e task .  Towar d tha t  end ,  a  mode l  o f  th e coimtin g 
strateg y ha s bee n implemente d an d i s describe d next .  I n 
th e conclusion ,  w e wil l  describ e h o w w e believ e th e 
behavio r  o f  participant s traine d t o us e th e angl e strateg y 
m ay hav e differe d t o produc e th e observe d results . 

W h en a  ne w tria l  i s  presente d t o th e model ,  it s  first 
actio n i s t o searc h fo r  th e locatio n o f  a  re d objec t  o n th e 
lef t  sid e o f  th e screen .  It s locatio n i s encode d a s bein g 
lef t  o r  right  o f  th e camer a an d a s a n intege r  valu e fro m 
0 t o 4  t o defin e it s distanc e ft-om  th e camera .  Then ,  th e 
model  finds  th e locatio n o f  th e camer a o n th e m a p vie w 
and shift s  it s attentio n t o tha t  location . 
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Sinc e i t  i s hypothesize d tha t  th e locatio n o f  th e targe t 
i s encode d a s lef t  o r  right  rathe r  tha n clockwis e o r 
counterclockwise ,  th e mode l  need s t o alte r  it s  scannin g 
directio n whe n th e camer a i s i n th e N W ,  N ,  o r  N E 
positions .  Onc e th e appropriat e scannin g directio n i s 
selected ,  th e mode l  find s th e neares t  cardina l  directio n 
t o th e camer a an d increment s it s count .  Thi s proces s i s 
repeate d unti l  i t  ha s incremente d th e coun t  th e 
prescribe d numbe r  o f  times .  A t  tha t  point ,  th e curren t 
cardina l  locatio n i s encode d an d mappe d t o a  respons e 
on th e numbe r  pad .  Finally ,  th e mode l  issue s a  respons e 
by sendin g a  c o m m a n d t o pres s th e correc t  key . 

Base d o n verba l  report s from  participants ,  ther e wer e 
a coupl e o f  exception s t o thi s operation .  First ,  whe n th e 
targe t  wa s locate d i n lin e wit h th e camera ,  participant s 
reporte d tha t  the y di d no t  bothe r  t o count .  Rather ,  fo r 
targe t  position s o f  0  degree s the y simpl y responde d 
wit h whateve r  positio n th e camer a wa s in ,  an d fo r  targe t 
position s o f  18 0 degree s the y responde d wit h th e 
cardina l  directio n directl y opposit e th e camera' s 
position .  Th e othe r  instanc e wher e th e strategie s wer e 
not  use d wa s whe n th e positio n o f  th e camer a wa s S .  I n 
thi s case ,  participant s reporte d tha t  the y wen t  directl y 
fix)m  th e target' s locatio n o n th e camer a vie w t o a 
response .  I n respons e t o thes e verba l  reports ,  thes e 
specia l  case s wer e implemente d i n th e model .  Thes e 
report s als o correspon d t o dat a presente d i n previou s 
studie s (e.g. ,  Hintzman ,  e t  al. ,  1981) . 

Model Performance 

Th e model' s performanc e usin g th e countin g strateg y 
compare d t o th e dat a i n th e tw o condition s i s presente d 
i n Figur e 4 .  A s ca n b e seen ,  i t  make s accurat e 
prediction s fo r  respons e time s fo r  bot h condition s i n 
bot h aggregation s o f  th e dat a (correlatio n =  .98 ,  mea n 
deviatio n =  .1 1 seconds) .  Th e mode l  perform s th e tas k 
i n exactl y th e wa y w e believ e participant s ar e doin g th e 
task .  Tha t  is ,  th e mode l  incorporate s al l  o f  th e 
perceptual ,  motor ,  an d cognitiv e step s tha t  human s 
woul d nee d t o g o throug h t o d o th e task .  Base d o n thi s 
completeness ,  w e fee l  tha t  th e mode l  capture s al l  o f  th e 
relevan t  aspect s o f  participan t  performance . 

The linea r  increas e i n respons e tim e a s a  functio n o f 
targe t  locatio n i s produce d i n th e mode l  b y th e simpl e 
act  o f  countin g an d scaiuiin g cardina l  location s 
sequentially .  Fo r  targe t  angle s o f  4 5 an d 31 5 degrees , 
one ste p i s counted ,  fo r  9 0 an d 27 0 degree s thi s i s don e 
twice ,  an d fo r  13 5 an d 22 5 degree s ther e ar e thre e 
cycles .  Th e smal l  effec t  o f  th e camera' s positio n result s 
from  th e left/righ t  encodin g o f  th e targe t  position .  A s 
describe d above ,  thi s create s th e nee d t o perfor m extr a 
cognitiv e operation s t o switc h th e scannin g directio n a t 
any poin t  whe n searchin g from  N W ,  N ,  an d N E ,  thu s 
increasin g respons e time s i n trial s wher e thos e 
situation s arise .  Thi s evaluatio n occur s a t  eac h ste p i n 
th e searc h process .  So ,  eac h tim e th e mode l  searche s fo r 

th e nex t  cardina l  location ,  i t  determine s whethe r  o r  no t 
th e encode d directio n o f  th e targe t  i s th e correc t  searc h 
direction ,  an d the n alter s th e searc h directio n w h e n 
necessary . 

'  O"  Modal  •  CMiwa LocAtJo n 
-*— Oau • Target Pouoon 
•A -  Mod*  •  Tir»a l  Poaioo n 
VO SW/4S W/aO NW/135 M/ia O (C/Zlf l  1/27 0 n/i M 

C«fn«r a PosJtion/Targ« t  LocatJo n 

Figur e 4 .  performanc e o f  th e mode l  o f  th e countin g 
strateg y compare d t o participants '  data . 

In terms of the overall qualitative pattern of data, the 
performanc e o f  th e mode l  i s  parameter-free .  B y 
constructin g a  mode l  tha t  reall y doe s th e task ,  it s 
performanc e i s highl y constraine d a t  thi s level .  T h e 
parameter s serv e onl y t o adjus t  th e magnitud e o f  th e 
effects .  First ,  retrieval s from  m e m o r y ar e a n importan t 
aspec t  o f  th e model' s operation .  T h e mode l  retrieve s 
variou s fact s from  m e m o r y a s i t  perform s th e task , 
includin g countin g sequence s fo r  th e countin g process , 
association s betwee n cardina l  direction s an d n u m b e r 
key s fo r  mak in g responses ,  an d informatio n abou t 
cardina l  direction s fo r  guidin g th e searc h an d proble m 
solvin g process .  I n thi s model ,  th e tim e t o perfor m 
thes e retrieval s w a s se t  t o .0 5 (seconds) .  T h e onl y othe r 
paramete r  tha t  w a s explicitl y se t  i n thi s mode l  i s  th e 
executio n tim e fo r  th e productio n tha t  encode s th e 
target' s locatio n o n th e camer a view .  Thi s valu e w a s se t 
t o . 7 (seconds )  an d impact s al l  condition s similarly .  T h e 
remainin g parameter s al l  reflec t  defaul t  perceptual -
moto r  parameter s i n A C T - R / P M (Byrn e an d Anderson , 
1998) .  T h e model' s sourc e cod e i s availabl e onlin e a t 
http://act.psy.cmu.edu/ . 

Conclusions 

The experimen t  an d mode l  presente d her e provid e a n 
alternativ e vie w o f  finding s i n th e are a o f  spatia l 
cognitio n concernin g h o w participant s perfor m 
orientatio n tasks .  Ther e ar e tw o basi c question s t o 
answer .  First ,  ar e participant s actuall y performin g a n 
orientatio n tas k i n thes e studies ? Th e participant s i n thi s 
experimen t  wer e clearl y no t  treatin g thi s tas k a s a 
traditiona l  orientatio n tas k wher e tw o distinc t 
representation s o f  spatia l  informatio n ar e brough t  int o 
correspondence .  Rather ,  m u c h o f  th e complexit y wa s 
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eliminate d b y implementin g strategie s tha t  avoide d thi s 
aspec t  o f  th e task .  I t  i s  unclea r  whethe r  simila r  strategi c 
choice s ca n achiev e th e sam e effec t  i n mor e realisti c 
orientatio n task s (e.g. ,  Gugerty ,  e t  al. ,  2000) . 

The othe r  basi c questio n t o as k base d upo n thes e 
result s i s whethe r  participant s us e menta l  imager y i n 
performin g th e task .  I f  the y do ,  i t  i s  importan t  t o 
investigat e ho w suc h cognitiv e abilitie s ar e applie d i n 
thes e tasks .  I f  not ,  th e questio n become s wha t 
mechanism s ar e responsibl e fo r  participan t  performanc e 
on thes e sort s o f  tasks .  Base d o n th e dat a presente d 
hoe ,  i t  appear s tha t  participant s assume d a  mor e 
analyti c approac h t o th e task ,  simpl y scannin g th e 
scree n i n a  systemati c wa y t o determin e th e correc t 
artswer .  Thes e finding s als o illustrat e tha t  ther e i s 
variabilit y  i n ho w participant s approac h virtuall y an y 
task ,  an d thes e variation s hav e implication s fo r 
performance . 

The mode l  show s tha t  w e ca n reproduc e muc h o f  th e 
qualitativ e for m o f  th e result s i n thi s tas k b y 
implementin g a  strateg y tha t  involve s systematicall y 
scannin g th e informatio n o n th e screen .  Moreover ,  thi s 
strateg y correspond s t o wha t  som e participant s 
spontaneousl y report .  However ,  wha t  abou t  th e othe r 
participant s w h o spontaneousl y repor t  a n angl e 
stratejo ^  W e believ e tha t  the y ma y b e jus t  engagin g i n 
a varian t  o f  th e implemente d scannin g strategy ,  whic h 
explain s wh y thei r  behavio r  i s s o simila r  t o th e 
participant s w h o wer e counting .  Mor e specifically ,  w e 
believ e tha t  implementin g th e angl e strateg y involve s 
suc h difference s a s lookin g a t  mor e o f  th e informatio n 
on th e camer a vie w bu t  no t  systematicall y lookin g a t 
th e intermediat e point s betwee n th e camer a an d targe t 
on th e ma p view .  Bot h o f  thes e difference s coul d b e 
produce d b y th e differen t  trainin g condition s i n th e 
experimen t  W e ar e currentl y implementin g a  mode l 
w ^ c h incorporate s suc h a  varian t  o f  th e scannin g 
strateg y an d doin g a n ey e movemen t  stud y t o se e i f  w e 
can find  evidenc e fo r  th e hypothesize d scannin g 
patterns . 

Basicall y ou r  proposa l  i s  tha t  participant s prefe r  t o 
proces s th e informatio n give n o n th e scree n rathe r  tha n 
transfor m a n interna l  imag e o f  thi s information .  Thi s 
aversio n fo r  menta l  transformation s i s consisten t  wit h 
th e result s o f  Kirs h &  Magli o (1994 )  w h o foun d tha t 
peopl e prefe r  t o rotat e object s o n th e Tetri s scree n 
rathe r  tha n rotat e the m i n tiieir  head .  W e sugges t  tha t 
some result s attribute d t o menta l  rotatio n lik e thos e i n 
thi s tas k m a y reflec t  th e operatio n o f  som e othe r 
proces s lik e th e scaimin g i n th e countin g strateg y tha t 
we hav e implemented .  Whil e Hintzraan ,  e t  al .  (1981 ) 
considere d sequentia l  scannin g a s a n alternativ e 
explanatio n t o menta l  rotation ,  the y di d no t  conside r  th e 
possibilit y  o f  strategi c difference s i n th e scannin g 
process .  Th e result s presente d her e demonstrat e tha t 
suc h strategi c difference s exis t  an d tha t  som e scaimin g 

strategie s ca n resul t  i n dat a tha t  approximatel y matc h 
prediction s base d o n imager y an d menta l  rotation .  I n 
addition ,  participant s traine d t o us e menta l  imager y 
produce d dat a tha t  doe s no t  fit  wit h th e imager y 
account .  A n evaluatio n o f  th e mode l  fo r  th e countin g 
strateg y suggest s tha t  smal l  difference s i n encodin g an d 
visua l  scannin g ca n accoun t  fo r  th e difference s foun d i n 
th e angl e strategy .  Thes e findings  sugges t  tha t  menta l 
rotatio n ma y no t  provid e a  flil l  accoun t  o f  huma n 
performanc e i n orientatio n tasks . 
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Abstrac t 

Classical choice theories assume choice behavior is 
base d o n valu e maximizatio n compute d ove r  th e entir e 
choic e set .  However ,  empirica l  evidenc e ha s reveale d 
violation s o f  axiom s o f  rationa l  choic e tha t  canno t  b e 
explaine d b y valu e maximization .  W e argu e tha t 
choic e behavio r  ca n b e reconceptualize d a s valu e 
maximizatio n constraine d b y categorizatio n processes , 
and describ e a  neura l  networ k mode l  develope d t o 
accoun t  fo r  ke y empirica l  findings.  Th e mode l 
simulate s tw o importan t  phenomen a tha t  hav e bee n 
construe d a s irrationa l  choic e behavior ,  namely ,  th e 
similarit y effec t  an d th e attractio n effect .  W e argu e 
tha t  ther e ar e importan t  commonalitie s amon g choic e 
behavior ,  categorizatio n an d perception . 

Introduction 

Many axiomati c theorie s o f  choic e behavio r  ar e 
base d o n th e assumptio n tha t  decisio n makin g i s 
base d o n a  proces s o f  valu e maximizatio n performe d 
ove r  al l  attribute s (c .  f ,  Tversk y &  Simonson .  1993) . 
However ,  empirica l  evidenc e ha s demonstrate d tha t 
axiom s o f  rationa l  decisio n makin g ar e ofte n violate d 
i n choic e behavior ,  an d valu e maximizatio n alon e i s 
unabl e t o explai n thes e violations .  Recently ,  a n 
alternativ e perspectiv e tha t  i s  concerne d wit h th e 
relation s betwee n similarit y processe s an d decisio n 
processe s ha s bee n propose d t o conceptualiz e choic e 
behavio r  an d t o understan d violation s o f  rationa l 
decisio n makin g (Medin ,  Goldstone ,  &  Markman , 
1995) .  Tha t  vie w ha s bee n embodie d i n a 
comprehensiv e computationa l  mode l  o f  choic e 
behavio r  (Roe ,  Busemeyer ,  &  Townsend ,  2001) . 

I n th e spiri t  o f  thi s alternativ e perspective ,  w e hav e 
develope d a  connectionis t  mode l  t o accoun t  fo r  tw o 
ke y violation s o f  rationa l  choice ,  namely ,  th e 
similarit y effec t  an d th e attractio n effect .  Bot h o f 
thes e phenomen a involv e addin g a  thir d alternativ e 
(decoy )  t o a  choic e se t  o f  tw o options ,  thereb y 
leadin g t o inconsistenc y o f  choice .  I f  th e deco y i s 
simila r  an d con̂ )etitiv e (tw o alternative s ar e 
competitiv e whe n thei r  additiv e utilitie s ar e almos t 
identica l  t o eac h other )  t o on e o f  th e origina l  options , 
the n th e additio n o f  th e deco y decrease s th e choic e 
probabilit y  o f  tha t  option .  Thi s phenomeno n i s calle d 

th e similarit y effec t  (Tversky ,  1972) .  I f  th e deco y i s 
simila r  t o an d dominate d b y on e o f  th e tw o origina l 
alternative s bu t  no t  th e other ,  the n th e additio n o f  th e 
deco y increase s th e choic e probabilit y o f  th e 
dominan t  optio n mor e tha n th e othe r  alternative .  Thi s 
phenomeno n i s  referre d t o a s th e attractio n effec t 
(Huber ,  Payne ,  &  Puto ,  1982) .  Bot h phenomen a ca n 
potentiall y  lea d t o violation s o f  rationa l  choice .  F e w 
theorie s wer e abl e t o provid e a n integrate d 
explanatio n o f  bot h phenomen a prio r  t o th e mode l 
propose d b y Ro e e t  al .  (2001) ,  whic h i s a  neura l 
networ k instantiatio n o f  th e decisio n fiel d theor y 
(Busemeye r  &  Townsend ,  1993) .  Tha t  mode l 
explain s th e tw o effect s (i n additio n t o severa l  othe r 
importan t  choic e phenomena )  b y takin g int o 
consideratio n similarit y relation s amon g option s an d 
th e dynami c natur e o f  decisio n processes .  Th e mode l 
describe d her e i s simila r  t o tha t  o f  Ro e e t  al .  i n tha t  i t 
als o take s int o accoun t  similarit y amon g alternatives ; 
however ,  th e manne r  i n whic h similarit y i s 
represente d an d processe d differ s betwee n th e tw o 
models .  W e wil l  briefl y discus s th e relationshi p 
betwee n th e tw o model s afte r  w e presen t  ou r 
proposal . 

Neura l  networ k model s hav e bee n on e o f  th e majo r 
modelin g tool s i n cognitiv e scienc e (Rumelhart , 
McClelland ,  &  P D P Researc h Group ,  1986) . 
However ,  suc h model s hav e ha d onl y limite d 
application s t o decisio n behavio r  (Holyoa k &  Simon , 
1999 ;  Ro e e t  al. ,  2001 ;  Thagar d &  Millgram ,  1995) . 
The mode l  w e describ e here ,  lik e tha t  o f  Ro e e t  al . 
(2001) ,  use s a  neura l  networ k approac h t o provid e a n 
accoim t  o f  th e similarit y an d attractio n effects . 

Operation of the Model 

Decision Scenario and Model Architecture 

The decisio n scenari o use d her e i s adapte d fro m tha t 
use d b y Ro e e t  al .  (2001) .  Th e decisio n make r  ha s t o 
choos e on e ca r  from  a  se t  o f  tw o o r  thre e alternative s 
by evaliiatin g thei r  rating s o n tw o attributes :  ga s 
mileag e an d performanc e (se e Figur e 2) .  A  simpl e 
neura l  networ k i s  constructe d fo r  thi s scenario . 
Figur e 2  show s th e architectur e o f  th e model ,  adapte d 
from  E C H O (Thagard ,  1989) ,  a  neura l  networ k 
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model  o f  h o w peopl e achiev e coherenc e i n makin g 
explanations .  T w o node s represen t  th e attributes ,  ga s 
mileag e an d performance ,  an d thre e other s represen t 
th e thre e alternatives .  O n e specia l  node ,  labele d a s 
Externa l  Drive r  i n Figur e 2 ,  represent s th e 
motivationa l  an d attentiona l  source s tha t  driv e th e 
decisio n process .  Th e line s betwee n node s represen t 
nod e connections .  Eac h attribut e o r  alternativ e i s thu s 
represente d b y on e nod e i n th e network ,  wit h 
relation s a m o n g attribute s an d alternative s 
represente d b y connectio n weights . 

Bidirectiona l  excitator y link s (represente d b y dar k 
arrowhead s i n Figur e 2 )  connec t  attribut e node s t o 
thei r  respectiv e alternatives .  T h e alternativ e node s 
sen d ou t  inhibitor y influence s (represente d b y empt y 
arrowhead s i n Figiu e 2 )  t o on e another .  N o d e 
activatio n range s from  0. 0 t o 1.0 .  Th e specia l  node , 
whic h drive s th e decision-makin g process ,  alway s 
feed s excitator y influenc e t o th e attribut e nodes , 
thereb y initiatin g an d maintainin g activatio n 
diroughou t  th e entir e network .  T h e specia l  nod e ha s a 
constan t  activatio n o f  1.0 ,  an d th e weigh t  o f  it s 
connection s t o th e attribut e node s i s 0.0 5 (ther e ar e 
n o reciproca l  connection s t o th e specia l  nod e from 
th e attribut e nodes ,  a s th e forme r  i s intende d t o b e th e 
sourc e o f  activation) .  Becaus e th e thre e alternativ e 
node s con^et e vi a inhibitor y connection s wit h on e 
another ,  on e witmin g nod e generall y achieve s a  m u c h 
highe r  activatio n tha n th e rest . 

Setting Connection Weights and Initial 

Activation s 

Initially ,  th e connectio n weigh t  betwee n a n attribut e 
an d a n alternativ e nod e (calle d attribute-alternativ e 
weigh t  from  n o w on )  i s  se t  t o th e ratin g o f  th e 
alternativ e o n th e correspondin g attribute .  Fo r 
exan^)le ,  i n Figur e 2 ,  th e optio n Targe t  i s rate d 8  an d 
2 o n performanc e an d ga s mileage ,  respectively ,  s o 
it s initia l  weight s ar e se t  t o 8. 0 an d 2. 0 fo r  th e 
performance-targe t  an d gas-mileage-targe t 
connections ,  respectively . 

Next ,  eac h initia l  weigh t  i s normalized : 

yvy=J1+ -
iWy-mm(w)).(K-T) ) 

inax(w )  -  min(H' ) 
(1 ) 

Here ,  >v „  i s th e weigh t  o f  th e connectio n t o nod e i 

from  j .  Weight s ar e normalize d accordin g t o thei r 
range ;  k  an d ; ;  ar e m a x i m u m (se t  t o 0.8 )  an d 
m i n i m u m (se t  t o 0.2 )  value s fo r  tha t  range , 
respectively .  Accordingly ,  th e normalize d weigh t 

•  Tai9*t(2.0,8.0 ) 

, j Y ]  (2.5.6.5 ) 

A O^-" ) 

• 
Competito r  (8.0,2.0 ) 

Om Mileag e 
Figur e 1 .  A  summar y o f  th e phenomen a 
simulated .  T h e letter s S  an d A  stan d fo r 
wher e th e deco y i s  positioned :  Deco y S 
yield s th e similarit y effect ;  deco y A  yield s 
th e attractio n effect .  Th e number s i n 
parenthese s ar e th e attribut e rating s o f  th e 
nearb y alternative :  Th e firs t  numbe r  i s th e 
ratin g o f  tha t  alternativ e o n ga s mileag e an d 
th e secon d numbe r  i s  it s  ratin g o n 
performance . 

Cholc« 1 Choic e 2 Chofce 3 Ugmd 

O N° * 

•  Goudcciio o 

GuMUeags Performanc e 

Externa l  Drive r 

Ezcilitor y 
inQiKDc * 

Ishflntor y 
ufiueo n 

Figur e 2 :  T h e architectur e o f  th e model . 
Choic e 1 ,  Choic e 2  an d Choic e 3  ar e th e 
alternatives ,  an d Ga s Mileag e an d 
Performanc e ar e th e attributes .  Externa l 
Drive r  represent s th e motivationa l  an d 
attentiona l  source s tha t  driv e th e decisio n 
process . 

shoul d alway s b e withi n th e rang e o f  0. 2 t o 0.8 .  Th e 
choic e o f  thi s rang e i s arbitrary ,  bu t  i t  reflect s th e 
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assumptio n tha t  th e perceptio n o f  a n attribut e valu e 
shoul d neve r  actuall y reac h 0 ,  whic h ca n b e viewe d 
as reflectin g n o valu e a t  all ,  no r  shoul d i t  reac h I , 
whic h ca n b e viewe d a s reflectin g sublim e 
satisfaction .  Th e rang e o f  actua l  attribut e valu e i s 
compute d b y max(w )  -  min(H') ,  wher e max(w )  an d 
min(w )  ar e th e larges t  an d smalles t  attribut e value s 
obtaine d fo r  al l  attributes . 

The attribute-alternativ e weight s a s define d i n 
Equatio n 1  ar e linearl y relate d t o th e actua l  attribut e 
ratings .  I n choic e behavior ,  w e ar e concerne d wit h a 
subjectiv e measur e o f  utilit y  i n whic h th e impac t  o f  a 
give n increas e i n ratin g decline s wit h th e absolut e 
magnitud e o f  th e rating .  Accordingly ,  attribute -
alternativ e weight s ar e transformed : 

w„ .  =  — , (2 ) 

Here ,  bot h /  an d I  ar e constants .  Afte r  exploratio n o f 
th e paramete r  space ,  /  wa s se t  t o 1. 4 an d X  wa s se t  t o 
0. 5 t o achiev e goo d simulatio n results .  Equatio n 2 
describe s a  basi c psychophysica l  functio n i n whic h 
sensitivit y t o a n increas e o f  stimulu s strengt h decline s 
as th e stimulu s strengt h increases .  Finally ,  weight s 
underg o a  linea r  transformatio n specifie d b y 

w, = WyT/ lO.O . (3 ) 

Here ,  T(se t  t o 4.0 )  i s a  paramete r  intende d t o 
amplif y th e attribute-alternativ e weight s s o tha t  th e 
same differenc e betwee n attribut e value s n o w ha s a 
large r  impac t  o n nod e activation s (se e Equation s 4 
and 5) .  Finally ,  thes e weight s ar e divide d b y 10. 0 s o 
tha t  the y ar e kep t  reasonabl y smal l  i n relatio n t o nod e 
activations .  Althoug h th e mode l  ha s severa l 
parameters ,  an d specifi c  value s fo r  the m wer e 
selecte d afte r  extensiv e searc h o f  paramete r  space , 
th e choice s o f  paramete r  value s d o no t  affec t  th e 
underlyin g conceptua l  framework  o f  th e model . 
Moreover ,  i t  i s  ver y likel y tha t  othe r  set s o f 
paramete r  value s exis t  tha t  woul d allo w th e mode l  t o 
exhibi t  desire d behavior . 

The inhibitor y connection s amon g th e alternativ e 
node s ar e al l  se t  t o -0.60 .  Th e initia l  activation s ar e 
set  t o l. O fo r  th e specia l  nod e an d 0. 5 fo r  al l  othe r 
node s (0. 5 i s th e middl e poin t  o f  th e activatio n range , 
0. 0 -  l.O) .  T o increas e psychologica l  realism ,  som e 
randomnes s i s introduced :  Th e initia l  activatio n o f  a n 
alternativ e nod e i s a  rando m numbe r  withi n th e rang e 
of  0. 5 +  0.01 .  Th e generatio n o f  rando m number s 
conform s t o a  unifor m distribution .  Ther e i s n o 
randomnes s fo r  th e activation s o f  th e specia l  nod e 
and th e attribut e nodes . 

R u n n i n g th e M o d e l 

Th e mode l  run s i n a n iterativ e fashion .  I n eac h 
iteratio n th e activatio n o f  a  nod e i s update d b y a 
conunonly-use d activatio n function , 

fl,(r  +  l )  = 

mputXMAX-a,{t))r+a,{t){\-e) 

Ur,putXa,il)-MIN) r  +  aXt )O-0 ) 

(4 ) 

i f  input ,  >  0 

otherwis e 

ai(t+1 )  i s th e activatio n o f  nod e /  a t  iteratio n /  +  I ;  i t 
i s  a  fiinctio n o f  a,(t) ,  th e activatio n o f  th e sam e nod e 
at  th e previou s iteration .  M A X an d M N ar e th e uppe r 
(1.0 )  an d lowe r  (0.0 )  limit s o f  nod e activation .  6  (se t 
t o 0.015 )  i s a  deca y paramete r  specifyin g h o w muc h 
th e activatio n decays  i n eac h iteration ,  an d y  (se t  t o 
0.12 )  i s a  growt h rat e specifyin g th e incremen t  o f 
activatio n a s a  functio n o f  th e input .  Th e paramete r 
input ,  i s  th e tota l  influenc e receive d b y nod e /  from 
othe r  node s connecte d t o it ,  specifie d b y 

input,it) = ^Wyajit). (5) 

/ 
The mode l  run s iterativel y accordin g t o Equation s 

4 an d 5  unti l  th e activatio n o f  eac h nod e n o longe r 
change s from  th e previou s iteratio n b y mor e tha n a 
settlin g criterio n (se t  t o 0.00 1 here) .  Accordin g t o 
Equatio n 4 ,  a  majo r  determinan t  o f  nod e activatio n i s 
th e tota l  inpu t  a  nod e receive s from  othe r  nodes ;  an d 
accordin g t o Equatio n 5 ,  thi s inpu t  depend s o n th e 
attribute-alternativ e weights .  I t  follow s tha t  a n 
alternativ e wit h a  hig h additiv e attribut e ratin g tend s 
t o hav e a  highe r  nod e activatio n tha n thos e wit h lo w 
additiv e attribut e ratings ;  thi s i s a n instantiatio n o f 
th e valu e maximizatio n principle ,  whic h implie s tha t 
th e winnin g choic e shoul d hav e th e highes t  additiv e 
utilit y  summe d acros s al l  attributes . 

The choic e probabilit y  o f  a n alternativ e depend s o n 
th e activatio n o f  th e correspondin g node .  Luce' s 
(1959 )  choic e mode l  i s  use d t o conver t  th e activatio n 
int o choic e probabilit y  fo r  alternativ e / : 

probabili t  y{i )  = 
activatio n (i ) 

^  activatio n (j ) 
(6 ) 

Simu la t ion s a n d Resu l t s 

The tw o phenomen a simulate d ar e schematize d i n 
Figur e 1 .  Fo r  eac h phenomenon ,  10 0 simulation s 
wer e ru n an d th e result s wer e average d fo r  eac h 
attribut e an d alternative .  Th e average d result s ar e 
presente d bot h a s nod e activations ,  wiiic h ar e th e 
final  activatio n value s o f  th e node s (se e Tabl e 1) ,  an d 

395 



choic e probabilities ,  whic h ar e converte d 
activation s usin g Equatio n 6  (se e Tabl e 2) . 

1 

from 

Compttlo r 

11 2 1 3 1 

Number  o f  Iteration s 

Figur e 3 :  Decisio n proces s o f  binar y choice . 
Th e activatio n o f  alternativ e node s i s plotte d 
as a  functio n o f  numbe r  o f  iterations . 

Binary Choice 

Th e origina l  choic e se t  contain s tw o alternatives ,  on e 
of  whic h i s arbitraril y  selecte d a s th e target ,  an d th e 
oAer  th e competito r  (se e Figur e 1) .  Bot h car s receiv e 
ratings  o n a  10-poin t  ( 1 -  10 )  scal e fo r  ga s mileag e 
and performance .  T o simplif y th e choic e scenario , 
th e tw o option s ar e mad e equa l  i n term s o f  additiv e 
attribut e rating:  Th e competito r  i s  rate d 8  o n ga s 
mileag e an d 2  o n performance ,  wherea s th e targe t  i s 
rated  2  o n ga s mileag e an d 8  o n performance .  I t  i s  a 
trivia l  predictio n dia t  (assumin g th e tw o attribute s ar e 
equall y important )  th e tw o alternative s shoul d b e 
equall y likel y t o b e chosen .  Th e mode l  make s thi s 
prediction :  whe n dies e tw o alternative s ar e equall y 
attractive ,  bot h hav e a  5 0 % chanc e o f  bein g chose n 
(se e Tabl e 2) . 

Sinularity EfTect 

I f  th e deco y i s simila r  an d competitiv e compare d t o 
one o f  th e tw o origina l  choices ,  th e target ,  th e 
introductio n o f  th e deco y reduce s th e probabilit y  o f 

th e targe t  bein g chose n relativ e t o tha t  o f  th e othe r 
choic e i n th e origina l  set ,  th e competitor .  Thi s 
similarit y effec t  (Tversky ,  1972 )  ca n lea d t o a 
violatio n o f  a n axio m o f  rational  choice , 
independenc e o f  irrelevan t  alternatives ,  whic h 
implie s tha t  addin g a n alternativ e t o a  choic e se t  wil l 
not  alte r  th e ran k orde r  o f  th e origina l  options .  T o 
produc e a  similarit y effect ,  th e deco y shoul d b e 
roughl y a s goo d a s th e targe t  i n term s o f  additiv e 
attribut e rating .  I n th e simulation ,  th e deco y i s chose n 
t o hav e attribut e value s o f  2. 3 an d 6. S fo r  ga s mileag e 
and performance ,  respectivel y (se e Figur e 1) . 

T o mode l  th e similarit y effect ,  w e firs t  ru n th e 
model  o n a  choic e se t  tha t  include s onl y th e targe t 
and th e decoy .  Afte r  th e networ k settle s fo r  tha t 
comparison ,  w e ru n i t  o n th e entir e se t  o f  thre e 
alternatives .  Th e psychologica l  rational e i s dia t 
becaus e th e targe t  an d th e deco y ar e simila r  t o eac h 
other ,  the y ar e groupe d togethe r  i n a  marme r  simila r 
t o a  perceptua l  groupin g (e.g. ,  i n visua l  perception , 
when tw o shape s ar e clos e t o eac h other ,  the y ar e 
perceive d a s belongin g t o th e sam e cluster) .  Ou r 
assumptio n i s tha t  th e tw o simila r  alternative s ar e 
perceive d a s belongin g t o th e sam e category ,  an d 
therefor e ar e compare d t o eac h othe r  befor e al l  thre e 
alternative s ar e compared . 

The simulatio n wa s thu s divide d int o tw o stages :  a 
binar y compariso n i n whic h onl y th e targe t  an d th e 
deco y wer e compared ,  an d a  trinar y compariso n i n 
whic h al l  thre e alternative s wer e compared .  Th e 
activation s ar e carrie d ove r  from  th e firs t  t o th e 
secon d stage ;  accordingly ,  an y activatio n difference s 
from  th e firs t  stag e wil l  hav e a n effec t  o n th e secon d 
stage .  A t  th e en d o f  th e binary-compariso n stage ,  th e 
targe t  ha s a n activatio n lowe r  tha n O.S ,  th e baselin e 
activation ,  du e t o it s  competitio n wit h th e decoy .  Thi s 
lo w activatio n i s carrie d ove r  t o th e trinary -
compariso n stage ,  wher e th e competito r  join s th e 
compariso n wit h th e defaul t  initia l  activatio n o f  O.S . 
Thu s i n th e trinary-compariso n stag e th e targe t  start s 
wit h a  lowe r  activatio n a s compare d t o th e 
competitor ;  a s a  result ,  th e targe t  attain s a  lowe r 
activatio n an d choic e probabilit y  a s compare d t o th e 

Tabl e 1 :  Simulatio n result s a s nod e activations . 

Choic e scenario s 

Binary  choic e 

Similarit y effec t 

Attractio n effec t 

gas mileag e 

0.64 7 

0.69 5 

0.70 8 

averag e nod e activation s 

performanc e competito r 

0.64 7 

0.72 9 

0.74 1 

0.39 8 

0.42 4 

0.46 5 

targe t 

0.39 8 

0.34 3 

0.62 7 

deco y 

0.31 7 

0.01 9 

Note .  Eac h nod e activatio n displaye d her e i s th e averag e o f  activation s fo r  th e correspondin g nod e 
calculate d ove r  10 0 simulatio n runs . 
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competito r  a t  th e en d o f  simulation .  Th e dynami c 
proces s o f  th e two-stag e compariso n i s show n i n 
Figur e 4 ,  wher e th e sudde n chang e i n activatio n 
indicate s th e transitio n from  th e first  t o th e secon d 
stage .  Th e final  choic e probabilitie s o f  th e targe t  an d 
th e competito r  ar e 0.31 7 an d 0.39 1 respectivel y (se e 
Tabl e 2) ,  indicatin g tha t  th e competito r  rank s highe r 
i n term s o f  preference .  Sinc e i n th e binar y choic e th e 
choic e probabilitie s o f  th e tw o alternative s ar e equal , 
th e altere d ran k orde r  i s a  violatio n o f  th e principl e o f 
independenc e o f  irrelevan t  alternatives . 

Table 2 Simulation results as choice probabilities. 

Choic e scenario s 

Binar y 
choic e 

Similarit y effec t 

Attractio n effec t 

averag e 

competito r 

0.50 0 

0.39 1 

0.41 9 

choic e probabilitie s 

targe t  deco y 

0.50 0 

0.31 7 0.29 2 

0.56 4 0.01 7 
Note .  Eac h choic e probabilit y  displaye d her e i s th e 
averag e o f  choic e probabilitie s fo r  th e correspondin g 
nod e calculate d ove r  10 0 simulatio n runs . 

Attractio n Effec t 

Huber  e t  al .  (1982 )  showe d tha t  w h e n th e additiona l 
alternativ e ( a dominate d decoy )  i s simila r  t o an d 
obviousl y inferio r  t o on e o f  th e alternative s (th e 
target )  o f  th e origina l  choic e set ,  th e introductio n o f 
thi s deco y wil l  increas e th e probabilit y  o f  th e targe t 
bein g chose n mor e tha n tha t  o f  th e competitor .  Thi s 
effec t  ca n potentiall y  increas e th e probabilit y  tha t  th e 
targe t  i s chosen ,  thereb y leadin g t o violatio n o f  a n 
axio m o f  rationa l  choice ,  th e regularit y principle , 
whic h state s tha t  addin g additiona l  alternative s int o 
th e choic e se t  woul d no t  increas e th e choic e 
probabilitie s o f  option s i n th e origina l  choic e se t  (c f 
Huber  e t  al. ,  1982) .  T h e violatio n o f  th e regularit y 
principl e i s a  stronge r  for m o f  preferenc e reversa l 
tha n th e violatio n o f  independenc e o f  irrelevan t 
altematives . 

Th e sam e two-stag e compariso n i s employe d t o 
model  th e attractio n effect ,  becaus e th e targe t  an d th e 
deco y ar e simila r  t o eac h othe r  an d therefor e for m a 
natura l  grouping .  A t  th e en d o f  th e binar y 
comparison ,  th e targe t  ha s a n activatio n highe r  tha n 
0.5 ,  th e baselin e activation ,  du e t o it s superiorit y a s 
compare d t o th e decoy .  Thi s advantag e i n activatio n 
i s carrie d ove r  t o th e trinar y comparison ,  an d a s a 
resul t  th e targe t  ha s a  relativel y hig h activatio n an d 
choic e probabilit y  a t  th e en d o f  th e simulatio n run . 
The dynami c proces s o f  th e two-stag e compariso n i s 
show n i n Figur e 5 ,  wher e th e sudde n chang e i n 

activatio n indicate s th e transitio n betwee n th e tw o 
stage s o f  comparison .  Th e fma l  choic e probabilit y  o f 
th e targe t  i s 0.56 4 (se e Tabl e 2) .  I n th e origina l 
binar y choic e set ,  th e targe t  ha s a  choic e probabilit y 
o f  0. 5 (se e Tabl e 2) ;  thu s addin g th e deco y lead s t o a 
violatio n o f  regularit y principle . 
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Figur e 4 :  Decisio n proces s o f  similarit y 
effect .  Axe s ar e th e sam e a s Figur e 3 .  T h e 
vertica l  dashe d lin e indicate s th e transitio n 
from  binar y compariso n t o trinar y 
comparison . 

©-Competito r 
A-Targe t 
a-Deco y 

tS 0. 5 
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Nun ba r  o f  it *  ration * 

Figure 5: Decision process of attraction 
effect .  Axe s ar e th e sam e a s Figur e 3 .  T h e 
vertica l  dashe d lin e indicate s th e transitio n 
from  binar y compariso n t o trinar y 
comparison . 

In simulating both effects, the model still computes 
a for m o f  valu e maximization ;  however ,  th e 
computatio n i s carrie d ou t  i n a  loca l  instea d o f  globa l 
manner  durin g th e first  stag e o f  comparison ,  du e t o 
th e categorizatio n proces s i n whic h tw o simila r 
altemative s ar e groupe d an d processe d togethe r 
independentl y o f  th e thir d alternative . 
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Conclusion s 

The connectionis t  mode l  presente d her e explain s tw o 
perplexin g empirica l  finding s i n choic e behavio r 
usin g a  straightforwar d neura l  networ k algorith m an d 
simpl e psychologica l  principles .  I t  ha s bee n argue d 
tha t  th e principl e o f  valu e maximizatio n underlyin g 
rationa l  choic e i s i n conflic t  wit h som e apparentl y 
irrationa l  choic e behavior s (Simonso n &  Tversky , 
1992) .  However ,  th e presen t  mode l  show s tha t  choic e 
behavio r  ca n b e viewe d a s valu e maximizatio n 
constraine d b y categorizatio n processes . 

Roe e t  al .  (2001 )  als o use d similarit y relation s t o 
accoun t  fo r  di e similarit y an d attractio n effects .  I n 
thei r  neura l  networ k model ,  latera l  inhibitio n amon g 
alternative s i s se t  i n suc h a  wa y tha t  th e mor e simila r 
tw o option s are ,  th e stronge r  i s th e latera l  inhibitio n 
betwee n them .  Thi s differentia l  inhibitio n provide s a 
foundatio n fo r  modelin g similarity-relate d fmdings . 
I n contrast ,  i n th e presen t  mode l  similarit y  i s assume d 
t o lea d t o a  groupin g effect ,  whic h i n tur n lead s t o th e 
two-stag e con^ariso n process .  Thu s whil e bot h 
model s emphasiz e di e rol e o f  similarit y i n choic e 
behavior .  Ro e e t  al.' s  algorith m model s th e impac t  o f 
similarit y b y variation s i n a  continuou s paramete r  fo r 
inhibition ;  wherea s th e presen t  algorith m hol d 
inhibitio n constan t  an d instea d assume s tha t 
similarit y alter s th e groupin g o f  options ,  leadin g t o a 
multi-stag e compariso n process .  Furthe r  empirica l 
investigation s wil l  b e require d t o distinguis h betwee n 
thes e tw o possibl e mechanism s b y whic h similarit y 
may modulat e choic e behavior . 

The presen t  mode l  ha s severa l  limitation s tha t  wil l 
need t o b e addresse d i n futur e work .  Fo r  example ,  th e 
choic e scenari o i s constructe d i n a  highl y schemati c 
way,  an d mor e comple x an d realisti c choic e scenario s 
need t o b e use d i n futur e studies .  Also ,  th e wa y th e 
connectio n weight s ar e se t  b y explici t  equation s i s 
rathe r  artificial ;  futur e effort s nee d t o addres s ho w 
th e weight s ma y b e acquire d usin g a  connectionis t 
learnin g mechanism .  Peiiiap s mos t  imfwrtantly ,  th e 
critica l  assun̂ jtio n tha t  simila r  choice s ar e groupe d 
togedie r  an d therefor e processe d togethe r  i n choic e 
behavio r  require s furthe r  empirica l  investigation . 

The presen t  mode l  ma y hav e in̂ lication s fo r 
applie d work .  Exper t  system s base d o n th e ciuren t 
model  ca n b e develope d t o analyz e an d predic t 
choic e behavior .  I n contras t  t o mor e traditiona l 
axiom-base d systems ,  suc h system s ma y mak e i t 
possibl e t o analyz e apparentl y irrationa l  choic e an d 
decisio n processes ,  thereb y leadin g t o mor e accurat e 
prediction s o f  himia n decisions . 
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Abstrac t 

How do people learn and organize examples in the 
absenc e o f  a  teacher ? Thi s pape r  explore s thi s ques -
tio n throug h a  examinatio n o f  huma n dat a an d com -
putationa l  modelin g results .  Th e SUSTAI N (Super -
vise d an d Unsupervise d STratifie d Incrementa l  5fet -
work )  mode l  successfull y fits  huma n learnin g dat a 
draw n from  tw o publishe d studies .  Th e first  stud y 
examine s ho w correlation s betwee n feature s ca n fa -
ciUtat e unsupervise d learning .  Th e secon d se t  o f 
studio s examine s th e rol e tha t  similarit y an d at -
tentio n pla y i n unsupervise d categor y constructio n 
(i.e. ,  sorting )  tasks .  Importantly ,  SUSTAI N sug -
gest s tw o nove l  behaviora l  prediction s tha t  ar e con -
firmed. In t roduc t io n 

The stud y o f  huma n categor y learnin g ha s focuse d 
on supervise d learning .  Researcher s typicall y utiliz e 
a experimenta l  procedur e i n whic h th e participan t 
must  lear n t o classif y a  se t  o f  stimul i  whil e receivin g 
correctiv e feedbac k o n ever y trial .  Certainly ,  ther e 
ar e man y othe r  way s t o lear n abou t  th e world .  Ou r 
environmen t  doe s no t  alway s provid e u s wit h explici t 
feedbac k ein d thus ,  som e learnin g i s bette r  charac -
terize d a s unsupervised .  Fo r  example ,  w e routinel y 
categoriz e incomin g emai l  a s "jun k mail "  i n th e ab ^ 
senc e o f  a  teacher .  A  grea t  dea l  o f  huma n learnin g 
may b e unsupervised .  Th e goa l  o f  thi s pape r  i s t o 
expan d ou r  understandin g o f  ho w human s lear n fro m 
example s withou t  supervision . 

l b achiev e thi s goal ,  w e fit  th e SUSTAI N mode l  o f 
categor y learnin g t o Billma n em d Knutson' s (1996 ) 
studie s concernin g ho w human s lear n correlation s 
throug h observatio n an d t o Medin ,  Wattenmaker , 
and Hampson' s (1987 )  dat a o n unsupervise d cate -
gor y constructio n (i.e. ,  sorting )  behavior .  SUSTAI N 
successfull y account s fo r  huma n performanc e i n bot h 
of  thes e studie s wit h on e se t  o f  parameters .  Impor -
tantly ,  SUSTAIN' s accoun t  o f  thes e studie s suggest s 
nove l  prediction s whic h ar e subsequentl y teste d (an d 
confirmed )  wit h huma n subjects . 

The Modeling Approach 

SUSTAIN ha s bee n successfull y applie d t o a n arra y 
of  challengin g huma n dat a set s spannin g a  variet y 

of  categor y learnin g paradigm s includin g supervise d 
classificatio n (Lov e &  Medin ,  1998) ,  inferenc e learn -
in g (Love ,  Markman ,  &  Yamauchi ,  2000) ,  an d un -
supervise d learnin g (Gurecki s &  Love ,  2002) .  On e 
primar y goa l  o f  ou r  modelin g approac h i s t o addres s 
multipl e form s o f  categor y learnin g (bot h supervise d 
and unsupervised )  wit h on e consisten t  se t  o f  princi -
ples .  Afte r  a  brie f  introductio n t o th e operatio n o f 
SUSTAIN,  thes e cor e principle s wil l  b e discussed . 

Introduction to SUSTAIN 

SUSTAIN is a clustering model of human category 
learning .  Th e interna l  representatio n o f  th e mode l 
consist s o f  a  se t  o f  clusters .  Categor y representation s 
consis t  o f  on e o r  mor e associate d clusters .  A t  th e 
star t  o f  learning ,  th e networ k ha s a  singl e cluste r 
tha t  i s  centere d i n thi s representationa l  spac e upo n 
th e first  inpu t  pattern . 

W h en a  ne w stimulu s ite m i s presented ,  S U S T A I N 
attempt s t o assig n th e ite m t o th e mos t  simila r  ex -
istin g cluster .  Thi s assignmen t  i s unsupervise d sinc e 
i t  i s  base d onl y o n th e similarit y betwee n ite m an d 
cluster .  I f  a  surprisin g even t  occurs ,  suc h a s a  mis -
predictio n i n supervise d learnin g o r  a  stimulu s i s en -
countere d i n unsupervise d learnin g tha t  i s  no t  simi -
la r  t o an y existin g cluster ,  SUSTAI N create s a  ne w 
cluste r  t o encod e th e curren t  stimulus .  Thi s ne w 
cluste r  i s centere d i n th e representationa l  spac e o n 
th e misclassifie d item . 

W h en a  stimulu s i s no t  surprising ,  th e ite m i s as -
signe d t o th e mos t  simila r  existin g cluste r  an d thi s 
cluste r  update s it s interna l  representatio n t o becom e 
more simila r  t o th e curren t  ite m ( a proces s some -
what  analogou s t o prototyp e formation) .  Classifica n 
tio n decision s ar e base d o n th e cluste r  t o whic h a 
stimulu s instanc e i s assigned .  Lik e othe r  model s o f 
categor y learnin g (e.g. ,  Kruschke ,  1992) ,  SUSTAIN' s 
selectiv e attentio n mechanis m learn s t o selectivel y 
weigh t  stimulu s featur e dimension s tha t  ar e mos t 
usefu l  fo r  categorization . 

The Principles of SUSTAIN 

With this general understanding of the operation of 
th e model ,  w e no w examin e th e si x ke y principle s 
tha t  underl y SUSTAIN . 
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Principl e 1 ,  S U S T A I N i s directe d toward s 
simpl e solution s S U S T A I N i s initiall y  directe d 
toward s simpl e solutions .  A t  th e star t  o f  learning , 
S U S T A I N ha s onl y on e cluste r  whic h i s centere d 
on th e first  inpu t  item .  I t  the n add s cluster s (i.e. , 
complexity )  onl y a s neede d t o accuratel y describ e 
th e categor y structur e o f  th e learnin g task .  It s se -
lectiv e attentio n mechanis m furthe r  serve s t o bia s 
S U S T A I N toward s simpl e solution s b y focusin g th e 
model  o n th e stimulu s dimension s tha t  provid e con -
sisten t  information . 

Principle 2, similar stimulus items tend to 
cluste r  togethe r  I n learnin g t o classif y stimul i  a s 
members o f  tw o distinc t  categories ,  S U S T A I N wil l 
cluste r  simila r  item s together .  Fo r  example ,  differ -
ent  instance s o f  a  bir d subtyp e (e.g. ,  sparrows )  coul d 
cluste r  togethe r  an d for m a  sparro w cluste r  instea d 
of  leavin g sepau-at e trace s i n memor y fo r  eac h in -
stance .  Clusterin g i s a n unsupervise d proces s be -
caus e cluste r  assignmen t  i s don e o n th e basi s o f  sim -
ilarity ,  no t  feedback . 

Principle 3, SUSTAIN relies on both unsu-
pervise d a n d supervise d learnin g processe s 
As discusse d above ,  S U S T A I N ca n cluste r  base d o n 
similarit y (a n unsupervise d process) .  SUSTAIN' s 
operatio n i s als o affecte d b y supervisio n (whe n avail -
able) .  Conside r  th e exampl e o f  S U S T A I N learnin g 
t o classif y stimul i  a s memiier s o f  th e categor y m a m-
mal s o r  birds .  Let' s assum e tha t  a  cluste r  represent -
in g four-legged ,  hairy ,  lan d creature s i s alread y ac -
quired ,  a s wel l  a s anothe r  cluste r  representin g small , 
winged ,  creature s tha t  fly.  Th e first  tim e S U S T A I N 
i s aske d t o classif y a  bat ,  th e mode l  wil l  predic t  tha t 
a ba t  i s  a  bir d becaus e th e ba t  stimulu s wil l  b e mor e 
simila r  t o th e existin g bir d cluste r  tha n t o th e ex -
istin g manmia l  cluster .  Upo n receivin g correctiv e 
feedbac k (supervision) ,  S U S T A I N wil l  not e it s erro r 
an d creat e a  ne w cluste r  t o stor e th e anomalou s ba t 
stimulus .  N o w ,  whe n thi s ba t  o r  on e simila r  t o i t 
i s  presente d t o S U S T A I N ,  S U S T A I N wil l  correctl y 
predic t  tha t  th e ba t  i s a  m a m m a l .  Thi s exsmipl e 
als o illustrate s ho w S U S T A I N ca n entertai n mor e 
comple x solution s whe n necesseir y throug h cluste r 
recruitmen t  (se e Principl e 1) . 
Principle 4, Clusters are recruited in response 
t o surprisin g event s A s th e previou s exampl e il -
lustrates ,  surprisin g event s lea d t o ne w cluster s be -
in g recruited .  I n unsupervise d learning ,  a  surprisin g 
even t  i s  simpl y exposiu- e t o a  stimulu s tha t  i s  no t  suf -
ficiently  simila r  t o an y existin g cluste r  (i.e. ,  a  ver y 
nove l  stimulus) . 

Principle 5, the pattern of feedback matters 
As th e b i rd -mamm d exampl e abov e illustrates ,  feed -
bac k affect s th e inferre d categor y structure .  Predic -
tio n failure s resul t  i n a  cluste r  bein g recruited ,  thu s 
differen t  pattern s o f  feedbac k ca n lea d t o differen t 
representation s bein g acquired .  Thi s principl e al -

low s S U S T A I N t o predic t  differen t  acquisitio n pat -
tern s fo r  differen t  learnin g mode s (e.g. ,  inferenc e ver -
sus classificatio n learning )  tha t  ar e informationall y 
equivalen t  bu t  diffe r  i n thei r  patter n o f  feedback . 

Principle 6, cluster competition Clusters can 
be see n a s competin g explanation s o f  th e input .  Th e 
strengt h o f  th e respons e fro m th e winnin g cluste r 
(th e cluste r  th e curren t  stimulu s i s mos t  simila r  to ) 
i s  attenuate d i n th e presenc e o f  othe r  cluster s tha t 
ar e somewha t  simila r  t o th e curren t  stimulu s (com -
par e t o Sloman's ,  1997 ,  accoun t  o f  competin g expla -
nation s i n reasoning) . 

Model Fits and Predictions 

I n th e followin g sections ,  Billma n an d Knutson' s 
(1996 )  result s ar e described ,  fit,  an d SUSTAIN' s 
nove l  prediction s ar e tested .  Followin g Billma n an d 
Knutson ,  Medi n e t  al.' s  (1987 )  wor k i s give n simila r 
consideration . 

Modeling Billman and Knutson's (1996) 
Billma n an d Knutson' s experiment s teste d th e pre -
dictio n tha t  categor y learnin g i s easie r  whe n cer -
tai n stimulu s featur e dimension s ar e predictiv e o f 
othe r  featur e dimension s (e.g. ,  "ha s wings" ,  "ca n 
fly",  "ha s feathers "  ar e al l  inter-correlate d feature s 
of  birds )  the m whe n correlation s ar e unrelate d o r  ar e 
not  numerous .  Thei r  studie s evaluat e ho w relation s 
among stimulu s featur e dimension s affec t  learnin g 
i n a n unsupervise d task .  S U S T A I N ha s success -
full y fit  Billma n an d Knutson' s (1996 )  Experimen t  2 
and 3  (Gurecki s k  Love ,  2002) .  Here ,  w e focu s o n 
Experimen t  3 . 

Fitting Billman and Knutson's (1996) data 
Subject s studie d stimulu s item s tha t  depicte d imagi -
nar y animal s mad e u p o f  o f  seve n featur e dimensions : 
typ e o f  hesid ,  body ,  texture ,  tail ,  legs ,  habitat ,  an d 
tim e o f  da y pictured .  Eac h dimensio n coul d tak e o n 
one o f  thre e values .  Fo r  example ,  th e tim e o f  da y 
coul d b e "sunrise" ,  "nighttime" ,  o r  "midday" .  Th e 
correlationa l  structur e o f  th e featur e dimension s var -
ie d accordin g t o whic h o f  tw o condition s (eithe r  th e 
Structure d o r  th e Orthogona l  condition )  th e subjec t 
was randoml y assigned .  Th e abstrac t  structur e o f 
th e tw o condition s i s show n i n Tabl e 1 .  I n th e Struc -
ture d condition ,  th e first  thre e stimulu s dimension s 
ar e intercorrelate d (fo r  a  tota l  o f  thre e correlations) , 
wliil e th e remainin g fou r  dimension s var y freely.  Th e 
Orthogona l  condition' s structur e als o contain s thre e 
correlation s (th e first  an d secon d dimension s ar e cor -
related ,  a s ar e th e thir d an d fourth ,  an d th e fifth  an d 
th e sixth) ,  bu t  th e correlation s ar e isolate d (e.g. ,  th e 
first  an d thir d dimensio n ar e no t  correlated) . 

I n th e learnin g phas e fo r  bot h conditions ,  subject s 
wer e tol d tha t  the y wer e participatin g i n a  visua l 
memory experimen t  an d viewe d 2 7 stimulu s item s 
fo r  fou r  block s ( a bloc k i s a  singl e pas s throug h al l 
trainin g items) .  Eac h o f  th e 2 7 item s appeare d onc e 
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Tabl e 1 :  Th e logica l  structur e o f  th e stimulu s item s 
fo r  th e Orthogona l  an d Structure d condition s i n Ex -
perimen t  3  o f  Bilhna n an d Knutso n (1996) .  Th e 
seve n column s denot e th e seve n stimulu s dimensions . 
Each dimensio n ca n displa y on e o f  thre e differen t 
values ,  indicate d b y a  1 ,  2 ,  o r  3 .  A n x  indicate s tha t 
th e dimensio n wa s free  t o assum e an y o f  th e thre e 
possibl e values . 

Structure d Conditio n 
l l l x x x x 2 2 2 x x x x 3 3 3 x x x x 

Orthogona l  Conditio n 

1 1 1 1 1 I x 
1 1  1  122 x 
1 1  1  133 x 
1 122 1 Ix 
1 12222 X 
1 12233 X 
1 133 1 Ix 
1 13322 X 
1 13333 x 

221 1 
22 1 1 
22 1 1 
222 2 
222 2 
222 2 
223 3 
223 3 
223 3 

1 Ix 
22 x 
33 x 
1 I x 
22 x 
33 x 
1 Ix 
22 x 
33 x 

3 3 1  1  1  1  X 
3 3 1  1  2 2 x 
3 3 1  1 3 3 x 
3 3 2 2 1  I x 
3 3 2 2 2 2 X 
3 3 2 2 3 3 X 
3 3 3 3 1 I x 
3 3 3 3 2 2 X 
3 3 3 3 3 3 X 

per  bloc k i n a  rando m order .  Th e onl y differenc e 
betwee n th e Structure d an d Orthogona l  condition s 
was th e abstrac t  structur e o f  th e stimul i  tha t  wer e 
shown durin g th e learnin g phase . 

In the test phase of the experiment, subjects 
viewe d a  nove l  se t  o f  5 4 stimulu s pairs .  Eac h mem-
ber  o f  th e pai r  ha d tw o o f  th e seve n featur e dimen -
sion s obscure d (e.g. ,  th e location s wher e th e tai l  an d 
head shoul d hav e bee n wer e blacke d out )  s o tha t  in -
formatio n abou t  onl y on e correlatio n wa s availabl e 
fo r  eac h ite m i n tes t  pair .  On e ite m i n th e pai r 
preserve d th e studie d correlation ,  whil e th e othe r 
ite m violate d th e correlation .  Subject s wer e aske d 
t o choos e th e stimulu s ite m i n th e peii r  tha t  seeme d 
most  simila r  t o th e item s studie d i n th e learnin g 
phas e ( a force d choic e procedure) .  Th e ite m tha t 
preserve d th e studie d correlatio n wa s considere d th e 
correc t  choice .  Fo r  example ,  i n th e isolatin g con -
ditio n th e correc t  ite m o f  th e pai r  migh t  hav e th e 
abstrac t  structur e [ 1 1  m 1  m 1  2 ]  becaus e i t  pre -
serve s th e correlatio n betwee n th e first  an d secon d 
dimension s (th e 'm '  represent s a  dimensio n tha t  wa s 
blocked) .  Th e incorrec t  ite m o f  th e pai r  migh t  the n 
be [ 1 2  m 1  m 1  2 ]  whic h break s th e correlatio n 
presen t  i n th e trainin g item s betwee n th e first  an d 
secon d dimension . 
The basic result from Experiment 3 was that the 
"correct "  ite m wa s chose n mor e ofte n i n th e Struc -
ture d conditio n tha n i n th e Orthogona l  conditio n 
(77 % vs .  6 6 % fro m Taibl e 2) .  Thi s finding  support s 
th e hypothesi s tha t  extractin g a  category' s structur e 
i s facilitate d b y intercorrelate d dimensions . 

T̂ ibl e 2 :  Th e mea n accurac y fo r  human s an d SUS -
TAI N i n Billma n an d Knutson' s (1996 )  Experi -
ment  .2 : 

Orthogona l  Structure d 
Human 
SUSTAIN 

.6 6 

.6 0 
.7 7 
.7 7 

Tabl e 3 :  SUSTAIN' s bes t  fitting  parameter s fo r  th e 
studie s considered .  SUSTAIN' s parameter s ar e no t 
discusse d i n thi s paper ,  bu t  thi s tabl e i s include d fo r 
reader s wh o wis h t o replicat e ou r  results . 

function/adjust s symbo l  valu e 
learnin g rat e Tf  0.096 6 
cluste r  competitio n P  6.4 0 
decisio n consistenc y d  1.9 8 
attentiona l  focu s r  10. 0 
threshol d r  0. 5 

Modelin g Result s SUSTAI N wa s traine d i n a 
manner  analogou s t o ho w subject s wer e traine d b y 
usin g fou r  randoml y ordere d learnin g blocks .  N o 
feedbac k wa s provide d a s al l  stimulu s item s wer e 
encode d a s bein g member s o f  th e sam e category . 
New cluster s wer e recruite d accordin g t o th e unsu -
pervise d notio n o f  surprise .  I n orde r  fo r  SUSTAI N 
t o mimi c th e force d choic e natur e o f  th e tes t  phase , 
a respons e probabilit y  wa s calculate d fo r  eac h o f  th e 
tw o items .  Th e ultimat e respons e o f  th e networ k wa s 
biase d toward s th e ite m i n th e force d choic e tha t  ha d 
th e stronges t  respons e probability . 

SUSTAIN wa s ru n numerou s time s o n bot h condi -
tion s i n bot h experiment s an d th e result s wer e aver -
aged.  Th e bes t  fitting  parameter s ar e show n i n Ta -
bl e 3 .  SUSTAI N correctl y predict s greate r  accurac y 
i n th e Structure d conditio n tht m i n th e Orthogona l 
conditio n (se e Tabl e 2) . 

I n Experimen t  3 ,  SUSTAIN' s mos t  commo n so -
lutio n i n th e Orthogona l  conditio n wa s t o partitio n 
th e studie d item s int o thre e clusters .  However ,  th e 
natur e o f  th e thre e partition s varie d acros s runs . 
SUSTAIN tende d t o focu s o n on e o f  thre e correla ^ 
tion s presen t  i n th e Isolate d conditio n an d ignore d 
th e othe r  two .  Fo r  instance ,  durin g trainin g SUS-
TAI N migh t  creat e thre e cluster s organize d aroun d 
th e first  tw o inpu t  dimension s (on e cluste r  fo r  eac h 
correlate d veilu e acros s th e tw o dimensions )  an d ig -
nor e th e correlatio n betwee n th e thir d an d fourt h 
dimension s an d th e fifth  an d sixt h dimensions . 

SUSTAIN als o recruite d thre e cluster s i n th e 
Structure d condition .  Th e sam e dynamic s tha t  lea d 
SUSTAIN t o focu s o n onl y on e correlatio n i n th e Or -
thogona l  conditio n lead s SUSTAI N t o focu s o n al l  o f 
th e interrelate d correlation s i n th e Structure d condi -
tion .  W h e n SUSTAI N learn s on e correlatio n i n th e 
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Structure d condition ,  S U S T A I N necessaril y  learn s 
al l  o f  th e pairwLs e correlation s becaus e o f  th e wa y 
cluster s ar e update d (i.e. ,  thre e cluster s ar e forme d 
tha t  captur e th e thre e basi c subtype s o f  stimuli) . 
Thi s typ e o f  learnin g i n th e Structure d conditio n i s 
what  lea d t o th e highe r  accurac y levels . 

SUSTAIN' s solutio n t o Experimen t  3  suggest s 
some nove l  predictions :  (a )  W h e n correlation s ar e 
not  interrelated ,  learnin g on e correlatio n shoul d 
bloc k th e learnin g o f  othe r  correlations ,  an d (b ) 
W h en correlation s ar e interrelated ,  eithe r  al l  o f  th e 
correlation s ar e learne d o r  non e o f  th e correlation s 
ar e learned .  Thes e prediction s ar e explore d i n th e 
followin g section . 

Testin g th e Prediction s I n th e origina l  Billma n 
and Knutso n eurticle ,  accurac y wa s considere d i n ag -
gregat e fo r  al l  thre e correlations .  Here ,  w e reana -
lyz e Billma n an d Knutson' s dat a b y considerin g eac h 
subjects '  performanc e o n eac h correlatio n (i.e. ,  eac h 
subjec t  contribute s thre e score s t o th e tmalysi s in -
stea d o f  one) .  S U S T A I N predict s tha t  huma n sub -
ject s wil l  lear n onl y on e o f  th e thre e correlation s i n 
th e Orthogona l  condition ,  bu t  wil l  lear n eithe r  al l 
or  non e o f  th e correlation s i n th e Structure d condi -
tion .  I f  thi s i s  true ,  th e mea n varianc e o f  subjects ' 
accuracie s fo r  th e thre e correlation s shoul d b e highe r 
i n th e Orthogona l  conditio n tha n i n th e Structure d 
condition .  Thi s wa s indee d th e case .  Th e mea n 
varianc e o f  eac h subject' s thre e accurac y score s wa s 
0.03 0 fo r  th e Orthogona l  condition ,  bu t  onl y 0.01 0 
i n th e Structure d conditio n (t(46 )  =  2.76 ,  p  <  .001) . 
Discussio n Du e t o th e wa y S U S T A I N organize s 
it s clusters ,  i t  predict s tha t  learnin g on e correla -
tio n i n th e Orthogona l  conditio n block s th e leairn -
in g o f  othe r  correlation s (whic h shoul d resul t  i n a 
hig h withi n subjec t  variance) ,  wherea s i n th e Struc -
tinre d conditio n learnin g on e correlatio n i s tie d t o 
learnin g al l  thre e correlation s (whic h shoul d resul t 
i n a  lo w withi n subjec t  variance) .  Thes e prediction s 
wer e mad e prio r  t o obtainin g acces s t o Billma n an d 
Knutson' s data .  Th e combine d result s  o f  th e origina l 
Billma n stud y an d th e subsequen t  analysis ,  sugges t 
tha t  peopl e find  categorie s tha t  ar e organize d aroun d 
highl y correlate d feature s t o b e easie r  t o lear n be -
caus e correlation s enabl e th e transfe r  o f  knowledg e 
acros s features .  Th e mechanis m tha t  support s thi s 
operatio n ma y bar e a  stron g resemblanc e t o SUS -
TAIN . 

Modeling Sorting Behavior with 

SUSTAIN 

Billmem and Knutson's (1996) studies suggest that 
subject s prefe r  stimulu s organization s i n whic h th e 
perceptua l  dimension s ar e intercorrelated .  However , 
studie s i n categor y constructio n revea l  a  contrastin g 
patter n — subject s ten d t o sor t  stimul i  alon g a  singl e 
dimension .  Thi s behavio r  persist s despit e th e fac t 

Tabl e 4 :  Th e logica l  structur e o f  th e perceptua l  di -
mension s i n Medi n e t  al .  (1987 )  sorte d i n tw o ways . 
I n th e famil y resemblanc e table ,  th e stimul i  wit h a 
preponderanc e o f  I' s  ca n b e see n a s formin g on e fam -
ily ,  whil e th e stimul i  wit h a  preponderanc e o f  2* 8 ca n 
be see n a s formin g a  secon d famil y o r  cover t  cate -
gory .  I n th e one-dimensiona l  sor t  table ,  th e sam e 
stimul i  item s ar e groupe d o n th e basi s o f  a  singl e 
dimensio n (th e first  dimension) . 

Famil y Resemblanc e 
1 1 1 1 
1 1 1 2 
1 1 2 1 
1 2 1 1 
2 1 1 1 

2 2 2 2 
2 2 2 1 
22 1 2 
2 12 2 
122 2 

One-dimensiona l  Sor t 
111 1 
111 2 
11 2 1 
12 1 1 
122 2 

222 2 
2 2  2  1 
2 2 1 2 
2 1 2 2 
2 1 1 1 

tha t  alternat e organization s exis t  tha t  respec t  th e 
intercorrelate d natur e o f  th e stimuli ,  suc h a s a n in -
tercorrelate d famil y resemblanc e structur e (Medin , 
Wattenmaker ,  &  Hampson ,  1987) . 

S U S T A IN wa s applie d t o th e sortin g dat a from 
Medi n e t  al.' s  (1987 )  Experimen t  1  i n hope s o f  recon -
cilin g th e apparentl y contradictor y findings.  I n Ex -
perimen t  1 ,  subject s wer e instructe d t o sor t  te n stim -
uh int o tw o equa l  size d piles .  Stimul i  wer e cartoon -
lik e animal s tha t  varie d o n fou r  binary-value d per -
ceptua l  dimension s (hea d shape ,  numbe r  o f  legs , 
bod y markings ,  an d tai l  length) .  Th e logica l  struc -
tur e o f  th e item s i s show n i n Tabl e 4 .  Th e basi c find-
in g i s tha t  subject s sor t  alon g a  singl e dimensio n (th e 
one-dimensiona l  sor t  i n Tabl e 4 )  a s oppose d t o sort -
in g stimul i  accordin g t o thei r  intercorrelate d struc -
tur e (i.e. ,  th e famil y resemblanc e structur e show n i n 
Tabl e 4) . 

I n thes e simulations ,  S U S T A I N wa s constraine d 
t o creat e onl y tw o pile s (i.e. ,  clusters )  lik e Medi n a t 
al.' s  subjects .  Thi s wa s accomplishe d b y preventin g 
SUSTAIN fro m recruitin g a  thir d cluster .  SUSTAI N 
was presente d wit h th e item s from  Tabl e 4  fo r  1 0 ran -
do m trainin g block s t o mirro r  subjects '  examinatio n 
of  th e stimulu s se t  an d thei r  rumination s a s t o ho w 
t o organiz e th e stimuli .  T o evaluat e th e performanc e 
of  th e model ,  w e looke d a t  ho w SUSTAIN' s tw o clus -
ter s wer e organized .  Usin g th e sam e parameter s tha t 
wer e use d i n th e Billma n an d Knutso n (1996 )  stud -
ie s liste d i n Tabl e 3 ,  S U S T A I N correctl y predicte d 
tha t  th e majorit y  o f  sort s (99% )  ar e organize d alon g 
one stimulu s dimension . 

SUSTAIN' s natura l  bia s t o focu s o n a  subse t  o f 
stimulu s dimension s (whic h i s  furthe r  stresse d b y 
th e selectiv e attentio n mechanism )  le d i t  t o predic t 
th e predominanc e o f  one-dimensiona l  sorts .  Atten -
tio n i s  directe d toward s stimulu s dimension s tha t 
consistentl y matc h a t  th e cluste r  level .  Thi s lead s 
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t o certai n dimension s becomin g mor e salien t  ove r 
th e cours e o f  learnin g (i.e. ,  th e model' s attentio n 
valu e alon g tha t  dimensio n become s larger) .  Th e 
dimensio n tha t  develop s th e greates t  salienc e ove r 
th e cours e o f  learnin g become s th e basi s fo r  th e one -
dimensiona l  sort . 

Whic h dimensio n provide s consisten t  informatio n 
durin g th e cours e o f  learnin g will ,  i n part ,  b e deter -
mine d b y th e orde r  i n whic h th e stimulu s item s ar e 
presente d t o th e model .  Thus ,  S U S T A I N predict s 
tha t  th e orde r  o f  car d consideratio n i n a  sortin g tas k 
migh t  constrai n whic h dimensio n huma n subject s fo -
cus thei r  sor t  on .  I f  car d orderin g ha s n o effec t  an d 
subject s randoml y choos e a  dimensio n t o sor t  o n o r 
choos e du e t o individua l  difference s i n th e salienc e 
of  a  particula r  dimension ,  the n SUSTAIN' s accoun t 
shoul d b e insufficient . 

Testing the Prediction 

The following study tests this prediction by creating 
a modifie d versio n o f  th e Medin ,  e t  al .  sortin g exper -
imen t  i n whic h th e orde r  tha t  subjec t  m a y conside r 
card s i s manipulated .  Ou r  interes t  wa s t o tes t  i f  th e 
dynamic s tha t  le d S U S T A I N t o choos e a  particula r 
dimensio n t o sor t  o n wer e th e sam e dynamic s tha t 
constraine d subjects '  sortin g strategies . 

Procedur e Stimul i  i n ou r  experimen t  wer e geo -
metri c shapes ,  printe d o n laminate d cards ,  tha t  var -
ie d o n fou r  o f  five  binar y value d dimension s (on e 
dimension s valu e wa s hel d constan t  an d thu s ha d 
no influenc e o n subject s sortin g decisions) .  Th e di -
mension s wer e siz e (bi g o r  small) ,  colo r  o f  borde r 
(whit e o r  yellow) ,  mai n colo r  (blu e o r  purple) ,  a  slas h 
acros s th e shap e (presen t  o r  absent) ,  an d textur e 
(smoot h o r  rough) .  Eac h dimensio n i s independen t 
and equall y salien t  (a s verifie d b y multi-dimensiona l 
scalin g o f  subjects '  pairwis e similarit y  ratings) . 

Participant s wer e give n a  larg e boar d tha t  wa s di -
vide d i n hal f  wit h a  dar k lin e (se e Figur e 1) .  Eac h 
sid e o f  th e boar d ha d five  position s i n whic h t o plac e 
cards .  Befor e th e star t  o f  a n experimen t  trial ,  tw o 
"guide "  card s wer e place d o n th e boar d tha t  ha d op -
posin g value s alon g eac h dimension .  Figur e 1  show s 
an empt y boar d wit h th e abstrac t  structur e o f  thes e 
tw o guid e cards .  Th e particula r  value s an d mean -
in g o f  eac h stimulu s dimensio n wa s rando m fo r  eac h 
subjec t  (i.e. ,  th e value s o f  th e stimulu s dimension s 
suc h a s siz e an d colo r  wer e randoml y assigne d t o on e 
colum n o f  th e abstrac t  structur e shown) . 

Durin g th e experiment ,  participant s wer e give n 
one ne w car d a t  a  tim e b y th e experimente r  an d 
wer e aske d t o plac e th e car d i n a n empt y positio n 
on on e sid e o f  th e boair d accordin g t o wha t  seeme d 
most  natura l  o r  sensibl e give n th e othe r  card s o n 
tha t  side .  Th e firs t  tw o card s actuall y hande d t o 
subject s wer e constraine d s o tha t  the y mismatche d 
on on e dimensio n fro m th e guid e card s alread y o n 
th e board .  Fo r  example ,  give n th e tw o card s i n Fig -

000 0 1111 

1 1 

Figur e 1 :  Th e layou t  an d initia l  configuratio n o f  th e 
boar d give n t o subject s i s shown . 

ur e 1  th e abstrac t  structur e o f  th e first  tw o card s 
actuall y hande d t o th e subject s migh t  b e [ 0 0  0  1 ] 
and [ 1 1  1  0] . 

Th e final 6  card s give n t o subject s wer e draw n 
fro m th e remainin g possible .  Card s wer e randoml y 
chose n bu t  cam e i n pair s o f  opposin g values .  Fo r  ex -
ample ,  i f  th e fourt h car d ha d th e abstrac t  structur e 
[ 0 0 1 0 ] ,  th e fifth  migh t  b e [ 1 0  1  1] .  Thi s manip -
ulatio n als o helpe d t o encovurag e subject s t o fill  th e 
boar d u p i n a  mor e o r  les s eve n fashio n rathe r  tha n 
filling  u p on e sid e completely ,  the n havin g n o choic e 
as wher e t o plac e th e remainin g cards . 

Our  hypothesi s wa s tha t  subject s would ,  lik e SUS -
TA IN ,  plac e th e first  tw o card s o n th e boar d o n th e 
basi s o f  overal l  similarit y t o th e guid e card s a s op -
pose d t o randoml y choosin g a  singl e dimensio n o n 
whic h t o focu s thei r  sortin g strategy .  Thu s i n ou r 
example ,  [ 0 0  0  1 ]  woul d b e place d unde r  th e [ 0 0 
0 0 ]  prototyp e an d [ 1 1 1 0 ]  woul d b e place d un -
der  th e [ 1 1 1 1 ]  prototype .  I f  subject s allocate d 
attentio n t o dimension s tha t  provid e consisten t  in -
formatio n lik e S U S T A I N ,  the n attentio n woul d b e 
increase d o n onl y th e dimension s tha t  matche d th e 
guid e card s (al l  bu t  th e fourt h dimensio n i n thi s 
case) .  Thi s initia l  attentiona l  disadvantag e o n th e 
fourth ,  mismatche d dimensio n woul d preven t  sub -
ject s fro m sortin g o n tha t  dimension . 

Result s Twenty-eigh t  psycholog y undergraduat e 
student s participate d i n th e stud y fo r  cours e credit . 
Th e result s collecte d fo r  thi s stud y ar e sho w i n Ta -
bl e 5 .  O f  th e 2 8 subjects ,  2 3 subject s performe d a 
one-dimensiona l  sor t  whil e 5  use d a n alternat e sort -
in g strategy .  O f  th e 2 3 subject s tha t  performe d a  on e 
dimensiona l  sort ,  onl y 2  o f  thes e 2 3 subject s sorte d 
th e card s usin g th e mismatche d dimensio n a s thei r 
basi s fo r  organization .  I f  subject s ha d n o particula r 
preferenc e fo r  an y dimensio n an d th e manipulatio n 
of  th e C£u:d s ha d n o effect ,  the n th e probabiht y o f 
gettin g 2 1 ou t  o f  2 3 subject s t o sor t  o n a  dimen -
sio n othe r  tha n th e on e mismatchin g dimensio n i s 
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Tabl e 5 :  Th e result s o f  th e sortin g study . 

Number of Subjects 
Subject s usin g a  I D sor t 
--Mismatche d Dimensio n 
—Other  Dimension s 
Subject s usin g a  no n I D sor t 
—Famil y Resemblanc e 
— Unknow n Strateg y 

23 
2 

21 
5 
3 
2 

Tota l  Subject s 28 

les s tha n .0 5 a s give n b y a  two-taile d binomia l  tris d 
(n=23 ,  p  =  .25) .  O f  th e Ev e subject s tha t  di d no t 
perfor m a  one-dimensiona l  sort ,  thre e performe d a 
famil y resemblanc e sor t  an d tw o performe d a  sor t 
usin g a n undecipherabl e sortin g strategy . 

S U S T A IN wa s simulate d usin g th e sam e parame -
ter s use d fo r  th e Billma n an d Knutso n studie s (Ta -
bl e 3 )  an d usin g th e sam e condition s fro m th e Medin , 
et  al .  sortin g simulation ,  bu t  wit h th e specifi c  car d 
ordering s tha t  subject s wer e give n i n ou r  experi -
ment .  I n 100 % o f  th e trials ,  th e mode l  use d a  di -
mensio n othe r  tha n th e mismatche d dimensio n a s 
th e basi s fo r  a  one-dimensiona l  sort . 

Discussion 

Th e dimensio n tha t  subject s choos e t o sor t  i n thi s 
tas k carmo t  b e explaine d a s rando m choice .  Th e re -
sult s presente d i n ou r  experimen t  provid e evidenc e 
tha t  th e orde r  o f  car d presentatio n play s a  rol e i n in -
fluencin g subject s t o sor t  o n a  particula r  dimension . 

Specifically ,  sortin g behavio r  i s influence d b y th e 
way w e perceiv e similarit y betwee n stimuli .  I n thi s 
unsupervise d task ,  attentio n i s allocate d suc h tha t 
th e similarit y spac e change s durin g th e cours e o f 
learning .  A t  th e star t  o f  learning ,  eac h dimension s 
i s mor e o r  les s equall y important ,  bu t  a s learnin g 
proceeds ,  certai n dimension s becom e mor e salien t 
(becaus e the y ar e mor e informative )  whil e other s 
become less .  Thi s warpin g o f  th e similarit y spac e 
i s wha t  ultimatel y cause s judgment s i n thi s typ e o f 
tas k t o becom e base d o n a  singl e dimension ,  rathe r 
tha n o n th e overal l  similarit y betwee n items .  Th e 
fac t  tha t  S U S T A I N predicte d thi s behavio r  give s ad -
ditiona l  suppor t  t o th e notio n tha t  it' s  principle s 
reflec t  som e o f  th e tru e operationa l  principle s o f  hu -
m an learning . 

Conclusions and Implications 

SUSTAIN' s combine d accoun t  o f  Billma n an d Knut -
son' s (1996 )  studie s an d Medi n e t  al .  (1987 )  sugges t 
tha t  th e saUenc e o f  stimulu s dimension s chang e a s 
a resul t  o f  unsupervise d learnin g an d tha t  th e cor -
relate d structur e o f  th e worl d i s mor e likel y t o b e 
respecte d whe n ther e ar e numerou s intercorrelate d 
dimension s tha t  ar e strong .  I n case s wher e th e tota l 

number  o f  correlation s i s modest ,  an d th e correla -
tion s ar e wea k an d no t  interrelate d (suc h a s i n th e 
Medi n e t  al .  stimuli) ,  S U S T A I N predict s tha t  stim -
ul i  wil l  b e organize d alon g a  singl e dimension . 

The abilit y  o f  S U S T A I N t o accoun t  fo r  tw o divers e 
unsupervise d learnin g dat a set s wit h a  singl e se t  o f 
parameter s demonstrat e ho w it' s  formulatio n posi -
tion s i t  a s a  robus t  mode l  o f  categor y learning .  I n 
additio n t o th e studie s reporte d here ,  SUSTAIN' s 
principle s ha s bee n show n t o generaliz e acros s a 
number  o f  othe r  form s o f  categor y learnin g (suc h 
as supervise d learnin g an d inferenc e learning) .  I t  i s 
thes e well-define d principle s an d th e transparen t  op -
eratio n o f  SUSTAI N tha t  allo w i t  t o mak e th e tw o 
prediction s whic h hav e bee n successfull y confirme d 
here . 
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Abstrac t 

Following up on previous work by Thagard (1989, 2000) we 
hav e develope d a  connectionis t  constrain t  satisfactio n mode l 
whic h aim s a t  capturin g a  wid e variet y o f  task s involvin g 
causa l  cognitions ,  includin g causa l  reasoning ,  learning ,  hy -
pothesi s testing ,  an d prediction .  W e wil l  sho w tha t  thi s mode l 
predic U a  numbe r  o f  recen t  findings,  includin g asymmetrie s 
of  blocking ,  an d asymmetrie s o f  sensitivit y t o structura l  im -
plication s o f  causa l  model s i n explici t  versu s implici t  tasks . 

Introduction 

Causa l  reasonin g ha s bee n widel y investigate d durin g th e 
las t  decade ,  whic h ha s le d t o a  numbe r  o f  interestin g nove l 
finding s (se e Shanks ,  Holyoak ,  &  Medin ,  1996 ;  Hagmaye r 
& Waldmann ,  2001 ,  fo r  overviews) .  Fo r  example ,  i t  ha s 
bee n show n tha t  participants '  causa l  judgment s ar e sensitiv e 
t o th e contingenc y betwee n th e caus e an d th e effect ,  an d 
tha t  people' s judgment s reflec t  th e causa l  model s underlyin g 
th e observe d learnin g event s (se e Hagmaye r  &  Waldmann , 
2001 ;  Waldmann ,  1996) .  Moreover ,  causa l  reasonin g ha s 
bee n studie d i n th e contex t  o f  a  numbe r  o f  differen t  tasks , 
suc h a s learning ,  reasoning ,  categorization ,  o r  hypothesi s 
testing . 

Most  psychologica l  theorie s an d computationa l  model s 
of  causa l  learnin g an d reasonin g ar e roote d i n tw o traditions . 
The y ar e eithe r  base d o n associationisti c o r  o n probabilisti c 
or  Bayesia n model s (se e Shank s e t  al. ,  1996 ;  Thagard , 
2000) .  Bot h kind s o f  model s hav e bee n criticized .  Associa -
tionisti c learnin g network s hav e prove n unabl e t o captur e 
th e fundamenta l  semantic s o f  causa l  model s becaus e the y 
ar e insensitiv e t o th e difference s betwee n learnin g event s 
tha t  represen t  cause s versu s effect s (se e Waldmann ,  1996) . 
By contrast ,  Bayesia n network s ar e perfectl y capabl e o f  rep -
resentin g causa l  model s wit h link s directe d fro m cause s t o 
effect s (se e Pearl ,  2000) .  However ,  althoug h th e goa l  o f 
thes e network s i s t o reduc e th e complexit y o f  purel y prob -
abilisti c  reasoning ,  realisti c Bayesia n model s stil l  requir e 
fairl y  comple x computations ,  an d the y presuppos e compe -
tencie s i n reasonin g wit h numerica l  probabilitie s w^ic h see m 
unrealisti c fo r  untutore d peopl e (se e Thagard ,  2000 ,  fo r  a 
detaile d critiqu e o f  thes e models) . 

The ai m o f  thi s pape r  i s t o introduc e a  mor e qualitativel y 
oriented ,  connectionis t  constrain t  satisfactio n mode l  o f 
causa l  reasonin g an d learning .  Ou r  mode l  i s  inspire d b y 
Thagard' s (2000 )  suggestio n tha t  constrain t  satisfactio n 

model s m a y qualitativel y captur e m a n y insight s underlyin g 
normativ e Bayesia n networ k model s i n spit e o f  th e fac t  tha t 
constrain t  satisfactio n mode l  us e computationall y fa r  sim -
pler ,  an d therefor e psychologicall y mor e realisti c processes . 
Th e mode l  differ s fro m standar d associationis t  learnin g 
model s (e.g. ,  Rescorl a &  Wagner ,  1972 )  i n tha t  i t  i s capabl e 
of  expressin g basi c difference s betwee n causa l  models .  Ou r 
model  embodie s a  unifor m mechanis m o f  learnin g an d rea -
soning ,  wdiic h assesse s th e fi t  betwee n dat a an d causa l  mod -
els .  Thi s architectur e allow s u s t o mode l  a  wid e rang e o f 
differen t  task s withi n a  unifie d model ,  whic h i n th e literatur e 
hav e s o fa r  bee n treate d a s separate ,  suc h a s learnin g an d 
hypothesi s testing . 

Constraint Satisfaction Models 

Constrain t  satisfactio n model s (Thagard ,  1989 ,  2000 )  ai m a t 
capturin g qualitativ e aspect s o f  reasoning .  Thei r  basi c as -
sumptio n i s tha t  peopl e hol d a  se t  o f  interconnecte d beliefs . 
Th e belief s pos e constraint s o n eac h other ,  the y eithe r  sup -
por t  eac h other ,  contradic t  eac h other ,  o r  ar e unrelated .  C o -
herenc e betwee n th e belief s ca n b e achieve d b y processe s 
wliic h attemp t  t o hono r  thes e constraints . 

Withi n a  constrain t  satisfactio n mode l  belief s ar e repre -
sente d a s node s whic h represen t  proposition s (e.g. ,  " A 
cause s B " ) .  Th e node s ar e connecte d b y symmetri c relations . 
Th e numerica l  activatio n o f  th e node s indicate s th e strengt h 
of  th e belie f  i n th e proposition .  A  belie f  tha t  i s  highl y acti -
vate d i s hel d strongly ,  a  belie f  tha t  i s  negativel y activate d i s 
rejected .  Th e activatio n o f  a  nod e depend s o n th e activatio n 
of  al l  othe r  node s wit h whic h i t  i s  connected .  M o r e pre -
cisely ,  th e ne t  inpu t  t o a  singl e nod e j  fro m al l  othe r  node s i 
i s  define d a s th e weighte d siu n o f  th e activatio n a  o f  al l  re -
late d node s (followin g Thagard ,  1989 ,  p.466 ,  eq.5) : 

Net j  =  l i  w.jai(t )  (1 ) 
Th e weight s w  represen t  th e strengt h o f  th e connectio n o f 
th e beliefs .  I n ou r  simulations ,  the y ar e generall y pre-se t  t o 
defaul t  value s whic h ar e eithe r  positiv e o r  negativ e an d re -
mai n constan t  throughou t  th e simulation .  A t  th e beginnin g o f 
th e simulations ,  th e activatio n o f  th e node s representin g hy -
pothese s ar e se t  t o a  lo w defaul t  value .  However ,  node s rep -
resentin g empirica l  evidenc e ar e coimecte d t o a  specia l  acti -
vatio n nod e whos e activatio n remain s constan t  a t  1.0 .  Thi s 
architectur e allow s u s t o captur e th e intuitio n tha t  mor e fait h 
i s pu t  int o empirica l  evidenc e tha n int o theoretica l  hypothe -
ses (se e Thagard ,  1989) .  T o updat e th e activatio n i n eac h 
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cycl e o f  th e simulation ,  first  th e ne t  inpu t  net j  t o eac h nod e 
i s compute d usin g Equatio n 1 .  Secon d th e activatio n o f  al l 
node s i s update d usin g th e followin g equatio n (Thagard , 
1989,p.446,eq.4) : 

flj(t+l)  = -  aj(tXl-e)+netj(max-flj(t) )  i f  netj> 0 
= aj(t X 1  -e)+ne^(Oj(t)-min )  otherwise .  (2 ) 

I n Equatio n 2 ,  6  i s a  deca y paramete r  tha t  decrement s th e 
activit y o f  eac h nod e i n ever y cycle ,  mi n represent s th e 
m i n i m u m activatio n (-1 )  an d m a x th e m a x i m u m activatio n 
(+1) .  Th e activation s o f  al l  node s ar e update d unti l  a  stabl e 
equilibriu m i s reached ,  whic h mean s tha t  th e activatio n o f  al l 
node s d o n o longe r  substantiall y  change .  T o deriv e quantita -
tiv e prediction s i t  woul d b e necessar y t o specif y rule s tha t 
m ap th e fina l  activation s t o differen t  type s o f  responses . 
Thi s i s a n importan t  goa l  whic h shoul d b e addresse d i n fu -
tur e research .  I n th e presen t  articl e w e onl y deriv e ordinal , 
qualitativ e prediction s from  th e model . 

The Model 
Followin g causal-mode l  theor y (Waldmann ,  1996 )  w e as -
sume tha t  peopl e typicall y ente r  causa l  task s wit h initia l  as -
sumption s abou t  th e causa l  structur e the y ar e goin g t o ob -
serve .  Eve n thoug h specifi c  knowledg e abou t  causa l  rela -
tion s m a y no t  alway s b e available ,  peopl e ofte n brin g t o bea r 
knowledg e abou t  abstrac t  feature s o f  th e models ,  suc h a s th e 
distinctio n betwee n event s tha t  refe r  t o potentia l  cause s an d 
event s tha t  refe r  t o potentia l  effects .  I n virtuall y al l  psycho -
logica l  studie s thi s informatio n ca n b e gleane d from  th e ini -
tia l  instruction s an d th e material s (se e Waldmann ,  1996) . 

Figur e 1  display s a n exampl e o f  h o w th e mode l  repre -
sent s a  causa l  model .  Th e node s represen t  eithe r  causa l  hy -
pothese s o r  observabl e events .  Th e causa l  hypothesi s nod e 
at  th e to p represent s a  strucmra l  causa l  hypothesi s (HI) ,  i n 
thi s cas e th e hypothesi s tha t  th e thre e event s ei ,  Cj ,  x  for m a 
common-effec t  structur e wit h Ci  an d e 2 a s th e tw o alternativ e 
cause s an d x  a s th e c o m m o n effect .  Th e tw o node s o n th e 
middl e leve l  refe r  t o th e tw o causa l  relation s H 2 an d H 3 tha t 
ar e par t  o f  th e common-effec t  mode l  wit h tw o cause s an d a 
singl e effec t  Th e node s o n th e lowes t  leve l  refe r  t o al l  pat -
tern s o f  event s tha t  ca n b e observe d wit h thre e event s ( a do t 
represent s "and") .  O n th e lef t  side ,  th e node s represen t  pat -
tern s o f  thre e events ,  i n th e middl e pairs ,  an d o n th e righ t 
sid e singl e events .  No t  onl y th e presen t  bu t  als o th e corre -
spondin g absen t  event s ar e represente d withi n thi s mode l 
(fo r  exampl e ~ x ) .  Th e link s connectin g th e node s represen t 
belie f  relations .  Thus ,  the y d o no t  represen t  probabilitie s o r 
causa l  relation s a s i n Bayesia n models .  Ther e ar e tw o differ -
ent  kind s o f  connection s betwee n th e nodes .  Soli d line s indi -
cat e excitator y links ,  dashe d line s inhibitor y links .  H o w ar e 
th e coimection s defined ? A  connectio n i s positiv e i f  th e 
proposition s suppor t  eac h other .  Fo r  example ,  i f  al l  thre e 
event s ar e present ,  th e observatio n i s i n accordanc e wit h 
bot h hypothese s H 2 an d H 3 .  Thi s patter n migh t  b e observe d 
i f  bot h e l  an d e 2 caus e x .  Therefor e th e evidenc e nod e 
el.e2. x i s positivel y connecte d t o H 2 an d H 3 .  I n general ,  a 
hypothesi s i s positivel y connecte d t o a n evidenc e nod e i f  th e 
event s mentione d i n th e hypothesi s ar e eithe r  al l  presen t  o r 
al l  absent .  I f  thi s i s no t  th e case ,  tha t  i s  i f  on e o f  th e relevan t 
event s specifie d i n th e hypothesi s i s absent ,  th e lin k i s as -

signe d th e negativ e defaul t  value .  Explorator y studie s hav e 
shown ,  tha t  participant s shar e a  c o m m o n intuitio n whethe r  a 
certai n patter n o f  event s support s o r  contradict s a  hypothesi s 
(Hagmaye r  &  Waldmann ,  2001) .  Th e assigne d weight s mir -
ro r  thes e genera l  intuitions .  Th e weight s o f  th e link s remai n 
th e sam e throughou t  th e simulations .  Figur e 1  doe s no t  dis -
pla y th e specia l  activatio n node .  Thi s nod e wa s pre-se t  t o 
1. 0 an d attache d t o even t  node s describin g presen t  event s i n 
th e respectiv e experiment . 

© 
Figur e 1 :  Constrain t  satisfactio n mode l  o f  causa l  learnin g 
and reasoning .  Se e tex t  fo r  fiirther  explanations . 

In Figure 1, the dashed line between the hypotheses HI and 
H 2,  whic h signifie s a n inhibitor y link ,  i s  o f  specia l  interest . 
Th e networ k represent s a  common-effec t  structure .  Thi s 
means tha t  ther e ar e tw o cause s e l  an d e 2 whic h compet e i n 
explainin g th e occurrenc e o f  effec t  x .  Therefor e th e tw o 
hypothese s referrin g t o th e individua l  causa l  relation s hav e 
t o b e connecte d b y a  inhibitor y lin k (se e als o Thagard , 
2000) .  However ,  bot h hypothese s H 2 an d H 3 ar e positivel y 
connecte d t o th e structura l  hypothesi s H I .  B y contrast ,  a 
common-caus e structur e i s represente d slightl y differently . 
I n suc h a  structure ,  even t  x  woul d b e th e c o m m o n caus e o f 
th e tw o effect s e l  an d e 2 (i.e. ,  H I :  x->el.e2) .  A  mode l  o f 
thi s structur e look s almos t  identica l  t o th e on e fo r  th e com -
mon-effec t  structur e i n Figur e 1 .  Ther e i s onl y on e ver y im -
portan t  difference .  Becaus e ther e i s n o competitio n betwee n 
th e effect s o f  a  c o m m o n cause ,  a  common-caus e mode l  ha s 
no inhibitor y lin k betwee n H 2 an d H3 .  Al l  othe r  node s an d 
link s i n th e tw o model s ar e identical . 

Bot h th e common-effec t  an d th e common-caus e mode l 
wer e implemente d usin g Microsof t  Excel .  Defaul t  value s 
wer e adopte d from  th e literatur e i f  no t  indicate d otherwis e 
(Thagard ,  1989) .  Initia l  activation s wer e se t  t o 0.01 ,  inhibi -
tor y link s betwee n node s t o -0.05 ,  an d excitator y link s t o 
+0.05 .  Th e inhibitor y lin k betwee n H I  an d H 2 withi n th e 
common-effec t  mode l  wa s pre-se t  t o a  valu e o f  -0.20 .  Th e 
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specia l  activatio n nod e wa s attache d t o al l  evidenc e nodes . 
The additiona l  activatio n wa s divide d amon g th e evidenc e 
node s accordin g t o th e relativ e frequenc y o f  th e evidenc e i n 
th e learnin g input .  Thi s principl e capture s th e intuitio n tha t 
mor e fait h i s pu t  int o evidenc e tha t  i s observe d mor e fre -
quently . 

Evaluation 

I n orde r  t o evaluat e th e propose d constrain t  satisfactio n 
model  differen t  task s an d paradigm s fro m th e literatur e o n 
causa l  learnin g an d reasonin g wer e modeled .  O n e o f  ou r 
mai n goal s wa s t o sho w tha t  th e sam e architectur e ca n b e 
use d t o simulat e differen t  type s o f  tasks .  However ,  differen t 
task s require d differen t  section s o f  th e mode l  depicte d i n 
Figur e 1 .  W e use d tw o principle s fo r  th e constructio n o f  tas k 
specifi c  networks .  Th e firs t  principl e i s tha t  w e onl y in -
clude d th e even t  node s tha t  corresponde d t o th e even t  pat -
tern s observe d i n th e learnin g phas e o r  tha t  corresponde d t o 
event s tha t  hav e t o b e evaluate d o r  predicte d i n th e tes t 
phase .  Fo r  example ,  t o mode l  a  tas k i n whic h onl y even t 
triple s wer e shown ,  onl y th e even t  node s o n th e lef l  sid e o f 
th e even t  laye r  i n Figur e 1  woul d b e incorporate d i n th e 
model .  However ,  i f  th e tas k followin g th e learnin g phas e 
require d th e predictio n o f  singl e events ,  th e correspondin g 
node s fo r  singl e event s woul d hav e t o b e adde d t o th e even t 
layer .  Th e secon d principl e i s tha t  onl y th e hypothesi s node s 
wer e include d tha t  represen t  hypothese s tha t  ar e give n o r 
suggeste d t o participants .  Thes e tw o principle s ensur e tha t 
fo r  eac h paradig m a  minimall y sufficien t  sub-mode l  o f  th e 
complet e mode l  i s  instantiated . 

Test 1: Asymmetries of Blocking 

Blockin g belong s t o th e centra l  phenomen a observe d i n as -
sociativ e learnin g which ,  amon g othe r  findings ,  hav e moti -
vate d learnin g rule s tha t  embod y cu e competitio n (e.g. ,  Res -
corl a &  Wagner ,  1972) .  A  typica l  blockin g experimen t  con -
sist s o f  tw o learnin g phases .  I n Phas e 1  participant s lear n 
tha t  tw o event s e l  an d x  ar e eithe r  bot h presen t  o r  absent .  I n 
Phase 2  a  thir d even t  e 2 i s introduced .  N o w al l  thre e event s 
ar e eithe r  presen t  o r  absent .  I n bot h phases ,  event s e l  an d e 2 
represen t  cue s an d x  th e outcom e t o b e predicted .  Associa -
tiv e theorie s generall y predic t  a  blockin g effec t  \^ic h mean s 
tha t  participant s shoul d b e reluctan t  abou t  th e causa l  statu s 
of  th e redundan t  even t  e 2 tha t  ha s bee n constantl y paire d 
wit h th e predictiv e even t  e l  fro m Phas e 1 .  Thi s predictio n 
has com e unde r  attac k b y recen t  finding s tha t  hav e show n 
tha t  th e blockin g effec t  depend s o n th e causa l  mode l  learn -
er s brin g t o bea r  o n th e tas k (se e Waldmann ,  1996 ,  2000) .  I f 
participant s assum e tha t  e l  an d e 2 ar e th e cause s o f  x  (com -
mon-effec t  structure )  a  blockin g effec t  ca n b e seen .  I n con -
trast ,  i f  participant s assimi e tha t  e l  an d e 2 ar e th e collatera l 
effect s o f  th e c o m m o n caus e x  (common-caus e structure) ,  n o 
blockin g o f  e 2 i s observed .  I n thi s condition ,  learner s ten d t o 
vie w bot h e l  an d e 2 a s equall y vali d diagnosti c cue s o f  x . 

T o mode l  blocking ,  w e use d a  networ k tha t  wa s ex -
tende d afte r  Phas e 1 .  I n Phas e 1 ,  th e ne t  consiste d o f  a  hy -
pothesi s nod e (H2 )  an d th e node s fo r  pattern s o f  tw o event s 
(el ,  x) .  Afle r  Phas e 1 ,  th e fina l  activatio n o f  th e hypothesi s 
nod e wa s transferre d t o Phas e 2 .  I n Phas e 2 ,  th e networ k 

consiste d o f  tw o node s fo r  th e tw o causa l  hypothese s (H 2 
and H 3 ) ,  an d node s tha t  represente d pattern s o f  thre e events , 
th e pattern s participant s observe d withi n th e learnin g phase . 
Furthermore ,  th e nod e H I  wa s included ,  which ,  dependin g 
on th e condition ,  eithe r  code d a  conunon-caus e o r  a  com -
mon-effec t  hypothesis .  Th e node s fo r  th e even t  pair s fro m 
Phas e 1  wer e removed . 

Figur e 2  show s th e activatio n o f  th e tw o hypothese s re -
ferrin g t o th e causa l  relation s i n Phas e 1  an d 2 .  Figur e 2 A 
depict s th e activatio n fo r  th e common-caus e mode l  an d Fig -
ur e 2 B fo r  th e common-effec t  model . 
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Figur e 2  A :  Simulatio n o f  a  blockin g paradig m (Tes t  1) . 
Activatio n o f  hypothesi s node s fo r  a  common-caus e 
model .  Th e soli d lin e represent s th e activatio n o f 
H2:x->el ,  th e dotte d lin e o f  H3:x->e2 .  Phas e 2  starte d a t 
th e 101 "  cycle . 

The model shows no blocking for event e2 in the context of 
th e common-caus e model .  I t  quickl y acquire s th e belie f  tha t 
ther e i s a  causa l  connectio n betwee n x  an d e2 . 
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Figur e 2B :  Simulatio n o f  a  blockin g paradig m (Tes t  1) . 
Activatio n o f  hypothesi s node s fo r  a  common-effec t 
structure .  Th e uppe r  lin e represent s th e activatio n o f 
H2:el->x ,  th e lowe r  lin e o f  H3:e2->x .  Phas e 2  starte d a t 
th e 101 "  cycle . 

For the common-effect model the simulation shows blocking 
o f  th e secon d cause ,  tha t  i s th e secon d hypothesi s i s believe d 
t o b e wrong .  Thus ,  th e simulation s closel y correspon d t o th e 
empirica l  findin g tha t  blockin g interact s wit h th e structur e o f 
th e causa l  mode l  use d t o interpre t  th e learnin g data . 
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Tes t  2 :  Testin g C o m p l e x C a u s a l  Hypo these s 

Th e first  tes t  o f  th e mode l  use d a  phenomeno n from  th e ht -
eratur e o n causa l  learning .  W e n o w wan t  t o tur n t o a  com -
pletel y differen t  paradigm ,  hypothesi s testing .  I n experi -
ment s o n causa l  learnin g participant s ar e typicall y instructe d 
abou t  a  causa l  structure ,  an d th e tas k i s t o lear n abou t  th e 
causa l  relation s withi n th e structure .  The y ar e no t  aske d 
Avhethe r  the y believ e tha t  th e structur e i s supporte d b y th e 
learnin g dat a o r  not .  I n recen t  expenment s (Hagmayer , 
2001 ;  Hagmaye r  &  Waldmann ,  2001 )  w e gav e participant s 
th e tas k t o tes t  a  comple x causa l  mode l  hypothesis .  Fo r  ex -
ample ,  w e aske d the m whethe r  thre e observe d event s sup -
por t  a  common-caus e hypothesi s o r  not .  Normativel y thi s 
tas k shoul d b e solve d b y testin g th e implication s o f  th e give n 
structura l  hypothesis .  Fo r  example ,  a  common-caus e mode l 
inche s a  (spurious )  correlatio n o f  th e effect s o f  th e singl e 
c o m m on cause .  I n contrast ,  a  common-effec t  structur e doe s 
not  impl y a  correlatio n o f  th e differen t  cause s o f  th e join t 
effec t  Unles s ther e i s a n additiona l  hidde n even t  tha t  cause s 
a correlatio n amon g th e causes ,  the y shoul d b e uncorrelated . 
I n th e experiment,  participant s wer e give n dat a whic h eithe r 
displaye d a  correlatio n betwee n al l  thre e event s (dat a se t  1 ) 
or  correlation s betwee n el- x an d e2- x only ,  tha t  i s  e l  an d e 2 
wer e marginall y independen t  i n thi s dat a (dat a se t  2) .  Dat a 
set  1  wa s consisten t  wit h a  common-caus e hypothesi s wliic h 
implie s correlation s betwee n al l  thre e events .  I n contrast , 
dat a se t  2  favor s th e common-effec t  hypothesi s wit h x  a s th e 
effec t  an d e l  an d e 2 a s independen t  causes .  However ,  i n a 
serie s o f  experiment s w e foun d tha t  participant s wer e no t 
awar e o f  thes e differentia l  structura l  implication s whe n test -
in g th e tw o hypotheses .  Instea d the y checke d whethe r  th e 
individua l  causa l  relation s withi n th e comple x structure s 
hel d (e.g. ,  e  1  -x) .  Thus ,  participant s dismisse d a  hypothesi s i f 
one o f  th e ass\une d causa l  link s wa s missing .  However ,  the y 
prove d unabl e t o distinguis h betwee n th e common-caus e an d 
th e common-effec t  structur e whe n bot h structure s specifie d 
causa l  coimection s betwee n th e sam e event s (regardles s o f 
th e direction) . 

T o mode l  thi s tas k w e use d th e mode l  withou t  th e node s 
fo r  even t  pair s an d individua l  events .  Th e specia l  activatio n 
nod e wa s connecte d t o th e pattern s o f  thre e events .  A s be -
for e th e activatio n o f  th e individua l  even t  pattern s wa s pro -
portiona l  t o th e frequency  o f  th e respectiv e patter n i n th e 
data .  T o tes t  th e model ,  w e use d thre e set s o f  data .  Eithe r  al l 
thre e event s wer e correlate d (dat a se t  1) ,  e l  an d x ,  an d e 2 
and x  wer e correlate d an d e l  an d e 2 wer e marginall y inde -
penden t  (dat a se t  2) ,  o r  e l  an d x ,  an d e l  an d e 2 wer e corre -
lated ,  an d e 2 an d x  wer e uncorrelate d (dat a se t  3) .  A s com -
petin g hypothese s w e eithe r  use d a  common-caus e mode l 
wit h X  a s th e c o m m o n cause ,  o r  a  common-effec t  mode l  wit h 
X a s th e c o m m o n effect .  Figur e 3  show s th e activatio n o f  th e 
nod e H I  whic h represent s th e hypothesi s tha t  th e respectiv e 
causa l  mode l  underlie s th e observe d data . 

Figur e 3  A  show s th e result s fo r  th e common-caus e hy -
pothesis ,  Figur e 3 B fo r  th e common-effec t  hypothesis .  Th e 
result s clearl y mirro r  th e judgment s o f  ou r  participants . 
Whenever  th e tw o assume d causa l  relation s withi n eithe r 
causa l  mode l  wer e represente d i n th e data ,  th e structura l 
hypothesi s wa s accepte d (soli d lines) ,  i f  on e lin k wa s miss -
in g th e hypothesi s wa s rejecte d (dotte d line) . 

One sligh t  deviatio n from  ou r  empirica l  fmding s wa s ob -
served .  I n earl y cycle s ther e seem s t o b e a n effec t  favorin g 
th e common-effec t  hypothesi s wit h dat a consisten t  wit h thi s 
hypothesis .  However ,  th e differenc e betwee n th e hypothese s 
i s relativel y smal l  an d fiirthe r  decrease s afte r  10 0 updatin g 
cycles .  Thus ,  th e result s ar e consisten t  wit h participants ' 
insensitivit y t o structura l  implication s o f  causa l  model s i n 
hypothesi s testin g tasks . 

activatio n 
1.0 0 
0.8 0 
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Figur e 3  A :  Activatio n o f  hypothesi s nod e H I  fo r  a  com -
mon-caus e mode l  (Tes t  2) .  T h e soli d line s represen t  th e 
activation s fo r  dat a se t  1  an d 2 ,  th e dotte d lin e th e activa -
tion s fo r  dat a se t  3 . 
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Figur e 3 B :  Activatio n o f  hypothesi s nod e H I  fo r  a  com -
mon-effec t  mode l  (Tes t  2) .  Th e soli d line s represen t  th e 
activation s fo r  dat a se t  1  an d 2 ,  th e dashe d lin e a t  th e 
botto m th e activation s fo r  dat a se t  3 

Why does the model not differentiate between the two 
causa l  structures ? T h e reaso n i s tha t  i t  i s  assume d tha t  com -
ple x structura l  hypothese s ar e no t  directl y linke d t o empiri -
cal  evidence .  I n ou r  mode l  empirica l  evidenc e i s connecte d 
t o th e hypothese s tha t  represen t  individua l  causa l  link s 
whic h i n tur n ar e linke d t o mor e comple x model-relate d 
hypotheses .  Thi s architectur e allow s i t  t o mode l  learnin g 
an d hypothesi s testin g withi n th e sam e model .  I t  als o seem s 
t o captur e th e empirica l  findin g tha t  participant s ca n easil y 
decid e whethe r  a  certai n patter n o f  event s support s a  simpl e 
causa l  hypothesis ,  bu t  hav e a  har d tim e t o relat e even t  pat -
tern s t o comple x causa l  hypotheses . 
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Tes t  3 :  Causa l  Inference s 

I n th e previou s sectio n w e hav e mentione d studie s showin g 
insensitivit y t o spuriou s relation s implie d b y causa l  models . 
A las t  tes t  fo r  ou r  mode l  i s a  tas k i n whic h participant s hav e 
t o predic t  othe r  event s unde r  th e assumptio n tha t  a  certai n 
causa l  mode l  holds .  Interestingl y w e hav e empiricall y dem -
onstrate d sensitivit y t o structura l  implication s o f  causa l 
model s i n thi s mor e implici t  tas k (Hagmaye r  &  Waldmann , 
2000) .  I n dii s  tas k participant s d o no t  hav e t o evaluat e th e 
validit y o f  a  causa l  mode l  i n ligh t  o f  observe d evidenc e bu t 
rathe r  ar e instructe d t o us e causa l  model s whe n predictin g 
individua l  events .  I n ou r  experiment s w e presente d partici -
pant s wit h tw o learnin g phase s i n whic h the y learne d abou t 
tw o causa l  relation s on e a t  a  time .  Thus ,  i n eac h phas e par -
ticipant s onl y receive d informatio n abou t  th e presenc e an d 
absenc e o f  tw o event s ( x an d el ,  o r  x  an d e2) .  The y neve r 
sa w pattern s o f  al t  thre e event s durin g th e experiment .  Th e 
initia l  instruction s describe d th e tw o causa l  relations ,  whic h 
wer e identicall y presente d acros s conditions ,  eithe r  a s part s 
of  a  common-caus e mode l  wit h x  a s th e caus e o r  a s par t  o f  a 
common-effec t  mode l  wit h x  a s th e effect .  Afte r  participant s 
had learne d abou t  th e tw o causa l  relation s w e aske d the m t o 
predic t  whethe r  e l  an d e 2 wer e presen t  give n tha t  x  wa s 
present .  W e foun d tha t  participant s wer e mor e likel y t o pre -
dic t  tha t  bot h e l  an d e 2 woul d co-occu r  whe n x  wa s viewe d 
as th e c o m m o n caus e tha n whe n i t  wa s see n a s a  c o m m o n 
effect .  Thus ,  i n thi s mor e implici t  tas k th e prediction s ex -
presse d knowledg e abou t  structura l  implication s o f  causa l 
models .  I n particular ,  th e pattern s th e participant s predicte d 
embodie d a  spuriou s correlatio n amon g th e effect s o f  a  com -
m on cause ,  wlierea s th e cause s o f  a  c o m m o n effec t  tende d t o 
be marginall y uncorrelate d i n th e predicte d patterns .  B y 
contrast ,  i n a  mor e direc t  tas k whic h require d explici t 
judgment s abou t  correlations ,  n o suc h sensitivit y wa s 
observed ,  wliic h i s consisten t  wit h th e result s reporte d i n th e 
previou s section . 

T o mode l  thi s experimen t  w e eventuall y use d th e com -
plet e networ k depicte d i n Figur e 1  whic h wa s successivel y 
augmente d accordin g t o ou r  tw o principles .  I n Phas e 1 ,  th e 
learnin g phase ,  pattern s o f  tw o event s wer e connecte d t o th e 
hypothese s H 2 an d H 3 .  E>ependin g o n th e learnin g condi -
tion ,  thes e tw o hypothese s wer e eithe r  linke d t o a  c o m m o n -
caus e o r  a  common-effec t  hypothesi s (HI) .  Th e activation s 
of  th e hypothesi s node s a t  th e en d o f  Phas e 1  wer e use d a s 
initia l  activatio n value s i n Phas e 2 .  I n Phas e 2  th e mode l 
consiste d o f  th e thre e hypothesi s nodes ,  th e node s fo r  pat -
tern s o f  thre e event s an d th e node s representin g singl e 
events .  Th e singl e even t  node s wer e include d becaus e th e 
tas k require d th e predictio n o f  individua l  events .  Th e specia l 
activatio n nod e wa s n o w attache d t o even t  x .  Th e mode l 
the n predicte d th e othe r  tw o individua l  event s an d pattern s 
ofal l  thre e events . 

The mode l  quickl y learne d th e causa l  relation s durin g 
Phas e 1  o f  th e experiment .  Figxu' e 4  depict s th e result s o f 
Phas e 2 .  Figur e 4 A show s th e prediction s o f  th e mode l  fo r 
th e conditio n i n whic h participant s assume d a  c o m m o n -
caus e model .  Figur e 4 B show s th e result s fo r  th e c o m m o n -
effec t  condition .  Th e result s o f  th e simulation s ar e consisten t 
wit h th e behavio r  w e hav e observe d i n ou r  participants . 
W h en th e mode l  assume s a  common-caus e mode l  th e pres -

enc e o f  x  lead s t o a  hig h positiv e activatio n o f  th e tw o ef -
fect s e l  an d e2 .  Thi s mean s tha t  th e mode l  tend s t o prefe r 
th e predictio n tha t  th e tw o effect s o f  a  c o m m o n caus e co -
occur .  I n contrast ,  fo r  th e common-effec t  structur e th e 
model  doe s no t  sho w suc h a  preference .  I n thi s condition , 
bot h cause s o r  eithe r  on e o f  the m equall y qualif y a s possibl e 
explanation s o f  th e observe d effect .  Thi s mean s tha t  ou r 
model ,  simila r  t o th e on e Thagar d (2000 )  ha s proposed , 
tend s t o "explai n away "  th e secon d caus e whe n on e o f  th e 
competin g cause s i s present .  Thi s i s a  consequenc e o f  th e 
competitio n betwee n th e tw o causa l  hypothesi s H 2 an d H 3 . 
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Figur e 4 A :  Implici t  causa l  inference s (Tes t  3) .  Activa -
tio n o f  singl e even t  node s fo r  th e common-caus e model : 
Even t  X  (top) ,  event s e l  an d e 2 (bottom ) 
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Figur e 4 8 :  Implici t  causa l  inference s (Tes t  3) .  Activa -
tio n o f  singl e even t  node s fo r  th e common-effec t  model -
Even t  X  (top) ,  even t  e l  (middle) ,  even t  e 2 (bottom ) 

Discussion 

A constrain t  satisfactio n mode l  o f  causa l  learnin g an d rea -
sonin g wa s presente d i n thi s pape r  tha t  extend s th e architec -
tur e an d scop e o f  th e mode l  propose d b y Thagar d (2000) . 
Thagard' s mode l  focuse s upo n causa l  explanation s o f  singu -
la r  event s an d belie f  updating .  Ou r  ai m wa s t o creat e a 
model  tha t  allow s i t  t o mode l  bot h learnin g an d reasonin g 
withi n causa l  models .  Th e mode l  wa s successfull y applie d t o 
thre e differen t  tasks .  I t  modele d people' s sensitivit y t o struc -
tura l  implication s o f  causa l  model s i n task s involvin g learn -
in g an d prediction s wherea s th e sam e mode l  als o predicte d 
tha t  peopl e woul d fai l  i n task s whic h require d explici t 
knowledg e o f  th e statistica l  implication s o f  causa l  models . 
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One questio n tha t  migh t  b e raise d i s whethe r  th e pro -
pose d mode l  reall y capture s learnin g o r  jus t  model s causa l 
judgment .  I n ou r  view ,  th e concep t  o f  learnin g doe s no t  nec -
essaril y  impl y incrementa l  updatin g o f  associativ e weight s 
Our  mode l  embodie s a  hypothesi s testin g approac h t o learn -
in g whic h assume s tha t  learner s modif y th e strengt h o f  belie f 
i n deterministi c causa l  hypothese s base d o n probabilisti c 
learnin g input .  Thi s vie w als o underlie s recen t  Bayesia n 
model s o f  causalit y (Pearl ,  2000) .  I n th e mode l  th e activa -
tio n (i.e. ,  degre e o f  belie O o f  th e hypothesi s node s i s modi -
lie d base d o n th e learnin g input .  Thi s wa y th e mode l  i s ca -
pabl e o f  modelin g trial-by-tria l  learnin g a s wel l  a s learnin g 
base d o n summar y dat a withi n th e sam e architecture . 

Thus fa r  w e hav e pre-se t  th e weight s connectin g evi -
denc e an d hypotheses .  I n ou r  view ,  th e assigne d value s re -
flec t  everyda y qualitativ e intuition s abou t  whethe r  a n even t 
patter n support s o r  contradict s a  hypothesize d causa l  hy -
pothesis .  Thes e weight s remaine d constan t  throughou t  th e 
simulations .  Despit e thi s restrictio n th e mode l  successfull y 
predicte d empirica l  phenomen a i n learnin g an d reasoning . 
However ,  pre-settin g thes e weight s i s no t  a  necessar y featur e 
of  th e model .  I t  i s  possibl e t o ad d a  learnin g componen t  tha t 
acquire s knowledg e abou t  th e relatio n betwee n even t  pat -
tern s an d hypothese s base d o n feedbac k i n a  prio r  learnin g 
phas e (se e W a n g e t  al. ,  1998 ,  fo r  a  mode l  addin g associativ e 
learnin g t o Echo) . 

I n summary ,  ou r  constrain t  satisfactio n mode l  seem s t o 
offe r  a  promisin g ne w wa y t o mode l  causa l  learnin g an d 
reasoning .  I t  i s  capabl e o f  modelin g phenomen a i n a  wid e 
rang e o f  differen t  tasks ,  whic h thu s fa r  hav e bee n treate d a s 
separat e i n th e literature .  Relativ e t o normativ e Bayesia n 
models ,  ou r  connectionis t  mode l  allow s i t  t o simulat e a  larg e 
number  o f  differen t  task s an d differen t  phenomen a wiiil e 
usin g fairl y simpl e computationa l  routines .  I t  prove d capabl e 
of  capturin g a  numbe r  o f  recen t  phenomen a tha t  hav e pre -
sente d problem s t o extan t  model s o f  causa l  cognition .  Mor e 
test s o f  th e mode l  clearl y see m warranted . 
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Abstrac t 

There is good theoretical reason to believe that the applica-
tion  o f  explici t  rule s doc s no t  procee d i n a  strictl y contex t 
free  manner ,  whereb y th e feature s stipulate d b y th e rul e ar e 
simpl y checke d on e b y one .  Th e fac t  tha t  specification s o f 
genera l  knowledg e see m inherentl y pron e t o exceptio n sug -
gest s tha t  a  mor e flexible  approac h i s required .  On e wa y o f 
balancin g th e simplicit y  o f  rule s wit h th e nee d fo r  flexibility 
i s  throug h th e combinatio n o f  rul e applicatio n wit h th e 
monitorin g o f  instance-similarity .  A s a  tes t  o f  thi s hypothe -
sis ,  thi s pape r  report s a n experimen t  whic h examine s effect s 
of  instanc e similarit y o n th e spee d wit h whic h a  simpl e ex -
plici t  rul e ca n b e applied ,  bot h a s a  functio n o f  experienc e 
wit h th e rul e an d it s complexity . 

In t roduc t io n 

Sinc e it s ver y beginning s Cognitiv e Scienc e ha s sough t  t o 
establis h th e rol e o f  rule s i n huma n cognition .  However , 
thi s wor k ha s focusse d primaril y o n internal ,  ofte n implicit , 
rules .  Wit h thi s w e mea n rule s whic h ar e interna l  t o th e 
cognitiv e syste m an d typicall y unavailabl e fo r  consciou s 
inspection ,  an d whic h hav e n o external ,  publi c manifesta -
tion .  Henc e thi s wor k ha s ha d littl e t o sa y abou t  h o w w e 
reaso n wit h external ,  explici t  rule s suc h a s lega l  rule s o r 
explanator y rule s provide d i n educationa l  settings . 

Thi s stat e o f  affair s i s highl y unsatisfactor y las t  bu t  no t 
leas t  becaus e evidenc e fo r  interna l  rule s ha s bee n harde r  t o 
come b y tha n cognitiv e scientist s originall y thought ,  wit h 
any clai m fo r  rule-base d behaviou r  typicall y countere d b y 
alternativ e -mos t  frequentl y similarity-based -  explanations , 
and supposedl y supportin g data .  B y contrast ,  th e existenc e 
of  vas t  number s o f  externa l  rule s i s beyon d doubt .  H o w w e 
reaso n wit h thes e shoul d thu s b e a  centra l  concern . 

We presen t  her e a n experimenta l  investigatio n o f  th e 
way i n whic h explici t  rule s ar e applied ,  examinin g specifi -
call y th e rol e o f  similarit y i n thi s process . 

G e n e r a l  B a c k g r o u n d 

Past  researc h withi n cognitiv e psycholog y ha s sough t  evi -
denc e fo r  interna l  rule s i n a  wid e rang e o f  domains ,  fro m 
language ,  t o implici t  learning ,  readin g an d problem -
solving .  Eac h o f  thes e area s ha s see n intensiv e debat e be -
twee n proponent s o f  rule-base d account s an d proponent s o f 
alternative ,  similarity-base d explanation s (se e e.g. ,  Hah n & 
Chater ,  1998 a fo r  a n overview) .  Fo r  example ,  categoriza -
tio n migh t  construe d a s th e applicatio n o f  rule s th e learne r 
has abstracte d durin g learnin g (e.g. ,  "I f  i t  i s  furry ,  fou r 
legge d an d barks ,  the n th e creatur e i s a  dog" )  o r  similarit y 
compariso n t o know n exemplar s o r  a  prototyp e (e.g. ,  "Thi s 
creatur e i s s o simila r  t o Lassie ,  tha t  i t  mus t  b e a  dog") .  I n 
thi s way ,  rule s an d similarit y hav e typicall y bee n viewe d i n 
opposition . 

However ,  detaile d computationa l  consideration s -whic h 
dra w lesson s fro m Artificia l  Intelligenc e -  sugges t  tha t 
neithe r  purel y rule-base d reasoning ,  no r  purel y similarity -
base d reasonin g ar e optima l  o r  eve n feasibl e strategie s fo r 
real-wori d task s (Hah n &  Chater ,  1998a ,  1998b ;  Oaksfor d 
& Chater ,  1991) .  Suc h consideration s lesse n th e plausibil -
it y o f  an y cognitiv e accoun t  tha t  seek s t o explai n h u m a n 
performanc e solel y i n term s o f  on e o r  th e other . 

However ,  similarity -  an d rule-base d reasonin g diffe r  i n 
thei r  respectiv e strength s an d weaknesses .  Hence ,  compu -
tationa l  consideration s sugges t  tha t  'blends' ,  whic h com -
bin e th e strengt h o f  both ,  ar e a n extremel y interestin g clas s 
of  accoun t  (Hah n &  Chater ,  1998a ,  1998b) .  Thi s i s  re -
flecte d i n a  recen t  interes t  i n hybri d expert s system s withi n 
AI  whic h encompas s bot h rul e an d similarity-base d com -
ponent s (e.g. ,  Risslan d &  Skalak ,  1991) . 

Furthermore ,  i t  i s highl y suggestiv e tha t  law ,  nex t  t o sci -
enc e th e singl e mos t  elaborat e an d explici t  syste m w e hav e 
develope d fo r  dealin g wit h every-da y life ,  display s bot h 
similarity -  an d rule-base d reasonin g i n th e for m o f  prece -
den t  an d statute .  Whil e lega l  system s diffe r  regardin g th e 
relativ e weigh t  the y plac e o n eac h o f  thes e factor s (e.g. ,  th e 
Anglo-America n lega l  traditio n emphasise s similarit y t o 
pas t  cases ,  an d th e continenta l  traditio n emphasise s rules) , 

411 

mailto:iapuh@cardifr.ac.uk
mailto:M.Prat-Sala@wkac.ac.uk


th e 'blend '  o f  bot h i s a  robust finding  fo r  al l  wester n lega l 
systems . 

Together ,  thes e consideration s sugges t  tha t  researc h 
niigh t  profitabl y tur n towar d studyin g th e potentia l  inter -
pla y betwee n rule s an d similarit y i n h u m a n thought . 

Th e particula r  w a y w e propos e t o d o thi s als o turn s awa y 
ftom  th e focu s o n interna l  rule s t o externa l  rule s which ,  a s 
th e example s o f  bot h la w an d educationa l  instructio n show , 
ar e o f  indisputabl e significanc e i n h u m a n cognition . 

Previous Research 

I n compariso n t o th e wealt h o f  researc h examinin g eithe r 
rule s o r  similarit y (se e Hah n &  Chater ,  1998 a fo r  refer -
ences) ,  th e bod y o f  previou s experimenta l  researc h exam -
inin g a  possibl e interpla y o f  rule s an d similarit y i s tin y 
(e.g. ,  Ross ,  Perkin s &  Tenpenny ,  1990 ;  Alle n &  Brooks , 
1991 ;  Nosofsky ,  Pabner i  an d McKinley ,  1994) .  O f  thi s 
work ,  onl y tw o studie s conside r  explicit ,  externa l  rule s tha t 
ar e give n t o participant s b y th e experimente r  -Nosofsky , 
Clar k &  Shin ,  198 9 an d Alle n an d Brook s (1991) .  Bot h 
find  effect s o f  exen^la r  similarit y i n th e contex t  o f  rul e 
application .  Thi s i s firs t  positiv e evidenc e fo r  a  routin e 
interactio n betwee n similarit y an d th e applicatio n o f  ex -
plici t  rule s a s migh t  see m desirabl e i n th e ligh t  o f  compu -
tationa l  considerations .  Furthe r  examination ,  however ,  i s 
required .  I n particular ,  th e Alle n an d Brook s (1991 )  stud y 
doe s no t  provid e th e mos t  robust  tes t  o f  th e hypothesi s tha t 
similarit y generall y influence s rul e application .  Alle n an d 
Brook s provide d participant s wit h a n explici t  rul e b y whic h 
a se t  o f  trainin g stimul i  coul d b e perfectl y classified .  De -
spit e th e fac t  tha t  th e rul e wa s perfectl y predictive ,  i.e .  suf -
ficient  fo r  classification ,  an d tha t  participant s wer e bot h 
awar e o f  th e rul e an d th e instructio n t o us e it ,  thei r  per -
farmanc c o n nove l  item s wa s significantl y affecte d b y th e 
tes t  item s degre e o f  similarit y t o item s see n durin g train -
ing .  However ,  th e natur e o f  th e rul e use d raise s worrie s 
abou t  th e robustnes s an d generalit y o f  thei r  fmdings . 

Crucially ,  th e explici t  rul e use d i n th e experimen t  de -
fined  a  prototype .  Th e us e o f  similarit y migh t  conceivabl y 
be a n (artefactual )  resu h o f  this ,  rathe r  tha n a  propert y o f 
rul e applicatio n i n general .  Specifically ,  th e rul e use d i n 
th e Alle n &  Brook s stud y ha d th e for m "i f  X  ha s 3  o f  th e 5 
features{a,b,c,d,e} ,  the n X  i s a  categor y member" .  I n othe r 
words ,  tiie  rul e specifie s a  so-calle d m-of- n concep t  an d 
thu s i s formall y equivalen t  t o a  prototyp e (n ,  i.e .  a n ite m 
wit h *all *  relevan t  feature s present )  an d a  threshol d (m , 
i.e .  th e numbe r  o f  matchin g feature s required )  whic h de -
termine s th e degre e o f  similarit y t o th e prototyp e whic h 
item s mus t  hav e i n orde r  t o b e categor y member s (Langley , 
1994 ;  H a h n &  Chater ,  1998a) .  Thi s equivalenc e make s 
Alle n an d Brooks '  similarit y effect s rathe r  les s surprising . 
T h e rul e effectivel y define s a  prototyp e plu s similarit y 
threshold ,  thu s virtuall y suggestin g di e genera l  us e o f 
similarit y t o participants .  Thus ,  th e fac t  tha t  eve n similari -
tie s irrelevan t  iro m th e perspectiv e o f  th e rul e influence d 
classification ,  Alle n an d Brooks '  finding,  migh t  hav e arise n 
onl y becaus e th e natur e o f  th e rul e pointe d towar d similar -
it y i n th e firs t  place . 

T o establis h mor e generall y a  rol e fo r  similarit y i n rul e 
applicatio n w e nee d t o repea t  th e basi c Alle n an d Brook s 
stud y wit h a  rul e tha t  doe s no t  involv e th e specificatio n o f  a 
prototype .  I t  i s  crucia l  t o se e wha t  happen s i f  th e rul e i s 
somethin g lik e "choos e al l  symmetri c patterns, "  o r  "al l 
pattern s tha t  hav e a n eve n numbe r  o f  comers" .  Doe s on e 
stil l  find  effect s o f  similarit y t o trainin g item s o n classifi -
catio n spee d an d accurac y wit h suc h a  rule ? 

Th e secon d limitatio n o f  th e Alle n an d Brooks '  stud y 
concern s rul e complexity .  Th e rul e use d b y Alle n an d 
Brook s i s a  fairl y  complicate d one ,  s o tha t  participant s 
migh t  conceivabl y hav e ha d difficult y operationalisin g it . 
Thu s Alle n an d Brook s similarit y effect s migh t  b e th e re -
su h o f  alternative ,  "fall-back "  strategic s o n th e par t  o f  th e 
participant s o r  o f  error s arisin g fro m fiiilure  t o us e th e rule , 
and no t  -a s w e woul d lik e t o see -  th e resul t  o f  genuin e 
interactio n betwee n rul e an d similarity-base d processing . 

Thi s suggest s tha t  i t  i s  crucia l  t o loo k als o a t  asymptoti c 
performance ,  (tha t  i s  performanc e afle r  severa l  experi -
menta l  trials) ,  t o se e whethe r  influence s o f  previousl y see n 
exemplar s disappea r  a s participants '  accurac y wit h th e rul e 
grows . 

Our  stud y seek s evidenc e fo r  a  constructiv e interpla y o f 
similarit y an d rul e appUcatio n whic h avoid s thes e limita -
tions .  T o thi s en d w e conduc t  a  simpl e replicatio n wit h a 
differen t  typ e o f  rule ,  varyin g rul e complexity ,  an d moni -
torin g asymptoti c performance . 

Experimental Investigation 

Our  material s wer e simpl e geometri c shape s a s depicte d i n 
Figur e 1  below . 

# 

Figur e 1 :  a n exampl e o f  a  trainin g materia l  use d i n th e 
experiment . 

Category membership was governed by a simple, explicit 
rul e "i s a n A  i f  i t  ha s a n upsid e dow n triangl e a t  th e sid e " 
i n one-featur e rul e condition ,  an d b y a  mor e comple x rule , 
whic h m a d e referenc e t o thre e feature s -"i s a n A  i f  i t  ha s 
an upsid e dow n triangl e a t  th e sides ,  a  cros s i n th e centre , 
an d a  curl y lin e a t  th e to p " -  i n th e comple x rul e condition . 
Neithe r  o f  thes e constitut e a n m-of- n concep t  a s di d Alle n 
& Brooks '  rule .  Testin g an d comparin g bot h a  simpl e an d 
a mor e complicate d rul e woul d furthe r  allo w u s t o ascertai n 
th e robustnes s o f  an y putativ e similarit y effect .  Specifically , 
i t  woul d allo w u s t o examin e whethe r  th e similarit y effect s 
i n th e Alle n &  Brook s stud y wer e simpl y d o w n t o partici -
pant s difficultie s i n operationalisin g th e rul e and ,  a s a  re -
sult ,  seekin g ou t  alternative ,  easie r  strategies . 
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T o th e sam e end ,  w e als o monitore d participants '  pcr -
fonnanc e ove r  fou r  block s o f  trainin g -eac h o f  whic h com -
prise d 2 4 exposure s t o th e tes t  stimulu s items .  Thi s woul d 
allo w u s t o examin e whethe r  similarit y effect s vanishe d a s 
participant s becam e mor e an d mor e proficien t  wit h th e 
rule . 

At  th e hear t  o f  th e stud y i s it s similarit y manipulation . 
Thi s wa s achieve d b y manipulatin g th e additiona l  feature s 
not  reference d b y th e rule .  Participant s receive d a  se t  o f 
trainin g item s t o illustrat e th e rul e the y ha d bee n provide d 
with .  Th e actua l  experimenta l  tes t  item s wher e eidie r  hig h 
i n similarit y o r  lo w i n similarit y t o thes e illustrativ e train -
in g items .  Th e high-similarit y tes t  item s differe d from  th e 
trainin g item s i n on e feature ;  thi s featur e wa s no t  refer -
ence d b y th e rul e an d consequentl y wa s irrelevan t  t o th e 
categorizatio n tas k a t  hand .  Th e lo w similarit y item s dif -
fere d from  th e illustratio n item s i n 3  features ,  agai n fea -
ture s irrelevan t  t o th e applicatio n o f  th e rule .  Becaus e th e 
similarit y manipulatio n concerne d onl y stimulu s aspect s 
whic h wer e irrelevan t  t o th e rule ,  a  differenc e i n th e wa y 
th e high -  an d low-similarit y item s wer e treate d woul d indi -
cat e a n influenc e o f  similarit y o n th e rule-base d classifica -
tio n process ,  despit e thes e difference s i n similarit y bein g 
completel y iirelevan t  t o th e applicatio n o f  th e rule .  Thi s 
woul d provid e evidenc e fo r  a n automati c monitorin g an d 
processin g o f  similarit y informatio n i n th e contex t  o f  rul e 
applicatio n eve n wher e ther e wer e n o tas k demand s t o ne -
cessiut e this . 

T o mak e th e classificatio n tas k a  genuin e one ,  i t  wa s 
necessar y t o hav e bot h tes t  item s tha t  complie d wit h th e 
rul e an d one s tha t  didn't .  Th e non-complian t  tes t  items , 
again ,  wer e eithe r  high -  o r  low -  similarit y t o th e illustrativ e 
tes t  items ,  differin g from  thes e item s i n a  singl e featur e 
whic h contradicte d th e rule ,  i n th e cas e o f  th e high -
similarit y non-complian t  items ,  o r  i n a  rule-featur e an d tw o 
furthe r  irrelevan t  feature s i n th e cas e o f  th e low-similarity , 
non-complian t  items .  A s a  consequence ,  similarit y effect s 
coul d emerg e bot h wher e th e rul e wa s applicabl e an d wher e 
i t  di d no t  apply . 

The centra l  predictio n o f  thi s stud y wa s tha t  ther e shoul d 
be a  differenc e i n th e spee d wit h whic h th e rul e wa s ap -
plie d betwee n high -  an d low-similarit y items .  Specifically , 
complian t  item s whic h wer e als o hig h i n similarit y t o th e 
trainin g item s shoul d b e classifie d mor e quickl y tha n com -
plian t  item s whic h wer e lo w i n similarity .  Difference s 
shoul d als o emerg e betwee n th e non-complian t  high -  an d 
low-similarit y items ,  thoug h th e directio n o f  th e differenc e 
i s harde r  t o predic t  here ;  low-similarit y item s migh t  b e 
rejecte d mor e quickly ,  bu t  advantage s a t  th e decision -
makin g stag e ar e likel y t o b e offse t  t o greate r  o r  lesse r  ex -
ten t  b y increase d cost s o f  processin g a  les s familia r  image . 
I n addition ,  w e woul d expec t  a n effec t  o f  trainin g o n reac -
tio n time ,  an d tha t  th e thre e featur e rul e shoul d b e slowe r 
t o appl y tha n th e on e featur e rul e becaus e i t  require s a 
mor e complet e sca n o f  th e stimulus ,  althoug h thes e tw o 
prediction s hav e n o bearin g o n ou r  experimenta l  question . 

Wit h regard s t o similarit y effects ,  w e woul d als o expec t 
difference s i n th e amoun t  o f  error s elicite d b y high -  an d 
low-similarit y items .  Low-similarit y complian t  items ,  an d 

high-similarit y non-complian t  item s expecte d t o b e mor e 
erro r  pron e tha n thei r  counterparts . 

Method 

Participants 

Ninety-on e undergraduat e student s from  th e Universit y o f 
Bango r  (Wales )  participate d i n thi s experimen t  a s a n extr a 
credi t  optio n i n a  Psycholog y course .  4 5 participate d i n th e 
simpl e rul e conditio n whil e 4 6 too k par t  i n th e comple x 
rul e condition . 

Materials 

The stimul i  wer e lin e drawing s o f  geometri c shape s tha t 
varie d i n 6  aspects :  Body ,  Sid e Ears ,  Top/Bottom ,  Inner , 
Antenna ,  an d Hair .  Ther e wer e si x alternativ e realisation s 
of  eac h o f  thes e aspects .  W e generate d a  tota l  o f  10 8 stim -
uli :  1 2 trainin g item s an d 9 6 tes t  items .  Figur e 1  give s a n 
exampl e o f  a  trainin g materia l  use d i n th e experiment . 

The 9 6 tes t  item s wer e compose d o f  fou r  differen t  type s 
of  item s whic h forme d t o fou r  conditions :  2 4 high -
similarit y (C-High )  an d 2 4 low-similarit y (C-Low )  (item s 
tha t  complie d Ŷit h th e rule) ,  an d 2 4 high-similarit y (N -
High )  an d 2 4 low-similarit y (N-Low )  (item s tha t  di d no t 
compl y wit h th e rule) .  High-similarit y item s differe d from 
(on e o f  th e item s of )  th e trainin g se t  i n on e value .  L o w -
similarit y item s differe d from  (on e o f  th e item s of )  th e 
trainin g se t  i n thre e values .  Fo r  th e item s tha t  complie d 
wit h th e rule ,  th e differe d valu e wa s alway s a n irrelevan t 
feature .  Fo r  th e item s tha t  di d no t  compl y wit h th e rule ,  th e 
differe d featur e wa s a  valu e o f  th e rul e fo r  th e high -
similarit y  items ,  an d a  valu e o f  th e rul e plu s tw o irrelevan t 
value s fo r  low-similarit y items . 

Apparatus 

Th e experimen t  wa s controlle d b y th e E R T S softwar e n m 
on a  P C computer .  Th e picture s wer e presente d a s blac k 
lin e drawing s o n a  whit e backgroun d o n a  (640x480 )  V G A 
monitor .  Participant s use d a  two-ke y respons e pa d attache d 
t o th e E R T S EXKEY-logi c connecte d t o th e compute r  t o 
expres s thei r  response .  O n e o f  th e ke y wa s labelle d Y E S 
and th e othe r  wa s labelle d N O .  Participant s use d thei r 
dominan t  han d t o pres s th e Y E S key .  Participants '  ke y 
response s an d tim e elapse d from  th e presentatio n o f  a n 
ite m t o th e participants '  respons e wer e recorded . 

Procedure 

Participant s wer e teste d individually .  The y wer e seate d i n a 
quie t  boot h a t  a  comfortabl e viewin g distanc e i n front  o f  a 
monitor .  The y receive d th e instruction s displaye d o n th e 
monitor .  Th e instruction s tol d the m tha t  the y woul d se e a 
serie s o f  picture s o f  abstrac t  objects .  S o m e o f  th e picture s 
corresponde d t o 'goo d objects '  an d som e t o "ba d objects' . 
Participants '  tas k consiste d o f  pressin g th e ke y labelle d 
Y ES i f  th e abstrac t  objec t  wa s a  'goo d object '  an d pres s th e 
ke y labelle d N O i f  th e abstrac t  objec t  wa s a  'ba d object' . 
Befor e th e initiatio n o f  th e experiment ,  participant s wer e 
presente d wit h 1 0 trial s wit h eithe r  Y E S o r  N O displaye d 
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o n th e scree n t o familiaris e the m wit h pressin g th e 
Y E S / N O keys .  Participant s wer e give n a  rul e (se e above )  t o 
determin e whethe r  a n objec t  wa s a  goo d objec t  o r  not .  im -
mediatel y afte r  th e writte n descriptio n o f  th e rule ,  partici -
pant s receive d a  graphi c exampl e o f  th e rule . 

The expoimenta l  sessio n wa s divide d int o S  blocks : 
ther e wa s 1  trainin g bloc k an d 4  tes t  blocks .  Durin g th e 
trainin g phas e participant s wer e give n 3 6 trial s mad e u p o f 
12 trainin g item s see n 3  time s eac h i n a  rando m order . 
Participant s controlle d th e spee d o f  presentatio n o f  eac h o f 
th e trainin g item s usin g th e spac e bar . 

Afte r  th e trainin g phas e participant s wer e give n fou r 
block s o f  test .  Eac h tes t  bloc k consiste d o f  2 4 item s selecte d 
randoml y from  th e tota l  o f  9 6 tes t  items ,  wit h th e onl y con -
strain t  tha t  eac h tes t  bloc k containe d 1 2 item s tha t  compl y 
wit h th e r\il e ( 6 high-similarit y item s an d 6  low-similarit y 
items )  an d 1 2 item s tha t  brok e th e rul e ( 6 high-similarit y 
d o non-complian t  item s an d 6  low-similarit y non -
complian t  items) .  Th e tes t  item s o f  eac h bloc k wer e pre -
sente d i n a  differen t  rando m orde r  t o eac h participant . 

Afte r  eac h o f  tes t  bloc k participant s wer e reminde d o f 
th e rul e an d wer e show n th e 1 2 item s from  th e trainin g 
phas e (thi s tim e the y sa w eac h trainin g ite m onl y once) . 
Thi s wa s don e wit h th e ai m t o reinforc e rul e application . 
As durin g th e trainin g phase ,  thi s repeate d trainin g phas e 
was controlle d b y th e participant s usin g th e spac e bar .  Par -
ticipant s wer e aske d t o respon d a s quickl y a s possibl e with -
out  compromisin g accuracy . 

Results 

We begi n wit h th e erro r  analysis .  I n th e cas e o f  th e simple , 
1 featur e rule ,  12 3 (2.84% )  from a  tota l  o f  (96x45 )  432 0 
response s wer e errors ,  tha t  i s  th e participan t  eithe r  presse d 
th e Y E S ke y wiie n th e N O ke y wa s appropriat e accordin g 
t o th e rul e o r  th e othe r  w a y roun d (se e Tabl e 1) .  Fo r  th e 
complex ,  3  featur e rule ,  th e dat a o f  4  participant s wa s no t 
include d becaus e the y faile d t o respon d usin g th e correc t 
ke y fo r  al l  th e trial s o f  a t  leas t  on e o f  th e block s i n on e o f 
th e conditions .  F ro m a  tota l  o f  (96x42 )  403 2 responses ,  30 5 
(7.56% )  wer e error s wer e th e participan t  presse d th e Y E S 
ke y whe n th e N O ke y wa s expecte d o r  th e othe r  wa y roun d 
(se e Tabl e 1) . 

Table 1: Errors for both 1 and 3 feature rules. "C" indicates 
item s whic h compl y wit h th e rule ,  " N "  item s whic h violat e 

it ,  "High" -  an d " L o w "  refe r  t o th e degre e o f  similarit y t o 
th e tes t  items . 

C-Hig h C-Lo w 
Error s 1 
Error s 3 

2 6 
4 6 

33 
61 

N-Hig h N - L o w 
36 
92 

36 
107 

We begi n wit h th e analysi s o f  th e simple ,  1  featur e rule . 
Thoug h ther e wer e slighti y mor e error s o n th e lo w similar -
it y item s whic h complie d wit h th e singl e rule ,  a s w e ha d 
expected ,  a  paire d t-tes t  comparin g th e proportio n o f  error s 
made b y eac h subjec t  i n acros s hig h vs .  lo w similarit y 
compl y di d no t  reac h significanc e (t(44 )  =  1.26 ,  p  =  0.1 , 
one-tailed) .  Th e expectatio n tha t  o n th e non-rul e complian t 
item s ther e shoul d b e mor e error s o n th e hig h similarit y 

item s tha n o n th e lo w similarit y non-complian t  item s wa s 
not  b o m ou t  a t  all ,  wit h equa l  number s o f  error s i n bot h 
cases .  I n summary ,  th e erro r  analysi s fo r  th e simpl e rul e 
reveale d n o effect s o f  similarit y o n rul e application . 

A differen t  pictur e i s presente d b y th e erro r  dat a fo r  th e 
complex ,  3  featur e rule .  Again ,  ther e wer e mor e error s o n 
th e low-similarit y complian t  item s tha n o n th e high -
similarit y complian t  item s a s expected ,  bu t  her e th e differ -
enc e i s statisticall y significan t  (t(41 )  =  2.10 ,  p  <  0.02 ,  one -
tailed) .  Again ,  th e expectatio n that ,  o f  th e non-complian t 
items ,  i t  shoul d b e th e hig h similarit y one s whic h elici t 
mor e error s wa s no t  b o m ou t  i n tha t  participant s mad e 
mor e error s o n th e lo w similarity ,  non-complian t  item s 
(Tabl e 1) ;  however ,  thi s unexpecte d difference ,  teste d pos t 
hoc ,  wa s no t  significan t  (t(41 )  -  1.48 ,  p  =  0.115 ,  two -
tailed) .  I n summary ,  a t  leas t  fo r  thos e item s whic h compl y 
wit h th e rule ,  a  significan t  effec t  o f  similarit y o n rul e ap -
plicatio n emerged . 

Finally ,  a  con^ariso n o f  th e erro r  proportion s fo r  th e 
simpl e an d comple x rul e reveale d th e expecte d highe r  leve l 
of  error s i n th e comple x rul e condition :  tw o 2-wa y Analysi s 
of  Varianc e ( A N O V A )  (on e fo r  th e complian t  item s an d 
anothe r  fo r  th e non-complian t  items )  wit h similarit y (Hig h 
vs .  L o w )  withi n subjec t  an d rul e (simpl e vs .  complex )  be -
twee n subjec t  analysi s showe d a  mai n effec t  o f  rul e com -
plexit y fo r  th e non-complian t  dat a (F(l,85 )  =  18.56 ,  p  < 
0.0001 )  bu t  no t  fo r  th e compHan t  dat a (F(l,85 )  =  2.21) . 

I n summary ,  th e analysi s o f  th e erro r  dat a reveale d 
similarit y effect s fo r  th e comple x rule ,  bu t  no t  th e simpl e 
rule .  W e nex t  as k whethe r  dii s  findin g i s confirme d b y 
participants '  reactio n times . 

Reactio n Tim e Analysis .  W e begi n wit h th e simple ,  1 
featur e rul e condition .  Fo r  eac h participan t  w e calculate d 
th e mea n reactio n tim e o f  respons e fo r  eac h conditio n pe r 
block ,  givin g u s 1 6 dat a point s pe r  participant .  Thes e dat a 
poin t  wer e transforme d int o thei r  logarithm .  Thi s forme d 
th e base s fo r  ou r  analyses .  Tabl e 2  show s th e mea n reactio n 
tim e pe r  conditio n an d bloc k acros s al l  participants . 

Table 2: mean reaction time across participants for one-
featur e rule . 

Bloc k 1 
Bloc k 2 
Bloc k 3 
Bloc k 4 

C-Hig h 
565 
541 
514 
534 

C-Lo w 
587 
540 
515 
513 

N-Hig h 
662 
548 
530 
551 

N - L o w 
626 
521 
583 
528 

We analys e th e complian t  an d th e non-complian t  item s 
separately ,  no t  onl y becaus e w e expec t  differen t  pattern s o f 
result ,  bu t  becaus e tw o differen t  hand s wer e use d fo r  Y E S 
and N O response s an d therefor e th e RT' s from  th e domi -
nan t  han d ar e no t  directl y comparabl e t o thos e o f  th e non -
dominan t  hand . 

A two-wa y A N O V A (full y within )  wa s performe d o n th e 
reactio n tim e dat a fo r  th e complian t  items .  Th e variable s 
wer e bloc k (1-4 )  an d similarit y (hig h vs .  low) .  A  mai n ef -
fec t  o f  bloc k wa s foun d (F(3,132 )  =  7.15 ,  p  <  0.0001) .  N o 
mai n effec t  o f  similarit y wa s foun d (F(l,44 )  =  .083 )  an d 
ther e wa s n o interactio n (F(3,132) = .102) . 
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A furthe r  two-wa y A N O V A (full y within )  wa s per -
forme d o n th e reactio n tim e dat a fo r  th e non-complian t 
items .  Agai n a  mai n effec t  o f  bloc k wa s foun d (F(3,132 )  -
29.32 ,  p  <  0.0001) .  N o mai n effec t  o f  similarit y wa s foun d 
(F(l,44) = .804 )  bu t  th e interactio n wa s significan t 
(F(3,132 )  =  8.92) ,  p < 0.0001) . 

Repeatin g thes e analyse s fo r  th e comple x rul e condition , 
we calculated ,  fo r  eac h participant ,  th e mea n reactio n tim e 
of  respons e fo r  eac h conditio n pe r  block ,  givin g u s 1 6 dat a 
point s pe r  participant .  Thes e dat a point s wer e transforme d 
int o thei r  logarith m t o minimis e individua l  differences . 
Thi s forme d th e base s fo r  ou r  analyses .  Tabl e 3  show s th e 
mean reactio n tim e pe r  conditio n an d bloc k acros s al l  par -
ticipants . 

Table 3: Mean reaction time across participants for com-
plex-rul e condition . 

A N O VA showe d a  mai n effec t  o f  similarity ,  bu t  n o inter -
action) . 

Bloc k 1 
Bloc k 2 
Block s 
Bloc k 4 

C-Hig h 
116 6 
101 8 
934 
902 

C-Lo w 
127 6 
107 7 
976 
939 

N-Hig h 
105 6 
815 
723 
732 

N - L o w 
116 6 
837 
736 
780 

A two-wa y A N O V A (full y within )  wa s performe d o n th e 
reactio n tim e dat a fo r  th e compl y condition .  Th e variable s 
wer e bloc k (1-4 )  an d similarit y (hig h vs .  low) .  A  mai n 
effec t  o f  bloc k (F(3,123 )  =  13.67 ,  p  <  0.0001 )  an d o f  simi -
larit y (F(l,41 )  =  18.42 ,  p  <  0.0001 )  wa s found .  However , 
th e interactio n di d no t  reac h significanc e (F(3,123) = 1.58) . 

A furthe r  two-wa y A N O V A (fiiU y within )  wa s per -
forme d o n th e reactio n tim e dat a fo r  th e non-complian t 
items .  Agai n a  mai n effec t  o f  bloc k (F(3,123 )  =  69.69 ,  p  < 
0.0001 )  an d o f  similarit y (F(l,41) = 12.78 ,  p  <  0.001 )  wa s 
found .  However ,  th e interactio n di d no t  reac h significanc e 
(F(3,123)=1.72) . 

Finally ,  comparin g th e simpl e an d th e comple x rul e con -
dition ,  participant s wer e significantl y faste r  classifyin g o n 
th e basi s o f  th e simpl e rule ,  a s predicte d fo r  bot h th e com -
plian t  conditio n ((F(l,85 )  =  173.93 ,  p  <  0.0001 )  an d th e 
non-complian t  conditio n (F(l,85 )  =  121.80 ,  p  <  0.0001) . 

We illustrat e th e implication s o f  th e abov e analyse s o f 
reactio n time s wit h referenc e t o tw o graph s plottin g th e 
mean reactio n time s fo r  bot h kind s o f  rules ,  an d hig h an d 
lo w similarit y  items ,  wit h on e grap h eac h fo r  th e complian t 
(Figur e 2 )  an d th e non-complian t  item s (Figur e 3) . 

The mai n interes t  o f  th e experiment ,  lie s i n potentia l 
difference s betwee n high -  an d low-similarit y  items ,  bot h a s 
a functio n o f  rul e complexit y an d o f  th e amoun t  o f  training . 

As ca n b e see n fro m Figur e 2 ,  th e differenc e i n reactio n 
tim e fo r  hig h an d lo w similarit y item s i s m u c h greate r  fo r 
th e comple x rul e tha n i t  i s  fo r  th e simpl e rule . 

The (Ufferenc e als o doe s no t  see m t o chang e muc h wit h 
practice .  Thes e informa l  observation s ar e confirme d i n th e 
abov e analyse s i n tha t  ther e i s n o consisten t  effec t  o f  simi -
larit y i n th e cas e o f  th e simpl e rul e (th e A N O V A foun d n o 
mai n effec t  o f  similarity ,  no r  an y interactio n betwee n 
similarit y an d block )  whil e ther e i s a n effec t  o f  similarit y 
fo r  th e comple x rule .  However ,  thi s effec t  doe s no t  chang e 
significantl y wit h practice ,  tha t  i s  acros s block s (th e 

Comply 

DR3+H 

a 
DR3^. 

Bloc k Bloc k Bkjc k Bkjc k 

Figur e 2 :  Plotte d alon g th e x -  axi s i s th e numbe r  o f  blocks , 
plotte d alon g th e y  axi s i s th e m e a n reactio n time .  R- 1 re -
fer s t o th e simpl e rule ,  R- 3 t o th e complex ,  an d H  an d L 

stan d fo r  hig h an d lo w similarit y t o trainin g items . 

The non-compliant items deviate from this picture only 
slightly .  A s ca n b e see n from  Figur e 3 ,  th e magnitud e o f 
th e differenc e betwee n high -  an d low-similarit y i s agai n 
greate r  fo r  th e comple x rule ,  whic h als o show s n o clea r 
effec t  o f  practice .  Thi s i s confirme d b y th e abov e statistica l 
analysis :  fo r  th e non-complian t  item s i n th e comple x rul e 
conditio n ther e is ,  onc e again ,  a  significan t  mai n effec t  o f 
similarity ,  bu t  n o interactio n betwee n similarit y an d block . 
Th e dat a fo r  th e non-complian t  item s o f  th e simpl e rul e ar e 
not  quit e a s clea n showin g a n anomalou s increas e o n bloc k 
three .  A s a  resul t  o f  thi s increase ,  ther e i s a  significan t  in -
teractio n betwee n similarit y an d block ,  bu t  a s befor e wit h 
th e complian t  items ,  ther e i s n o mai n effec t  o f  similarity . 
Crucially ,  th e failur e t o sho w a  consisten t  similarit y effec t 
observe d i n th e complian t  item s i s thu s replicate d i n th e 
non-complian t  items . 

Non-complian t 
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Figur e 3 :  Plotte d alon g th e x -  axi s i s th e numbe r  o f  blocks , 
plotte d alon g th e y  axi s i s th e m e a n reactio n time .  R- 1 re -
fer s t o th e simpl e rule ,  R- 3 t o th e complex ,  an d H  an d L 

stan d fo r  hig h an d lo w similarit y t o trainin g items . 

In summary, then, we fmd similarity effects only for the 
comple x rule ,  no t  th e simpl e rul e - a resul t  whic h corre -
spond s wit h th e findings  f^o m th e erro r  analysis .  Further -
more ,  ther e i s n o evidenc e tha t  thi s similarit y effec t  goe s 
away wit h increase d practice . 
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Discuss io n 

Th e mos t  importan t  resul t  o f  thi s experimen t  i s tha t  i t 
manages t o replicate  th e previousl y observe d intrusio n o f 
similarit y o n rule-applicatio n eve n thoug h ther e wa s noth -
in g abou t  th e rule s themselve s whic h i n an y wa y mad e 
similarit y see m relevant. 

The similarit y effec t  wa s apparen t  bot h i n th e erro r  pat -
tern s an d i n participant s reaction  time s an d th e findin g tha t 
th e similarit y effect s (wher e present )  di d no t  see m t o abat e 
wit h increase d practic e i n implyin g th e rul e furthe r  under -
scor e th e generalit y o f  th e observe d interpla y betwee n rule -
applicatio n an d similarit y assessment . 

However ,  w e faile d t o fin d a  consisten t  effec t  o f  similar -
it y i n th e sin:̂ )l e rul e condition .  O n e mus t  b e cautiou s i n 
interpretin g suc h a  null-effec t  i n a  singl e stud y i n tha t  a n 
effec t  mig^ t  wel l  b e observabl e give n sligh t  change s i n 
experimenta l  procedur e o r  a  considerabl y large r  sample . 
However ,  th e failur e t o fin d a n effec t  doe s sugges t  tha t  th e 
rol e o f  similarit y i s  no t  independen t  o f  rule-complexit y an d 
i n tha t  sens e neithe r  ubiquitou s no r  completel y automatic . 
I n contrast ,  th e similarit y effec t  foun d o n th e comple x rul e 
i s ver y robust . 

W hy migh t  on e fin d effect s o f  similarit y i n th e contex t  o f 
rul e applicatio n a t  all ,  an d ca n ou r  differentia l  result s fo r 
rule s o f  diflfereo t  complexit y b e linke d int o a n explanation ? 
Th e weaknes s o f  rule-base d reasonin g lie s i n th e fac t  tha t  i t 
i s  s o exceedingl y difficul t  t o com e u p wit h perfectl y pre -
dictiv e rules .  Mos t  regularities  see m t o b e pron e t o count -
les s exceptions ,  o r  hol d onl y relative  t o certai n backgroun d 
assumption s whic h ar e virtuall y impossibl e t o capture .  Fo r 
example ,  th e rul e "bird s fly "  i s  tru e b y an d large ,  bu t  ther e 
ar e som e bird s whic h don't .  Makin g rule s mor e specifi c 
doesn' t  eliminat e th e problem :  "robin s fly "  seem s tru e 
enough ,  but ,  again ,  wil l  b e fals e i f  th e robi n i n questio n ha s 
broke n it s wing ,  ha s it s fee t  stuc k i n concrete ,  o r  ha s eate n 
to o m a n y worms. .  .Th e potentia l  exception s ar e endles s an d 
ther e seem s t o b e n o clea n cu t  wa y o f  rulin g the m ou t  i n 
advance .  Thes e difficultie s hav e dogge d rule-base d ap -
proache s withi n Artificia l  Intelligenc e whic h wer e onc e 
hel d t o lea d t o "exper t  behaviour "  withi n decades .  Th e 
fram e problem ,  th e difficultie s encountere d b y th e naiv e 
physic s projec t  (Hayes ,  1979) ,  an d th e difficultie s i n for -
malisin g defeasibl e inferenc e (e.g. ,  Reiter ,  1980 )  ar e tes -
timon y t o thes e difficultie s (se e als o Pickerin g &  Chater , 
1995 ,  fo r  discussion) . 

Our  assimiptio n i s tha t  similarit y migh t  g o som e wa y to -
war d alleviatin g thes e difficulties ,  thu s allowin g huma n 
being s t o harnes s th e undoubte d powe r  an d clarit y provide d 
by explici t  rules .  Specifically ,  trackin g th e similarit y o f  a 
potentia l  candidat e instanc e o f  th e rul e t o previousl y en -
countere d instance s m a y provid e a  mean s whereb y on e i s 
alerte d t o potentiall y  deviatin g circumstances ,  wher e th e 
rul e -thoug h seemingl y applicable -  doe s not ,  i n fac t  apply . 
Th e fac t  tha t  a  nove l  instanc e seem s dissimila r  fro m previ -
ous instance s migh t  b e a  clu e t o th e fac t  tha t  i t  shoul d actu -
all y b e treate d differently .  This ,  w e woul d argue ,  i s on e o f 
th e reason s w h y a n interpla y betwee n rule s an d similarit y 
seems profitable ,  an d hence ,  i s pervasiv e i n larg e scal e 
lega l  system s suc h a s th e la w (se e Hah n &  Chate r  1998 a 
and 1998 b fo r  fiille r  discussion) .  I f  thi s i s true ,  trackin g 

similarit y i n th e contex t  o f  rul e applicatio n woul d see m 
usefii l  i n mos t  contexts ,  bu t  w e migh t  expec t  greate r  reli-
anc e o n similarit y unde r  condition s o f  increase d uncer -
tainty .  O n e wa y o f  lookin g a t  th e increas e i n rul e complex -
it y i s a s a n increas e -fo r  participants -  i n uncertainty .  Thi s 
als o seem s compatibl e wit h Nosofsky ,  Clar k an d Shin' s 
(1991 )  observatio n o f  similarit y effect s despit e a n explici t 
rul e a s thei r  tas k required  fine-graine d perceptua l  distinc -
tion s alon g continuou s value d dimensions ,  whic h i t  seem s 
unlikel y coul d b e achieve d exclusivel y b y th e rule .  H o w -
ever ,  fiirthe r  experimentatio n i s require d t o establis h 
whethe r  th e uncertaint y reductio n i s indee d central .  Th e 
most  obviou s experimenta l  pat h t o pursu e i s tha t  o f  in -
creasin g uncertaint y i n th e cas e o f  th e simpl e rule ,  fo r  ex -
ampl e b y introducin g exceptions ,  thu s makin g th e classifi -
catio n tas k "noisy" ,  o r  b y makin g th e difference s i n ap -
pearanc e eve n mor e extreme .  I n th e meantime ,  wha t  ou r 
result s sugges t  i s tha t  instanc e similarit y ha s som e rol e t o 
pla y i n rul e applicatio n -  a  rol e whic h need s bot h ftirther 
clarificatio n an d a  satisfactor y explanation . 
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Abstrac t 

Sometimes humans have a need for storing long sequences of 
infonnatio n i n memoiy .  Severa l  expoiment s sho w tha t 
groupin g th e item s i n th e sequenc e help s storin g th e sequenc e 
i n auditor y tbort-ter m memory .  On e architectur e use d b y 
connectionis t  cognitiv e researchei s wbo i  representin g an d 
processin g sequence s i s Recursiv e Auto-Associativ e Memory . 
One o f  th e aspect s o f  i t  i s  tha t  it s capacit y fo r  storin g 
sequence s i s limited ,  leadin g t o dia t  th e longe r  th e sequenc e 
th e les s likel y i t  i s  tha t  th e entir e sequenc e ca n b e recalled ;  th e 
deepes t  part s o f  th e sequenc e ar e forgotten .  T w o experiment s 
ar e performe d t o tes t  i f  groupin g affect s storag e i n Recursiv e 
Auto-Associativ e Memories .  W e conclud e tha t  groupin g 
affect s th e abilit y  fo r  storin g sequence s i n Recursiv e Auto -
Associativ e Memorie s muc h i n th e sam e wa y a s i t  afTect s th e 
human auditor y short-ter m memoiy ,  i.e. ,  usin g groupin g 
increas e th e probabilit y  o f  tha t  th e sequenc e ca n b e recalle d 
correctly . 

Introduction 
One techniqu e fo r  studyin g h o w m e m o r y i s constructe d i s 
seria l  recal l  (se c fo r  exampl e Baddeley ,  199 9 an d Bridge s 
and Jones ,  1996 ;  Pickering ,  Gathercole ,  Hal l  an d Lloyd , 
2001) .  A  sequenc e o f  item s (fo r  exampl e objects ,  digits , 
letters ,  etc. )  i s  presente d t o th e researc h subjects .  Th e tas k 
fo r  th e subject s i s t o recal l  al l  item s i n th e sequenc e i n th e 
same orde r  a s the y wer e presented . 

O ne o f  th e aspect s studie d usin g seria l  recal l  task s i s b o w 
t o increas e th e abilit y o f  th e subject s t o recal l  longe r 
sequences . 

Marti n an d Femberge r  (1929 )  performe d suc h a  stud y 
regardin g th e improvemen t  o f  auditor y short-ter m memory . 
The y conclude d tha t  th e abilit y t o remembe r  sequence s 
increased ,  i f  th e object s i n th e sequenc e wer e organize d i n 
groups .  Wickelgre n (1964 )  an d Pollack ,  Johnso n an d Knaf f 
(1959 )  amon g other s late r  confirme d this . 

Groupin g entail s tha t  th e sequenc e i s divide d int o shorte r 
sub-sequences .  Th e actua l  groupin g ha s i n previou s 
experiment s bee n don e i n tw o ways .  Eithe r  th e siz e o f  th e 
group s i s decide d b y th e experimen t  leade r  (c f  Wickelgre n 
(1964) ;  Pollack ,  Johnso n an d Knaf f  (1959) )  o r  th e siz e o f 
di e group s i s selecte d b y th e subject s an d ca n var y withi n a 
sequenc e (c f  Marti n an d Femberge r  (1929) ;  Bauman n an d 
Trouvai n (2001)) . 

Inspire d b y th e findings  o f  Marti n an d Femberge r  (1929) ; 
Pollack ,  Johnso n an d Knaf f  (1959 )  an d Wickelgre n (1964) , 
tha t  groupin g ca n increas e th e abilit y t o recal l  longe r 
sequences ,  th e interes t  her e i s t o tes t  1k> w groupin g affec t 
th e recal l  o f  sequence s i n Pollack' s (1990 )  Recursiv e Auto -
Associativ e Netwoiic s ( R A A M s ) .  A  R A A M i s a  typ e o f 
artificia l  neura l  networ k use d fo r  representin g sequence s 
and strucmre s o f  unknow n o r  dynamica l  size .  I t  ha s 
previousl y bee n use d i n experiment s involvin g manipulatio n 
of  structure d object s (e.g .  sentenc e transformatio n 
(Chalmers ,  1990) ,  languag e translatio n (Chrisman ,  1991) . 
Thes e experiment s showe d tha t  R A A M use s th e sequentia l 
orde r  o f  th e presente d object s t o develo p highl y structure d 
(spatial )  interna !  representations .  I n th e experiment s 
presente d i n th e followin g a  varian t  o f  thes e networks , 
calle d Extende d Recursiv e Auto-associativ e Network s 
( E R A A M ) ,  originall y suggeste d b y Niklasso n an d Sharke y 
(1992) ,  wil l  b e use d 

Grouping experiments 

Th e exac t  definitio n o f  wha t  a  grou p i s varies .  Accordin g t o 
Wickelgre n (1964) ,  Fraiss e (1945 )  define d a  grou p a s a 
cluste r  o f  correc t  item s separate d b y on e o r  mor e errors . 
Wickelgre n note d tha t  thi s w a y o f  definin g group s assume s 
tha t  th e item s i n a  groi ^  ar e rarel y forgotte n an d tha t  th e 
subject s practicall y neve r  ca n remembe r  tw o group s i n 
succession .  Others ,  fo r  exampl e B a u m a n n an d Trouvai n 
(2001) ,  use d rhyth m o f  speec h an d intonation s fo r  findin g 
group s w h e n th e subject s recalle d th e sequences . 
Wickelgre n define d a  groupin g metho d a s a  metho d fo r 
rehearsal ,  i.e .  groupin g i n two s mean s rehearsin g th e item s 
i n twos ;  groupin g i n three s mean s rehearsin g th e item s i n 
threes ;  etc . 

A larg e numbe r  experiment s o n h o w groupin g affect s th e 
abilit y t o recal l  longe r  sequence s hav e bee n conducted . 
Most  o f  thes e experiment s confir m eac h othe r  i n tha t  the y 
sho w simila r  results . 

Marti n an d Femberge r  (1929 )  traine d subject s t o 
remember  lon g sequences .  Thi s wa s achieve d b y th e 
subject s usin g increasingl y large r  group s (firs t  th e subject s 
use d group s o f  siz e two ,  afte r  a  whil e group s o f  siz e thre e 
and s o on) .  Marti n an d Femberge r  note d tha t  th e 
performanc e increase d u p t o group s o f  siz e 5 ,  afte r  tha t  th e 
performanc e decreased . 
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Pollack ,  Johnso n an d Knaf f  (1959 )  confirme d thes e 
result s usin g tempora l  groupin g (i.e .  makin g a  shor t  paus e 
betwee n th e group s whe n presentin g th e sequenc e fo r  th e 
subjects )  fo r  item s presente d i n I's ,  2's ,  3's ,  4' s  an d 6*8 . 
Accordin g t o thei r  experiment ,  usin g group s o f  siz e fou r 
resulte d i n th e bes t  overal l  performance .  Not e however ,  tha t 
the y di d no t  tes t  group s o f  siz e five,  whic h Marti n an d 
Femberge r  (1929 )  conclude d wa s bette r  tha n othe r  grou p 
sizes . 

Wickelgre n (1964 )  als o conducte d experiment s o n h o w 
differen t  grouping s affecte d recall .  Accordin g t o tha t  stud y 
grouping s i n three s wer e th e best ,  closel y followe d b y 
groupin g i n fours .  Th e wors t  wa s groupin g i n twos ,  closel y 
followe d b y groupin g i n fives.  Group s o f  on e ite m resulte d 
i n a  performanc e quit e clos e t o th e five-grouping,  se e 
figure  1 . 

0 5 

Grou p siz e 

Figur e 1 :  Result e fix) m Wickelgren' s (1964 ) 
experiment s fo r  groupin g i n huma n short-ter m 
memory.  Bro r  rat e i s  use d t o measur e th e 
subjects '  performance . 

In his experiments, Wickelgren used error rate to 
compar e performanc e usin g differen t  groupings .  TTi e erro r 
rat e fo r  a  grou p i s calculate d b y dividin g th e numbe r  o f 
incorrecd y recalle d sequence s (al l  item s mus t  b e recalle d i n 
th e correc t  orde r  fo r  th e sequenc e t o b e regarde d a s correctl y 
recalled )  wit h th e tota l  numbe r  o f  sequences . 

ERAAM 
As it s  nam e suggests ,  th e Extende d Recursiv e Auto -
Associativ e M e m o r y ( E R A A M ) ,  originall y suggeste d b y 
Niklasso n an d Sharke y (1992) ,  i s  a n extensio n o f  Pollack' s 
(1990 )  Recursiv e Auto-Associativ e M e m o r y ( R A A M ) , 
whic h i s  a  connectionis t  architectur e abl e t o represen t 
dynamicall y larg e structure s (fo r  exampl e sequences )  i n a 
fixed-sized  artificia l  neura l  network .  D u e t o severa l  o f  it s 
feature s i t  ha s bee n use d b y severa l  cognitiv e researcher s 
w ho wan t  t o investigat e theorie s fo r  sequenc e recal l  (se e fo r 
exampl e Adamso n an d Dandie r  (1999) ;  Blank ,  Meede n an d 
Marshal l  (1992)) .  O n e o f  th e feature s i s tha t  th e networ k i s 
trainable ,  i.e .  tha t  i t  ca n lea m t o represent ,  fo r  example ,  a 
specifi c  typ e o f  sequence .  Anothe r  featur e i s tha t  R A A M 
durin g recal l  i s  mor e likel y t o produc e decodin g error s th e 
mor e comple x th e sequenc e is .  Th e error s usuall y appea r 
toward s th e en d o f  th e sequence ,  quit e lik e human s (c f 
Henso n ( 1 9 % ) ,  Baddeley ,  (1999 )  an d Adamso n an d 
Damper  (1999)) . 

«'  I m b - c II I  I  d r  lo l 
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Figur e 2 :  Th e structur e o f  E R A A M.  Th e extr a bi t 
i n th e inpu t  an d outpu t  layer s i s use d t o classif y 
i f  th e representatio n i s a  termina l  o r  a  composit e 
structure ,  d l  i s  th e compresse d representatio n 
of  a  an d b .  d 2 i s th e compresse d representatio n 
of  c  an d dl .  Du e t o decompressin g error s w e d o 
not  ge t  exactl y th e sam e representatio n a s w e 
put  in .  T o illustrat e this ,  a '  an d ^ '  ar e th e 
representation s fro m th e decompresse d d l  an d 
c '  an d d l '  result s fro m th e decompresse d d2 . 
Not e tha t  th e R A A M require s fixed  valenc e o n 
th e structure s represented . 

In RAAMs two networks are involved: a compressor and 
a decompressor .  Th e compresso r  consist s o f  a n inpu t  laye r 
wher e a n ite m i n th e sequenc e i s presente d togethe r  wit h a 
compresse d representatio n o f  th e previousl y presente d item s 
of  th e sequenc e an d a n outpu t  laye r  tha t  contain s th e 
compresse d representatio n o f  ne w ite m i n combinatio n wit h 
th e previou s (i n figure  2  'dl '  i s  a  compresse d representatio n 
of  th e combinatio n o f  th e terminal s 'a '  an d 'b '  an d 'd2 '  i s a 
compresse d representatio n o f  th e termina l  'c '  an d th e non -
termina l  (i.e .  previousl y comjH-essed )  'dl') .  Th e 
decompresso r  consist s o f  a n inpu t  laye r  containin g th e 
compresse d representatio n an d a n outpu t  laye r  containin g 
th e (partially )  decompresse d representation .  Tli e compresso r 
and decompresso r  network s respectivel y ar e use d 
recursivel y t o d o furthe r  compression s o r  decompression s o f 
sequences . 

W h en deconpressing ,  a  termina l  tes t  i s  nonmall y 
performe d o n th e decompresse d representaticm s t o se e i f  an y 
of  the m i s a  termina l  an d therefor e shoul d no t  b e fiirthe r 
decompressed .  Th e terminal s contai n th e representatio n o f 
th e item s i n th e sequence .  Differen t  alternativ e method s fo r 
thi s termina l  tes t  hav e bee n propose d (se e fo r  exampl e 
Chalmer s (1990) ;  Pollac k (1990)) .  E R A A M i s  anothe r 
suggestio n fo r  h o w t o interpre t  i f  a  decode d representatio n i s 
a termiiu l  o r  non-terminal .  I n E R A A M a n extr a bi t  o f 
informatio n ha s bee n adde d t o eac h par t  o f  th e sequence .  I f 
th e representatio n i s a  termina l  thi s bi t  i s  se t  t o 1  an d 
otherwis e 0 ,  se e figure  2 .  Thi s extr a bi t  i s  compresse d an d 
decompresse d alon g wit h th e othe r  information .  When , 
durin g decoding ,  a  1  i s encountere d a s th e las t  bi t  i n th e 
representation ,  thi s i s interprete d a s th e representatio n bein g 
a terminal .  Th e representatio n i s  the n compare d t o th e 
representation s fo r  th e know n terminal s an d th e termina l 
tha t  i s  closes t  i n Euclidea n spac e i s th e on e sai d t o b e 
presen t  i n th e output . 
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E x p e r i m e n t  1 

Th e purpos e o f  thi s experimen t  i s t o se e h o w groupin g 
affec t  th e abilit y  t o recal l  longe r  sequence s i n E R A A M s.  I n 
th e experiment s Wickclgren' s (1964 )  definitio n o f  groupin g 
as a  metho d fo r  rehearsa l  i s  used ,  i.e .  th e E R A A Ms rehears e 
th e group s i n th e sequenc e a s wel l  a s th e complet e sequence . 
The grou p size s var y from 1  t o 6 ,  bu t  th e sam e grou p siz e i s 
use d throughou t  th e sequence .  Accordin g t o Baddele y 
(1999 )  groupin g ca n b e use d a s lon g a s th e subject s ca n 
notic e th e presenc e o f  th e groups .  I n orde r  t o mar k th e 
boundarie s o f  group s a  'nil '  characte r  i s use d markin g th e 
beginnin g o f  a  ne w group . 

Method 

Sequence s Th e sequence s ar e entirel y mad e u p b y digit s 
betwee n 0  an d 9  an d 'nil '  representin g spacin g betwee n 
groups .  Th e digit s an d th e "nil '  characte r  hav e orthogona l 
representation s s o a s no t  t o giv e an y benefi t  o f  groupin g 
severa l  representationall y simila r  digit s together .  Th e 
sequence s use d ar e produce d b y pickin g a  rando m digi t  fo r 
eac h positio n i n th e sequence .  However ,  extr a constraint s 
ar e used .  Eac h digi t  m a y onl y appea r  onc e durin g th e first 
te n position s i n th e sequence ,  onl y onc e betwee n th e 
elevent h an d twentiet h positio n an d onl y onc e betwee n th e 
twenty-firs t  an d thirtiet h position ,  thi s t o preven t  tha t  th e 
probĵ ilit y  fo r  a  specifi c digi t  t o appea r  i s large r  tha n fo r  th e 
other s thereb y makin g th e sequenc e a  bi t  easie r  t o learn . 
Furthermore ,  fo r  group s o f  siz e tw o a  specifi c  digi t  m a y no t 
occu r  i n th e sam e positio n withi n a  grou p twic e fo r  th e first 
twent y position s i n th e sequence .  Fo r  group s o f  siz e thre e n o 
digi t  m a y appea r  i n th e sam e positio n i n a  grou p durin g th e 
first  thirt y items ,  an d s o on .  Thi s i s don e t o ensiu- e tha t  th e 
probabilit y  fo r  a  grou p t o contai n a  specifi c  digi t  i n a 
specifi c  positio n shoul d b e simila r  t o th e probabilit y  o f  othe r 
(Ugit s thereb y givin g a s littl e advantag e a s possibl e t o an y 
digi t  combinatio n i n a  grou p an d a s littl e advantag e a s 
possibl e t o an y specifi c  grou p size . 

Three sequences are generated following the above 
constraints : 

-  97250831645982164073516 , 
-  58472096133509847261915 , 
-  2571368049136804925780 4 

From each of these sequences twelve subsequences of 
ar e create d varyin g i n length s from  1 2 t o 2 3 digits .  Th e 
subsequence s o f  lengt h 1 2 ar e constructe d from  th e twelv e 
first  digit s i n th e abov e sequences ,  th e subsequence s o f 
lengt h 1 3 ar e constructe d from  th e thirteent h first  digit s an d 
soon . 

I n orde r  t o separat e th e group s tha t  th e subsequence s ar e 
divide d int o a  'nil '  characte r  wa s inserte d markin g th e 
beginnin g o f  eac h group .  Thi s i s don e afte r  th e group s ar e 
constructe d (se e figure  3) . 

Figur e 3 :  exampl e o f  h o w th e sequence s ar e 
organized .  T o th e lef t  a n ungroupe d sequence , 
t o th e right  a  sequenc e wit h grou p siz e o f  four . 
Ni l  i s  use d a s a n en d marker . 

ERAAMs 30 Extended Recursive Auto-associative 
memorie s ar e use d havin g 2*1 1 sigmoida l  iiq)u t  an d outpu t 
node s an d 1 0 sigmoida l  hidde n nodes .  Eac h E R A A M ha s a 
uniqu e an d rando m initializatio n s o a s t o minimiz e di e 
probabilit y  tha t  th e experiments ,  b y coincidence ,  giv e bia s 
t o som e specifi c  grou p size . 
Procedur e Eac h subsequenc e i s traine d o n al l  th e thirt y 
E R A AM networks .  Eac h networ k i s traine d usin g 
backpropagatio n o n th e give n subsequenc e fo r  200,00 0 
iterations .  Thi s numbe r  o f  iteration s i s establishe d b y 
severa l  dr y runs ,  wher e almos t  n o change s i n th e learnin g o f 
th e netwoii c ar e detecte d afte r  50,00 0 iteration s an d n o 
change s ar e detecte d afte r  150,00 0 iterations .  Th e limi t  i s 
set  t o 200,00 0 iteration s t o giv e th e E R A A Ms plent y o f  tim e 
t o lear n th e subsequences ,  bu t  stil l  provid e a n uppe r  limi t  t o 
th e trainin g time . 

Th e E R A A Ms receiv e th e subsequenc e on e ite m a t  a  time , 
but  eac h grou p i n th e subsequenc e i s traine d t o b e 
reproduce d separately . 

The E R A A Ms ar e teste d afte r  200,00 0 iteration s o n 
whethe r  o r  no t  the y ca n compres s an d decompres s th e entir e 
subsequenc e the y hav e bee n trainin g on . 

The E R A A M i s considere d successfu l  i n thi s experimen t 
i f  th e entir e recalle d subsequenc e i s compresse d an d 
decompresse d correctly ,  i.e .  ther e mus t  no t  b e a  singl e erro r 
anywher e i n th e decompresse d subsequence . 

Results and Discussion 

The proportio n o f  error s i n relatio n t o numbe r  o f  trial s i n 
eac h grou p (i.e .  th e sam e measur e a s use d b y Wickelgren , 
1964 )  ca n b e see n i n figure  4 .  Fo r  grou p siz e 1  th e 
proportio n o f  error s fo r  sequence s o f  lengt h 1 2 t o 2 3 i s .748 . 
For  group s o f  siz e 2  i t  i s  .820 .  Fo r  group s o f  siz e 3  i t  i s  .768 . 
For  siz e 4  i t  i s  .745 .  Fo r  siz e 5  i t  i s  .72 9 an d finally  fo r 
group s o f  siz e 6  i t  i s  .769 .  I t  seem s a s if ,  analogou s t o 
Wickclgren' s (1964 )  results ,  usin g a  grou p siz e o f  2  yield s 
th e wors t  result .  W e ca n als o se e tha t  whe n usin g large r 
group s th e erro r  rat e decrease s unti l  th e us e o f  grou p siz e 6 . 
However ,  th e performanc e i s neve r  muc h bette r  tha n tha t 
achieve d usin g a n ungroupe d sequence . 

I n th e experiment s th e performanc e decline s i n a 
sigmoida l  fashio n from  almos t  correc t  recal l  o f  ungroupe d 
sequence s o f  lengt h 1 2 t o non e correctl y recalle d a t 
sequenc e length s o f  2 0 o r  more . 

The result s acquire d indicat e tha t  groupin g ha s a n effec t 
on th e abilit y  t o recal l  sequence s i n E R A A M s.  I t  i s  bette r  t o 
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grou p a  sequenc e int o four s an d fives  tha n int o two s wit h 
respec t  t o th e probabilit y  o f  recallin g th e sequenc e correctly . 
However ,  th e ungroupe d sequenc e i s abou t  a s likel y t o b e 
recalle d correctl y a s usin g group s o f  siz e fou r  an d five . 
Ther e ar e tw o possibl e reason s fo r  this . 

085 

E 07 5 

Grou p siz e 

Figur e 4 :  summar y o f  result s fo r  experimen t  1 .  A s 
we ca n see ,  i n almos t  7 5 % o f  th e trial s th e 
E R A A Ms fai l  t o correctl y encod e an d decod e 
th e entir e sequence .  W e ca n als o se e tha t 
groupin g fo r  th e mos t  size s make s thi s worse . 
However  whe n usin g group s o f  size s fou r  an d 
five  ther e ar e fewe r  error s mad e tha n i n th e 
ungroupe d sequences . 

The first one is that grouping has no advantage in 
sequenc e recal l  conq)are d t o th e ungroupe d case . 

Th e otiie r  reaso n i s tha t  i n th e groupe d sequence s ther e 
ar e extr a character s inserted ;  th e 'nil '  characters .  Sinc e the y 
ar e item s a s wel l  a s th e digit s thi s ha s th e effec t  tha t  th e 
sequence s ge t  longer ;  mor e item s nee d t o b e correctl y 
recalle d i n th e groupe d sequence s tha n i n th e ungrouped . 
Thi s make s th e tas k harder .  I f  thi s i s  indee d th e case ,  the n i t 
ca n b e note d tha t  th e recal l  o f  sequence s divide d int o group s 
of  siz e fou r  an d five  hav e th e sam e performanc e a s th e 
ungroupe d sequence ,  acmall y indicatin g tha t  groupin g ha s 
influence .  T o tes t  whethe r  thi s i s th e case ,  anothe r 
e;q>erimen t  wa s performe d wher e th e 'nil '  character s wa s 
removed . 

Experiment 2 

Wherea s th e performanc e i n experimen t  1  neve r  get s muc h 
bette r  fo r  a  groupe d sequenc e tha n fo r  a n ungroupe d 
sequence ,  a n interestin g effec t  ca n b e see n i n tha t  th e us e o f 
grou p siz e 2  i s th e worst ,  but ,  a s th e siz e o f  th e group s 
increase ,  th e erro r  rat e decrease s leavin g a t  th e grou p siz e o f 
5 a  resul t  abou t  th e sam e a s a n ungroupe d sequenc e befor e 
gettin g wors e agai n wit h group s o f  siz e 6 .  Wha t  differ s 
betwee n th e groupe d sequences ,  othe r  tha n th e grou p size ,  i s 
th e numbe r  o f  'nil' s  used ,  bein g th e mos t  i n group s o f  siz e 
tw o an d the n graduall y decreasin g wit h large r  grou p sizes . 
Sinc e 'nil '  i s  a n extr a character ,  i n practice ,  th e sequenc e 
get s a s m u c h longe r  a s th e numbe r  o f  group s use d tha n i f  i t 
ha d bee n ungrouped . 

T o tes t  whethe r  o r  no t  th e 'nil '  character ,  sinc e i t  make s 
th e sequence s longer ,  make s i t  mor e difficul t  fo r  th e 
E R A A Ms t o lear n th e sequence s anothe r  roun d o f 

experiment s ar e performed ,  thi s tim e withou t  th e 'nil ' 
markin g th e boundarie s o f  th e groups . 

Method 

Sequence s Th e sam e subsequence s a s th e one s use d i n 
experimen t  I  ar e als o use d here .  Th e differenc e betwee n th e 
subsequence s i n thi s experimen t  an d th e previou s i s th e 
groupin g method .  I n thi s experimen t  'nil' s  ar e no t  use d t o 
mar k grou p boundaries ,  se e figure  5 .  Thi s lead s t o tha t  th e 
subsequence s contai n th e sam e numbe r  o f  item s regardles s 
of  th e grou p siz e used ,  wherea s i n th e previou s experimen t 
th e 'nil' s  constitut e extr a item s makin g th e subsequence s 
longer . 

Figur e 5 :  exampl e o f  h o w th e sequence s ar e 
organized .  T o th e lef t  a n ungroupe d sequence , 
t o th e right  a  sequenc e wit h grou p siz e o f  four . 

As in experiment 1 the size of the subsequences varies 
betwee n 1 2 an d 23 . 
E R A A Ms Th e sam e E R A A Ms a s i n experimen t  1  ar e used ; 
3 0 differentl y initialize d E R A A Ms o f  siz e 2 *  1 1 sigmoida l 
inpu t  an d outpu t  node s an d 1 0 sigmoida l  hidde n nodes . 
Procedur e A s i n experimen t  1  th e E R A A Ms ar e traine d t o 
compres s an d decompres s th e give n sequenc e fo r  200,00 0 
iteration s usin g backpropagation .  Th e E R A A Ms ar e rese t  t o 
thei r  initia l  configuratio n betwee n eac h sequenc e s o tha t  th e 
trainin g o f  on e subsequenc e doe s no t  affec t  th e next . 

Afte r  training ,  th e E R A A M i s teste d whethe r  o r  no t  i t  ca n 
compres s an d decompres s th e entir e subsequence .  A s 
before ,  th e entir e subsequenc e mus t  b e correctl y reproduce d 
fo r  successfu l  result,  otherwis e th e E R A A M i s considere d t o 
hav e faile d i n representin g th e subsequence . 

Results and Discussion 

The erro r  rate s fo r  differen t  grouping s ca n b e see n i n figure 
6.  Fo r  group s o f  siz e 1  th e overal l  erro r  rat e (th e numbe r  o f 
correctl y compresse d an d decompresse d sequence s divide d 
by th e tota l  numbe r  o f  sequence s used )  i s  .577 ,  fo r  siz e 2  i t 
i s  .482 ,  fo r  siz e 3  i t  i s  .402 ,  fo r  siz e 4  i t  i s  .358 ,  fo r  siz e 5  i t 
i s  .39 8 an d fo r  group s o f  siz e 6  i t  i s  .370 .  I t  seem s a s i f 
groupin g th e sequenc e lead s t o bette r  performance , 
continuousl y improvin g unti l  grou p siz e 4  whe n th e 
performanc e ceas e t o improv e an y fiirther ,  se e figure  6 . 

Ther e i s n o w a  clea r  benefi t  show n o f  usin g groupin g 
when tryin g t o recal l  longe r  sequences .  Usin g th e grou p siz e 
of  fou r  yield s a  4 1 % bette r  resul t  (th e differenc e betwee n 
th e numbe r  o f  incorrectl y recalle d sequence s fo r  a n 
imgroupe d sequenc e an d th e numbe r  o f  incorrectl y recalle d 
sequence s usin g grou p siz e fou r  divide d b y th e numbe r  o f 
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incorrec t  ungroupe d sequences )  tha n tryin g t o represen t  a n 
ungroupe d sequence . 

•  i J  II I  Lii J •  li i  i  1  lif l 

1 2 3  4  5  6 

Group size 

Figure 6: summary of results experiment 2. As we 
can see ,  no t  groupin g th e sequenc e her e lead s t o 
tha t  fewe r  sequence s ar e recalle d tha n i n th e 
groupe d cases .  W e se e tha t  usin g group s o f  size s 
four ,  fiv e an d si x result s i n tha t  mor e sequence s 
ar e correctl y recalled . 

We can also see that this way of grouping the sequences 
result s i n tha t  mor e sequence s ar e correctl y recalle d tha n 
when usin g "nil' s  a s grou p separators . 

General Discussion 

Sometime s ther e i s a  nee d t o stor e dynamicall y lon g 
sequence s i n a  memory .  On e o f  th e technique s use d b y 
connectionis t  cognitiv e researchers ,  i s  t o compres s th e 
sequence s usin g recursiv e auto-associativ e memorie s 
(RAAMs) .  However ,  a s i n huma n memory ,  a n aspec t  o f  th e 
R A AM architectur e i s tha t  th e longe r  th e store d sequenc e i s 
th e mor e probabl e i t  i s  tha t  th e deepes t  part s o f  th e 
sequence s catmo t  b e recalle d correctly ,  du e t o som e 
compressin g an d decompressin g errors .  Sinc e groupin g a 
sequenc e increase s th e probabilit y  tha t  i t  i s  correcti y 
recalle d i n huma n memor y w e se t  ou t  t o tes t  i f  groupin g ha s 
a simila r  effec t  whe n recallin g sequence s i n Extende d 
Recursiv e Auto-Associativ e Memorie s ( E R A A M s ) . 

The experiment s reporte d her e sho w tha t  groupin g ha s a 
larg e impac t  o n th e probabilit y  tha t  th e sequence s ar e 
correctl y recalled .  Th e probabilit y  tha t  a  sequenc e betwee n 
th e siz e o f  1 2 an d 2 3 i s recalle d correctl y i s  o n averag e 4 1 % 
bette r  usin g th e grou p siz e o f  fou r  instea d o f  no t  usin g 
groupin g a t  all . 

The proble m whe n recallin g lon g sequence s i s tha t  th e 
deepe r  int o th e sequence ,  th e mor e likel y i t  i s  t o miss-recal l 
an ite m du e t o cumulatin g compressin g an d decompressin g 
errors .  W e believ e tha t  grouping ,  dividin g th e sequenc e int o 
smalle r  sub-sequence s tha t  ar e linked ,  work s sinc e i t 
decrease s th e dept h tha t  need s t o b e recalled .  Th e large r  th e 
group s th e mor e th e dept h i s decreased .  Afte r  a  while , 
however ,  th e sub-sequence s ge t  s o larg e tha t  the y als o star t 
t o suffe r  fix)m  errors .  Thi s mean s that ,  a s i n humans ,  usin g 
increasingl y larg e grouping s th e performanc e start s t o 
decreas e again . 

I n man y situation s ther e i s a  nee d t o stor e lon g sequences . 
I t  i s  wel l  know n tha t  groupin g th e sequenc e make s i t  easie r 
t o recal l  i n auditor y short-ter m memory .  W e se e tha t  thi s i s 
als o tru e fo r  E R A A M s;  groupin g th e sequence s tha t  ar e t o 
be store d lead s t o a n increase d probabilit y  tha t  the y ar e 
correctl y recalled . 

What  i s suggeste d her e i s tha t  R A A M lik e architecture s 
ca n b e use d t o mode l  th e huma n abilit y  t o stor e an d recal l 
sequences .  However ,  man y question s deman d answer s 
befor e network s o f  thi s kin d ca n b e sai d t o mode l  al l  th e 
aspect s o f  huma n memory .  Thi s include s question s 
concernin g biologica l  plausibility ,  a  performanc e mor e 
closel y matchin g th e hunnan ,  especiall y whe n usin g 
meaningfu l  subsequences ,  etc .  Th e result s presente d her e 
sho w tha t  R A A M lik e architecture s indee d hav e a  promisin g 
potentia l  fo r  supplyin g th e answer s t o thes e questions . 
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Abstrac t 

This paper describes a new computational model 
of  phonologica l  production ,  Holographi c Reduce d 
Representation s fo r  Oscillato r  Recall ,  o r  H O R R O R. 
H O R R O R 'S architectur e account s fo r  phonologica l 
speec h erro r  pattern s b y combinin g th e hierarchica l 
oscillatin g contex t  signa l  o f  th e O S C AR serial-orde r 
model  (Vousden ,  Brown ,  an d Harle y 2000 ;  Brown , 
Preece ,  an d Hulm e 2000 )  wit h a  holographi c asso -
ciativ e memor y (Plat e 1995) .  Th e resultin g mode l 
i s nove l  i n a  numbe r  o f  ways .  Mos t  importantly ,  al l 
of  th e nois e neede d t o generat e error s i s intrinsi c t o 
th e system ,  instea d o f  bein g generate d b y a n exter -
nal  process .  Th e mode l  featm-e s fully-distribute d 
hierarchica l  phonem e representation s an d a  singl e 
distribute d associativ e memory .  Usin g fewe r  pa r 
rameter s an d a  mor e parsimoniou s desig n tha n OS -
C A R,  H O R R OR account s fo r  erro r  typ e propor -
tions ,  th e syllable-positio n constraint ,  an d othe r 
constraint s see n i n th e hiuna n speec h erro r  data . I n t r o d u c t i o n 

Th e phonologica l  productio n subsyste m i s th e par t 
of  th e languag e productio n apparatu s tha t  sequence s 
th e sound s i n individua l  word s an d group s o f  words . 
Phonologica l  productio n i s th e mappin g fro m lex -
ica l  units ,  morpheme s an d words ,  t o sequence s o f 
phonologica l  units ,  phonemes .  Thi s pape r  present s 
a ne w mode l  o f  th e phonologica l  productio n system , 
a mode l  tha t  offer s a  ne w explanatio n fo r  error s an d 
seria l  orde r  i n speech . 

Speech Error Effects 

Numerou s constraint s an d pattern s hav e bee n ob -
serve d i n speec h erro r  patterns ,  includin g erro r  typ e 
proportion s (se e Tabl e 1) ,  th e syllabl e positio n con -
straint ,  th e C- V categor y constraint ,  th e distanc e 
constraint ,  th e phonologicei l  similarit y effect ,  an d th e 
phonotacti c regularit y effec t  (Fromki n 1971) .  Unles s 
otherwis e specified ,  th e number s i n th e description s 
belo w ar e fro m th e (Vousde n e t  al .  2000 )  analysi s o f 
th e (Harle y an d MjicAndre w 1995 )  erro r  corpus . 

A stron g constrain t  o n movemen t  error s (th e firs t 
thre e erro r  type s i n Tabl e 1 )  i s th e syllabl e positio n 
constraint ,  o r  S P C .  89.5 % o f  movemen t  error s retai n 
thei r  positio n i n th e syllabl e (onset s mov e t o onsets , 
vowel s t o vowels ,  etc.) . 

Typ e Rat e Exampl e 
anticipation s 
perseveration s 
exchange s 
non-contextua l  slip s 
mixe d error s 

35.1 % 
26.0 % 
10.6 % 
17.3 % 
11.0 % 

det  th e do g 
pet  th e po g 
de t  th e po g 
pet  th e lo g 
le t  th e po g 

Tabl e 1 :  Erro r  typ e proportions .  Targe t  utteranc e 
i s "pe t  th e dog. "  Mixe d error s includ e an y erro r  no t 
i n th e othe r  categories . 

A n eve n stronge r  constrain t  i s  th e consonant -
vowel  categor y constraint ,  o r  C- V constraint .  Error s 
ver y rarel y involv e th e replacemen t  o f  a  consonan t 
by a  vowe l  o r  vic e versa .  A  superse t  o f  thes e er -
rors ,  thos e tha t  violat e language-specifi c  rule s (th e 
phonotacti c regularit y  effect) ,  occu r  i n les s tha n 1 % 
of  error s (Stemberge r  1983) . 

Th e distanc e constrain t  i s th e observatio n tha t 
phonemes ten d t o mov e onl y shor t  distance s (on e 
or  tw o syllables )  i n movemen t  errors . 

W h en movemen t  error s occur ,  the y ar e mor e likel y 
tha n chanc e t o involv e phoneme s tha t  shar e phoneti c 
features .  Fo r  example ,  "pi g bull "  fo r  th e intende d 
"bi g pull "  i s a  mor e likel y exchang e tha n "bil l  pug, " 
sinc e [p ]  an d [b ]  ar e mor e simila r  tha n ar e [g ]  an d [1] . 
Thi s i s th e phonologica l  similarit y effect . 

Language Sequencing Models 

Phonologica l  productio n model s ca n b e categorize d 
by ho w the y generat e seria l  order .  I  follo w Vousde n 
et  al .  (2000 )  an d us e th e term s associativ e chainin g 
model ,  frame-base d model ,  an d contro l  signa l  model . 

Associativ e chainin g model s accoun t  fo r  seria l  or -
der  b y havin g eac h subsequen t  phonem e b e trig -
gere d b y a  combinatio n o f  th e patter n o f  previou s 
phonemes an d a  representatio n o f  th e targe t  utter -
anc e (Dell ,  Juliano ,  an d Govindje e 1993) .  Thes e 
model s successfull y accoun t  fo r  phonotacti c regular -
it y effect s an d th e C- V constraint ,  bu t  the y d o no t 
generat e anticipation s an d exchange s well ,  no r  d o 
the y accoun t  fo r  S P C effects . 

Frame-base d model s (Del l  1986 ;  Roelof s 1997 )  us e 
stric t  phonologica l  frame s t o slo t  phoneme s int o pre -
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specifie d positions ,  suc h a s th e onset ,  nucleus ,  an d 
cod a position s o f  a  syllable .  Thes e model s ofte n us e 
chain s o f  sequencin g node s t o activat e th e slot s se -
quentiall y  (Eikmeye r  an d Schad e 1991) .  Althoug h 
frame-based  model s ar e influential ,  sequencin g node s 
ar e ofte n criticize d a s bein g poorl y motivated . 

To addres s thi s point ,  contro l  signa l  model s 
(Burges s an d Hitc h 1992 ;  Hartle y an d Houghto n 
1996 ;  Vousde n e t  al .  2000 )  replac e discret e syllabl e 
frame s wit h continuou s time-varyin g signals .  Prio r 
t o production ,  differen t  part s o f  th e wor d ar e as -
sociate d wit h differen t  part s o f  th e signal .  Then ,  a s 
th e signa l  change s durin g production ,  th e associate d 
phonemes ar e outpu t  sequentially .  Simpl e contro l 
signa l  model s explai n ho w phoneme s coul d b e pro -
duce d i n order ,  bu t  don' t  ficcoun t  fo r  S P C effects . 

Th e O S C A R mode l  (Vousde n e t  al .  2000) ,  de -
scribe d below ,  i s a  comple x contro l  signa l  mode l 
tha t  account s fo r  S P C effect s b y usin g a  multi -
dimensiona l  contro l  signa l  wit h biologica l  motiva -
tion .  I t  contain s a n implici t  frame  i n th e wa y tha t 
th e contro l  signa l  i s structured ,  bu t  doe s no t  requir e 
explici t  slot s o r  sequencin g node s fo r  production . 

Building Blocks 

Th e H O R R OR mode l  combine s element s o f  tw o pre -
viousl y existin g models :  th e OSCillator-base d Asso -
ciativ e Recal l  ( O S C A R )  mode l  o f  serial-orde r  an d 
phonologica l  productio n (Brow n e t  al .  2000 ;  Vous -
den e t  al .  2000) ,  an d th e Holographi c Reduce d Rep -
resentation s ( H R R )  mode l  o f  hierarchica l  associativ e 
memory (Plat e 1995) .  Prio r  t o describin g H O R-
R O R,  I  revie w it s tw o ancestra l  models . 

OSCAR 

O S C AR work s b y associatin g ite m vector s (phonem e 
representations )  an d phonologica l  contex t  vector s 
( P C V s )  i n a  Hebbia n associativ e memory .  T h e 
P C Vs ar e inspire d b y oscillatin g signal s i n th e brain , 
an d hav e a n importan t  hierarchica l  self-similarit y 
pattern ,  describe d below .  A s th e P C V s ar e itera r 
tivel y presente d t o th e associativ e memory ,  th e orig -
ina l  ite m vector s ar e recalle d an d becom e availabl e 
fo r  production .  T h e self-similarit y patter n gener -
ate d b y th e oscillators ,  w h e n combine d wit h noise , 
generate s pattern s o f  error s tha t  previousl y require d 
th e us e o f  syllabl e frames. 

I n O S C A R,  ther e ar e 3 0 oscillator s i n tw o group s 
of  15 .  I n th e non-repeatin g group ,  th e oscillator s 
generat e sinusoida l  value s a t  frequencies  rangin g 
from  ver y slo w t o ver y fast .  Initia l  phase s an d fre-
quencie s ar e generate d wit h suflficien t  randomnes s 
tha t  th e non-repeatin g group' s stat e doe s no t  re -
pea t  fo r  m a n y steps .  I n th e repeatin g group ,  th e 
initia l  phase s o f  th e oscillator s ar e random ,  bu t  th e 
frequencies  ar e identical .  T h e stat e o f  thi s grou p re -
peat s precisel y ever y thre e tim e steps ,  representin g 
th e perio d o f  a  three-segmen t  C V C syllable . 
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Figur e 1 :  H O R R O R ' S P C V self-similarit y function . 

T h e P C V itsel f  i s  generate d b y multiplyin g to -
gethe r  selecte d oscillato r  signal s t o for m a  32 -
elemen t  vector .  Eac h elemen t  i s a  produc t  o f  fou r 
oscillato r  signals ,  al l  o f  whic h ar e selecte d from  th e 
same grou p (repeatin g o r  non-repeating) .  T h e pat -
ter n o f  multiplication s result s i n a n automaticall y 
normalize d P C V ,  allowin g eas y comparison s fo r  sim -
ilarity . 

A ke y featur e o f  O S C A R i s tha t  th e P C V i s self -
simila r  i n a  hierarchica l  manner .  Eac h stat e o f  th e 
P CV i s mos t  simila r  t o state s tha t  ar e multiple s o f 
thre e time-step s away ,  bu t  nearb y state s ar e als o 
somewhat  simila r  (se e Figur e 1) . 

T h e proces s fo r  producin g a  "word "  ( a randoml y 
generate d 18-segmen t  sequenc e o f  si x C V C syllables ) 
i s a s follows .  A  P C V i s initialized ,  an d start s t o 
chang e wit h time .  A t  eac h tim e step ,  th e P C V i s 
associate d wit h a  p h o n e m e featur e vecto r  i n a  Heb -
bia n weigh t  matrix .  Eac h tim e ste p use s a  separat e 
weigh t  matrix .  Thi s entir e proces s i s performe d nin e 
time s (i n parallel) ,  t o creat e a  tota l  o f  8 1 weigh t  m a -
trices ,  nin e replication s o f  nin e tim e steps .  T o pro -
duc e th e sequence ,  th e P C V i s re-instate d t o it s  ini -
tia l  state ,  the n sequentiall y  re-produce s eac h step' s 
state .  T h e P C V i s usuall y associate d wit h th e cor -
rec t  weigh t  matrice s t o generat e a n approximatio n 
of  th e phonem e featur e vector .  I n addition ,  a  proba -
bilisti c  proces s i s use d t o generat e errors .  7 0 % o f  th e 
time ,  segment s whic h ar e associate d wit h P C V s tha t 
ar e simila r  t o th e curren t  P C V ar e combine d wit h 
th e outpu t  from  th e correc t  weigh t  matrix .  T h e re -
sul t  i s a n outpu t  vector ,  a  potentiall y  nois y approxi -
matio n t o th e correc t  phoneme .  Also ,  a  post-outpu t 
suppressio n mechanis m i s use d t o reduc e excessiv e 
perseveratio n an d facilitat e exchang e errors .  T h e 
generate d outpu t  vector s fo r  eac h o f  th e nin e repli -
cation s ar e comptire d t o a n ite m m e m o r y containin g 
eac h phoneme ,  suc h tha t  eac h p h o n e m e i s activate d 
t o a n exten t  proportiona l  t o th e similarit y wit h th e 
nin e outpu t  vectors .  T h e mos t  activ e phonem e i s 
the n produce d i n a  winner-take-til l  process . 
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O S C A R 'S P ro s a n d C o n s I n maji y ways ,  O S -
C AR i s importan t  wor k i n th e literatur e o f  phono -
logica l  productio n an d speec h erro r  modeling ,  bu t 
i t  ha s significsLn t  problem s tha t  m a y limi t  it s ap -
plicability .  It s contribution s includ e makin g goo d 
use o f  a n independently-motivate d contex t  signa l  t o 
creat e seria l  order ,  accountin g fo r  S P C effect s with -
out  position-specifi c  phonemes ,  an d usin g £i n im -
plici t  rathe r  tha n explici t  syllabl e frame .  Overall , 
i t  account s fo r  variou s erro r  pattern s bette r  tha n d o 
chainin g models . 

However ,  severa l  limitation s lea d m e t o questio n 
th e exten t  o f  th e model' s successes .  Mos t  impor -
tantly ,  th e noise-additio n procedur e i s unprincipled . 
As well ,  th e artificia l  word s di d no t  includ e repeate d 
phonemes ,  th e association s betwee n th e contex t  an d 
phonemes £ir e store d separately ,  an d ther e ar e a  con -
cernin g numbe r  o f  parameters . 

Conside r  th e noise-additio n procedure .  Cognitiv e 
model s shoul d us e reasonabl e source s o f  nois e t o gen -
erat e erro r  phenomena .  M a n y model s ad d Gaus -
sia n noise ,  whil e other s us e intrinsi c nois e fro m dis -
tribute d representation s an d imprecis e networ k com -
putation .  Althoug h O S C A R use s well-motivate d 
oscillato r  signal s t o provid e serial-orde r  effects ,  it s 
noise-generatio n procedure s ar e muc h mor e weaJcl y 
motivated .  A s describe d abov e an d i n Appendi x C 
of  Vousde n e t  al .  (2000) ,  phoneme s associate d wit h 
state s o f  th e P C V tha t  ar e selecte d b y thei r  similar -
it y t o th e correc t  P C V ar e recalle d i n paralle l  an d 
use d t o corrup t  th e winner-take-al l  process . 

Tha t  thi s procedur e generate s impressiv e erro r  re -
sult s i s  no t  siu-prising .  Th e nois e i n O S C A R i s gener -
ate d onl y b y interferenc e fro m particula r  phoneme s 
i n th e curren t  sequence ,  no t  b y an y sor t  o f  rando m 
numerica l  nois e o r  othe r  natura l  interference .  O S -
C AR claim s t o explai n wh y mos t  error s ar e move -
ment  error s -  i n thei r  model ,  it' s  becaus e th e gener -
ate d nois e i s movemen t  noise . 

A relate d concer n wit h O S C A R i s tha t  th e as -
sociation s betwee n th e P C V an d phonem e vector s 
ar e store d separately .  Althoug h i t  i s  reasonabl e t o 
use Hebbia n learnin g t o associat e a  P C V signa l  wit h 
phoneme representations ,  i t  i s  difficul t  t o explai n 
why eac h segmen t  nee d b e store d i n entirel y sep -
arat e set s o f  weights .  A  mor e parsimoniou s solutio n 
woul d us e a  singl e se t  o f  weight s an d woul d trea t  th e 
resultin g nois e a s a n asset ,  no t  a  weakness . 

H O R R OR adopt s th e oscillatin g P C V syste m 
fro m O S C A R,  bu t  replace s th e movement-base d 
noise-creatio n syste m wit h th e nois e inheren t  i n a n 
associativ e memor y syste m wit h overlai d weights .  I t 
als o use s a  mor e parsimoniou s unifie d memor y sys -
tem ,  allow s repeate d phoneme s withi n a  sequence , 
and require s fewe r  fre e parameters^ . 

•  : 

# 
-l -

I x I = » T 
:IxT=> I 
: T X  T = > T 

Ti  =  a* b 
a#T i  - + b  4 -  nois e 
T2 =  a*b-f-c*d-f-e* f 
ti#T 2 - *  c  +  nois e 
Ts =  g  *  T i  +  h 
g#T 3 - *  T i  - f  nois e 

'I n additio n t o th e five  liste d i n Tabl e 7  o f  Vousde n 
et  al .  (2000) ,  ther e ar e thes e four :  th e rati o o f  correct -
to-incorrec t  activation ,  0.6 ;  th e numbe r  o f  redundan t 
associations ,  9 ;  th e similarit y threshol d fo r  allowin g a 

Figur e 2 :  Holographi c Associativ e Memory ,  a  -  h 
ar e ite m vectors ;  T i  ar e m e m o r y vectors .  * , # ,  an d 
+ symboliz e circula r  convolutio n (encoding) ,  corre -
latio n (decoding) ,  an d additio n (composition) . 

D is t r i bu te d Assoc ia t iv e M e m o r i e s 

For several decades, mathematical psychologists 
hav e looke d a t  distribute d representation s fo r  mod -
el s o f  memor y (Murdoc k 1982 ;  Eic h 1982) ,  an d 
hav e accounte d fo r  m a n y recognitio n an d recal l  ef -
fects .  Compare d t o localis t  connectionis t  models , 
wher e representation s consis t  o f  feature s an d micro -
features ,  distribute d representation s us e lon g quasi -
rando m vectors .  Thes e vector s ar e generate d an d 
manipulate d suc h tha t  similarit y betwee n tw o rep -
resentation s i s define d b y th e do t  produc t  o r  cosine . 
Distribute d representation s ca n b e combine d i n var -
iou s ways .  T w o symbol s m a y b e associate d b y op -
eration s suc h a s convolutio n o r  th e oute r  product , 
resultin g i n anothe r  larg e vector .  Retrieva l  from 
m e m o ry vector s i s performe d b y invertin g th e asso -
ciatio n operation ,  correlation .  Distribute d memorie s 
ca n stor e a  numbe r  o f  association s a t  once ,  simpl y b y 
addin g th e vector s together .  A s vector s ar e overlaid , 
th e amoun t  o f  nois e increases .  Thi s intrinsi c nois e 
i s par t  o f  th e model ,  an d resultin g simulation s ca n 
accoun t  fo r  list-lengt h an d item-similarit y effects . 

A limitatio n i n muc h o f  th e wor k o n distribute d 
memorie s i s tha t  th e operation s tha t  generat e asso -
ciation s greatl y expan d th e siz e o f  th e vector ,  wit h 
th e resul t  tha t  hierarchie s o f  association s ar e imprac -
tical .  H O R R OR utilize s on e o f  severa l  approache s 
tha t  overcom e thi s problem ,  th e Holographi c Re -
duce d Representation s (HRRs )  o f  Plat e (1995) . 

Wi t h H R R s ,  th e representation s an d association s 
ar e alway s fixed-lengt h vectors .  A  circula r  versio n o f 
convolutio n i s use d t o associat e vectors .  Th e result -
in g memor y vector s ar e th e sam e lengt h a s th e inpu t 
vectors ,  a t  th e cos t  o f  increase d noise .  T h e greates t 
benefi t  i s  tha t  hierarchie s o f  association s cau i  b e eas -
il y  generate d an d stored .  Se e Figur e 2  fo r  simpl e 
example s an d notation .  A n auto-associativ e ite m 
memory ( a Hopfiel d networ k o r  a  nearest-neighbo r 
searc h throug h a  list )  i s  necessar y t o identif y th e 
resul t  o f  eac h correlation . 

phoneme t o b e adde d a s noise ,  0.5 ;  an d th e similarit y 
exponentiatio n facto r  i n th e ite m memory ,  3.4 . 
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H O R R OR 

Holographic Reduced Representations for Oscillator 
Reccd l  ( H O R R O R)  i s a  mode l  o f  serial-orde r  process -
in g tha t  combine s th e self-simila r  contex t  vector s o f 
O S C AR wit h th e hierarchica l  representation s an d 
memory o f  H R R s .  Th e resul t  i s a  fully-distribute d 
phonologica l  productio n mode l  tha t  account s fo r  er -
ror s i n th e seritil-orde r  par t  o f  th e syste m b y usin g 
th e intrinsi c nois e fro m th e associative-memor y par t 
of  th e system . 

O S C AR an d H R R s fundamentall y bot h represen t 
similarit y b y distanc e betwee n vecto r  representa -
tions .  I n O S C A R,  th e exten t  t o whic h pair s o f  con -
tex t  vector s whic h ar e nea r  i n tim e ar e aJs o nea r  i n 
spac e determine s retrieva l  accurac y an d erro r  pat -
terns .  Wit h H R R s ,  capacit y an d nois e level s ar e de -
termine d b y th e exten t  t o whic h compose d vector s 
ar e nea r  (no t  orthogonal )  t o eac h other .  I n O S C AR 
thes e similarit y metric s ca n b e comple x an d hier -
archical ,  determine d b y th e oscillato r  patterns ,  an d 
i n H R R s ,  th e similarit y metric s ca n als o b e hierar -
chical ,  b y th e proces s o f  overlayin g associations .  I n 
bot h models ,  ite m memorie s ar e use d t o clea n u p 
fin d t o selec t  a  singl e item . 

H O R R OR i s a  ne w mode l  base d o n th e genera l 
framewor k o f  O S C A R.  I t  take s a  variatio n o f  th e 
P CV from  O S C A R,  an d combine s i t  wit h a n H R R 
associativ e memory ,  replacin g th e simpl e associativ e 
memory use d b y O S C A R.  I n addition ,  th e feature -
vecto r  phonologica l  representation s use d i n O S C AR 
ar e replace d wit h fully-distribute d hierarchica l  rej) -
resentation s i n H O R R O R.  A  critica l  aspec t  o f  H O R-
R OR i s tha t  al l  o f  th e phoneme-contex t  pair s tha t 
make u p a  sequenc e ar e store d togethe r  i n a  singl e 
larg e vector ,  rathe r  tha n i n OSCAR' s man y separat e 
weigh t  matrices .  Th e nois e i n thi s memor y vector , 
combine d wit h representationa l  similarit y an d th e 
P CV structure ,  provid e sufficien t  opportunitie s fo r 
appropriatel y distribute d erro r  pattern s t o arise . 

Experiments 

A majo r  goa l  o f  thi s wor k i s t o accoun t  fo r  th e sam e 
human speec h erro r  dat a a s doe s O S C A R,  usin g 
a simple r  structure ,  mor e ptu-simoniou s procedures , 
an d fewe r  parameters . 

As wit h O S C A R,  P C V s ar e generate d sequentiall y 
and convolve d wit h phonem e representation s t o for m 
memory traces .  Unlik e O S C A R,  thes e trace s ar e 
summed t o for m a  singl e vecto r  representin g th e en -
tir e sequence .  T o produc e th e sequence ,  th e vecto r 
i s correlate d wit h th e P C V s i n order ,  resultin g i n 
nois y version s o f  th e phonemes .  Th e phoneme s ar e 
cleane d u p i n a n ite m memory ,  an d th e result s ar e 
analyze d fo r  variou s type s o f  errors . 

Th e oscillator s use d t o generat e th e P C V wer e 
th e sam e a s use d b y O S C A R.  H O R R OR addition -
all y include s a  parameter ,  nrep ,  tha t  specifie s th e 
proportio n o f  repeatin g versu s non-repeatin g oscil -

Param.  Valu e Descriptio n 

nre p 1 7 
v w 204 8 
cc 3 
D 4 
Inhi b .12 1 
InDe c . 5 
ds 3 

# o f  non-repeatin g oscillator s 
Representatio n vecto r  widt h 
Repeatin g oscillato r  inv .  freq. 
Speech-rat e (large r  =  slower ) 
Post-activatio n inhibitio n leve l 
Inhib .  deca y (lowe r  =  faster ) 
Phoneme dis-similarit y facto r 

Tabl e 2 :  Fre e parameter s i n H O R R OR 

lators .  Th e procedur e o f  generatin g th e P C V from 
th e oscillator s i n H O R R OR i s  ver y simila r  t o th e 
procedur e use d i n O S C A R,  bu t  sinc e H O R R O R 'S 
P CV i s ver y wid e (204 8 elements) ,  th e proces s wa s 
repeate d wit h differen t  rando m initia l  phase s an d 
frequencies  i n orde r  t o fil l  u p th e vector ,  whic h wa s 
the n normalized .  Se e Tabl e 2  fo r  th e lis t  o f  P C V an d 
othe r  parameter s use d i n th e experiment s describe d 
below . 

Vousde n e t  al .  (2000 )  us e a n articulatory-featur e 
representatio n o f  phonemes .  Eac h phonem e i s 1 7 el -
ement s long ,  wit h binar y feature s representin g plac e 
and manne r  o f  articulation ,  nasality ,  voicing ,  an d 
vowel  positio n an d tenseness .  W e converte d thes e lo -
caUst  feature s int o distribute d feature s fo r  th e fully -
distribute d representation s use d i n H O R R O R. 

Phonologica l  representation s wer e buil t  i n a  fully -
distribute d manne r  b y generatin g rando m Gaussia n 
vector s (o f  widt h vw )  fo r  eac h feature ,  the n summin g 
th e appropriat e feature s togethe r  an d normalizing . 
Each vecto r  thu s ha s a n intrinsi c similarit y metric , 
define d b y th e numbe r  o f  share d features .  I n or -
der  t o partiall y  "drow n out "  th e similarit y betwee n 
otherwis e very-simila r  phonemes ,  additiona l  rando m 
vector s {ds )  wer e adde d t o eac h phonem e vector . 

Decodin g consist s o f  sequentiall y  correlatin g eac h 
time-ste p o f  th e P C V wit h th e singl e store d memor y 
vector .  Th e resul t  i s a  serie s o f  approximation s t o 
th e targe t  phonemes ,  corrupte d b y th e nois e intrinsi c 
t o a  holographi c memory .  Eac h recalle d vecto r  i s 
compare d t o a n ite m memor y containin g possibl e 
phonemes .  Th e phonem e tha t  i s  mos t  simila r  t o th e 
recalle d vecto r  i s  the n produced . 

The ite m memor y ha s thre e feature s tha t  hel p i t 
bes t  accoun t  fo r  th e erro r  patterns .  First ,  eac h ite m 
i n th e ite m memor y ha s a  persisten t  activatio n level , 
o.  Activatio n i s  adde d t o similarit y t o determin e 
whic h phonem e i s selected .  A t  eac h step ,  eac h item' s 
a i s increase d b y th e item' s distanc e from  th e recalle d 
vector ,  weighte d b y th e Inhi b parameter .  Second , 
afte r  a  phonem e i s selected ,  i t  i s  suppresse d b y set -
tin g o  t o b e th e negatio n o f  Inhib .  Post-outpu t  sup -
pressio n i s a  commo n featur e o f  thi s typ e o f  mode l 
(Vousde n e t  al .  2000 ;  Del l  1986) .  Finally ,  a t  ever y 
tim e step ,  activatio n decay s towar d zer o accordin g 
t o th e deca y constan t  InDec . 
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Figur e 3 :  H O R R O R 'S erro r  typ e proportions . 

Experimental Results 

2000 6-syllabl e "words "  wer e generated ,  associated , 
and output .  Error s wer e determine d b y £i n auto -
mati c categorizatio n process .  Erro r  typ e propor -
tions ,  S P C violations ,  distanc e constrain t  statistics , 
and phoneti c similarit y constrain t  statistic s wer e 
coimted . 

Error proportions 1538 errors occurred during 
productio n o f  36,00 0 segments ,  resultin g i n a n over -
al l  erro r  rat e o f  4.3% .  Figur e 3  show s th e proportion s 
of  erro r  types .  Th e result s compar e fairl y wel l  wit h 
th e huma n dat a reporte d i n Vousde n e t  al .  (2000) . 
Exchanges ,  however ,  wer e under-represente d i n th e 
model ,  raisin g th e questio n o f  whethe r  H O R R O R 's 
exchange s ar e tru e exchange s o r  merel y th e join t 
even t  o f  independen t  anticipation s an d persevera -
tions .  Othe r  speec h erro r  model s (Del l  e t  al .  1993 ; 
Roelof s 1997 )  ar e unabl e t o produc e tru e exchanges , 
and ar e therefor e see n a s incomplete . 

To addres s this ,  I  calculate d th e expecte d num -
ber  o f  exchanges ,  assumin g tha t  the y ar e coinciden -
tal .  Thi s number ,  0.3 3 pe r  200 0 sequences ,  wa s 
more tha n sixt y time s smalle r  tha n th e numbe r  o f 
exchange s actuall y observe d (22) ,  demonstratin g a 
tru e tendenc y fo r  exchanges .  Exchange s i n H O R-
R OR occu r  becaus e post-activatio n inhibitio n help s 
t o preven t  a n erroneousl y anticipate d phonem e fro m 
the n appearin g i n it s correc t  location .  Instead ,  th e 
earlier ,  replace d phonem e m a y b e triggere d vi a th e 
P C V,  turnin g a n anticipatio n int o a n exchange . 

Distanc e constrain t  Th e model' s movemen t  gra -
dient s paralle l  th e distanc e constraint s see n i n hu -
m an data ,  wit h disproportionatel y smal l  separa -
tions .  Exchang e error s shifte d least ,  a n averag e 
0.9 5 syllables ,  followe d b y anticipations ,  averagin g 
1. 4 syllables ,  an d perseverations ,  averagin g 2. 9 syl -
lables .  Figur e 4  show s a  compariso n o n anticipa r 
tion s betwee n H O R R OR an d huma n data .  Th e 
shorte r  movement s mad e b y exchanges ,  compare d 

Figur e 4 :  Distanc e gradient s o f  th e anticipatio n er -
ror s produce d b y H O R R O R,  compare d wit h th e hu -
m an dat a an d chanc e baselin e o f  Vousde n e t  al . 
(2000) .  Adjacen t  syllable s hav e a  distanc e o f  1 . 
Same-syllabl e error s (separatio n 0 )  ar e no t  shown . 

Erro r  typ e n M e a n share d feature s 
Movement s 
Exchange s 
Non-contextua l 
Chanc e 

895 
22 

306 

2. 4 
3.1 
3. 1 
1.9 

Tabl e 3 :  Averag e similarit y fo r  consonan t  errors . 
Movement s ar e anticipation s an d perseverations . 

t o othe r  erro r  types ,  ha s bee n observe d i n h u m a n 
erro r  dat a (Nooteboo m 1973) . 

Phonetic similarity constraint Vousden et al. 
(2000 )  concentrat e thei r  analysi s o f  th e phoneti c 
similarit y constrain t  o n consonan t  exchanges .  H O R-
R OR produce d onl y 2 2 consonan t  exchanges ,  2 0 o f 
whic h share d 7 5 % o r  mor e o f  thei r  phoneti c features . 
Tabl e 3  compare s th e categorie s o f  consonan t  error s 
t o chance .  Chanc e wa s determine d b y randoml y se -
lectin g 100 0 pair s o f  consonants ,  an d countin g th e 
number  o f  share d phoneme s fo r  eac h pair .  Th e pho -
neti c similarit y constrain t  i s  clearl y presen t  i n thes e 
results .  Not e tha t  exchang e error s wer e significantl y 
mor e simila r  tha n wer e othe r  movemen t  errors .  Thi s 
i s tru e fo r  huma n exchanges ,  an d als o lend s furthe r 
suppor t  t o th e observe d exchange s bein g real . 

Syllable-positio n constrain t  29.0 % o f  th e 
model' s error s violate d th e S P C ,  compare d t o 
10.5 % o f  error s i n huma n dat a (Vousde n e t  al . 
2000) .  T o confir m tha t  thi s numbe r  stil l  reflect s 
a constraint ,  an d i s no t  jus t  th e chanc e rat e o f 
violations ,  it' s  necessar y t o loo k a t  th e probabiUtie s 
of  error s bein g i n eac h syllabl e position .  I n thi s 
set  o f  data ,  50.7 % o f  error s wer e i n th e onset , 
8.6 % i n th e vowel ,  an d 40.8 % i n th e coda .  T o 

427 



calculat e th e expecte d rat e o f  S P C violations , 
assume tha t  th e consonant-vowe l  constrain t  i s 
neve r  violated ,  an d tha t  consonan t  error s hav e a 
5 0 % chanc e o f  movemen t  fro m onset s tin d codas . 
Therefore ,  th e expecte d S P C violatio n rat e i s 
1 -  (.08 6 -I -  .50 7 »  . 5 +  .40 8 *  .5 )  =  45.7% .  Althoug h 
th e S P C i s violate d mor e ofte n b y th e mode l  tha n 
i t  i s  i n huma n data ,  i t  i s  stil l  a  rea l  effect . 

Consonant-vowe l  constrain t  Onl y 2.3 % o f  th e 
error s violate d th e C- V constraint ,  showin g tha t  th e 
model  i s  generall y respectin g th e consonant-vowe l 
categorica l  distinctio n see n i n natura l  errors . 

Repeate d p h o n e m e s I n orde r  t o investigat e th e 
rol e o f  repeate d phoneme s i n th e model ,  th e sam e 
experimen t  wa s re-ru n wit h repeate d phoneme s dis -
abled .  Sinc e repeate d item s ar e know n t o strongl y 
affec t  performanc e i n distribute d memories ,  i t  wa s 
expecte d tha t  th e effect s o n H O R R OR woul d b e sig -
nifican t  a s well .  Th e erro r  rat e withou t  repeate d 
item s wa s reduce d t o 1.3% ,  an d th e proportio n o f 
non-contextua l  error s wa s greatl y reduce d (se e Fig -
ur e 3) .  H O R R OR i s  mor e erro r  pron e whe n rep -
etition s occur ,  a s i n huma n dat a (Del l  1986) .  Re -
peate d phoneme s appea r  t o b e a n importan t  trigge r 
fo r  speec h errors ,  includin g non-contextua l  errors . 

Discussion 

Th e H O R R OR mode l  combine s th e bes t  feature s 
of  O S C A R,  a  serial-orde r  phonologica l  mode l  wit h 
a hierarchica l  contex t  signal ,  an d H R R s ,  a  holo -
graphi c associativ e memor y usin g hierarchica l  rep -
resentations .  It s ai m i s t o accoun t  fo r  speec h erro r 
pattern s usin g mor e parsimoniou s mechanism s tha n 
previou s relate d models . 

H O R R OR succeed s i n a  numbe r  o f  ways .  I t  al -
low s rei>eate d phoneme s i n th e sequences ,  i t  com -
bine s associativ e memor y trace s int o a  singl e dis -
tribute d associatio n vector ,  an d it s erro r  mechanis m 
relie s entirel y o n th e intrinsi c nois e fro m th e asso -
ciativ e memor y wit h n o generate d nois e a t  all .  I t 
use s fewe r  parameter s tha n doe s O S C A R,  an d ac -
count s fo r  a  numbe r  o f  erro r  pattern s i n huma n 
data .  Specifically ,  th e model' s erro r  typ e propor -
tions ,  distanc e constraint ,  phonologica l  similarit y 
constraint ,  an d C- V categor y constrain t  result s wer e 
largel y simila r  t o hiuna n data .  Th e S P C result s 
wer e real ,  i f  modele d les s accurately .  H O R R OR ac -
count s fo r  thes e majo r  speec h erro r  pattern s b y us -
in g fully-distribute d hierarchica l  representations ,  a 
singl e intrinsically-nois y associativ e memory ,  an d a n 
oscillatin g phonologica l  contex t  signal . 

Acknowledgments 

I  appreciat e th e advic e an d contribution s o f  Gar y 
Dell ,  Jane t  Vousden ,  an d Frankli n Chang .  Thi s 
work wa s supporte d b y NS F gran t  SB R 98-7345 0 
and NI H gran t  DC-00191 . 

Reference s 

Brown ,  G.  D .  A. ,  T .  Preece ,  an d C .  Hulm e (2000) . 
Oscillator-base d memor y fo r  seria l  order .  Psy -
chologica l  Revie w 107{l) ,  127-183 . 

Burgess ,  N .  an d G .  J .  Hitc h (1992) .  Towar d a  net -
wor k mode l  o f  th e articulator y loop .  Journa l 
of  Memor y an d Languag e 31 ,  429-460 . 

Dell ,  G .  S .  (1986) .  A  spreading-activatio n theor y 
of  retrieva l  i n sentenc e production .  Psycholog -
ica l  Revie w 9S{3) ,  283-321 . 

Dell ,  G .  S. ,  C .  Juliano ,  an d A .  Govindje e (1993) . 
Structur e an d conten t  i n languag e production : 
A theor y o f  fram e constraint s i n phonologica l 
speec h errors .  Cognitiv e Scienc e 17 ,  149-195 . 

Eich ,  J .  M .  (1982) .  A  composit e holographi c 
associativ e recal l  model .  Psychologica l  Re -
vie w 89{6) ,  627-661 . 

Eikmeyer ,  J.-J .  an d U .  Schad e (1991) .  Sequential -
izatio n i n connectionis t  language-productio n 
models .  Cognitiv e System s 5(2) ,  128-138 . 

Fromkin ,  V .  A .  (1971) .  Th e non-anomalou s natur e 
of  anomalou s utterances .  Languag e .̂ 7(1) ,  27 -
52. 

Harley ,  T .  A .  an d S .  B .  G .  MacAndre w (1995) .  In -
teractiv e model s o f  lexicalization ;  Som e con -
straint s fro m speec h error ,  pictur e naming , 
and neuropsychologica l  data .  I n D .  Bairak -
taris ,  J .  BuUinaria ,  an d D .  Cairn s (Eds.) ,  Con -
nectionis t  model s o f  memor y an d language . 
London :  U C L Press . 

Hartley ,  T .  an d G .  Houghto n (1996) .  A  lingusti -
call y restraine d mode l  o f  short-ter m memor y 
fo r  non-words .  Journa l  o f  Memor y an d Lan -
guag e 35 ,  1-31 . 

Murdock ,  B .  B .  (1982) .  A  theor y fo r  th e stor -
age an d retrieva l  o f  ite m an d associativ e recall . 
Psychologica l  Revie w 89(6) ,  609-626 . 

Nooteboom ,  S .  (1973) .  Th e tongu e slip s int o pat -
terns .  I n V .  A .  Fromki n (Ed.) ,  Speec h Error s 
as Linguisti c Evidence .  Th e Hague :  Mouton . 

Plate ,  T .  (1995) .  Holographi c reduce d represen -
tations .  I E E E Transaction s o n Neura l  Net -
work s 6(3) ,  623-641 . 

Roelofs ,  A .  (1997) .  Th e W E A V ER mode l  o f  word -
for m encodin g i n speec h production .  Cogni -
tio n 64 ,  249-284 . 

Stemberger ,  J .  P .  (1983) .  Speec h error s an d theo -
retica l  phonology :  A  review .  Bloomington :  In -
diein a Universit y Linguistic s Club . 

Vousden ,  J .  I. ,  G .  D .  A .  Brown ,  an d T .  A .  Harle y 
(2000) .  Seria l  contro l  o f  phonolog y i n speec h 
production :  A  hierarchica l  model .  Cognitiv e 
Psycholog y 41 ,  101-175 . 

428 



Similarit y a n d Differenc e J u d g m e n t s U n d e r  Perceptua l 

a n d Non-Perceptua l  Condit ion s 

Uri Hasson (uhasson@princeton.edu) 
Departmen t  o f  Psychology ,  Princeto n Universit y 

Princeton ,  N J 08544 ,  US A 

Vladimir Sloutsky (Sloutsky.l@osu.edu) 
Cente r  fo r  Cognitiv e Scienc e &  Schoo l  o f  Teachin g an d Learning ,  Th e Ohi o Stat e Universit y 

21 Pag e Hall ,  181 0 Colleg e Road ,  Columbus ,  O H 43210 ,  U S A 

Abstrac t 

It has recently been suggested that knowledge is 
represente d i n th e for m o f  perceptua l  symbo l  system s 
(Barsalou ,  1999) .  Accordin g t o thi s view ,  perceptua l 
state s ma y b e use d t o suppo t  highe r  cognitiv e processe s 
withou t  bein g transduce d int o a  representationa l 
language .  Sinc e th e abilit y  t o recogniz e differenc e an d 
similarit y  i s fundamenta l  fo r  cogniticm ,  w e examine d t o 
what  exten t  i t  migji t  b e base d o n perceptua l  information . 
I n thre e experiments ,  participant s mad e judgment s o f 
similarit y an d differenc e fo r  singl e item s unde r  thre e 
presentatio n coiditions :  Word s Only ,  Word s an d 
Pictures ,  an d Picture s Only .  Reactio n time s fo r 
judgment s i n th e Words-Onl y conditic m wer e 
consistentl y slowe r  tha n i n th e othe r  presentatio n 
amditions .  However ,  judgment s o f  perceive d similarit y 
and perceive d differenc e di d no t  markedl y diffe r 
betwee n presentatio n conditions .  Th e result s sugges t  tha t 
participant s recruite d perceptua l  informatio n \\iie n 
evaluatin g similarit y i n th e Word-Onl y condition . 
Additionally ,  presentatio n conditio n ha d a n effec t  o n th e 
relatio n betwee n th e similarit y an d differenc e scales :  fo r 
a give n degre e o f  similarity ,  mor e extrem e differenc e 
judgment s wer e foun d unde r  thos e condition s wher e 
wOTds wer e displayed .  W e offe r  a n explanatio n fo r  thi s 
effect ,  an d presen t  a  fiirthe r  researc h program . 

Introduction 

Similarity ,  o r  psychologica l  resemblanc e o f  entities , 
i s  a  fundamenta l  aspec t  o f  cognition .  Similarit y play s a 
critica l  rol e i n perception ,  memory ,  learnin g an d 
transfer ,  categorization ,  analogica l  reasoning ,  proble m 
solving ,  an d languag e comprehension .  I t  ha s als o bee n 
suggeste d tha t  recognizin g difference s betwee n entitie s 
i s fundamenta l  t o cognition ;  fo r  instance ,  i n 
discriminatin g categor y member s from  non-members . 
A n extensiv e bod y o f  researc h tha i  ha s outline d th e 
processe s fo r  whidt i  similarit y an d differenc e ar e 
importan t  However ,  m u c h les s i s k n o w n abou t  tha t 
natur e o f  th e informatio n recruite d fo r  evaluatin g 
similarit y an d differenc e themselves . 

S o me theorie s o f  similarit y hypothesiz e a  proces s 
whos e input s ar e representation s i n th e for m o f  featur e 

list s wit h mos t  o f  th e propertie s represente d a s unitar y 
attribute s (Nosofsky ,  1986 ;  Tversky ,  1977) .  Accordin g 
t o others ,  conceptua l  knowledg e play s suc h a n 
importan t  rol e i n similarity ,  tha t  similarit y i s take n t o b e 
aki n t o analogy ;  q)eratin g ch i  a n intercormecte d syste m 
of  relation s an d thei r  argument s (Centne r  &  M a r k m a n , 
1997) .  Th e cru x o f  thi s vie w i s  tha t  processe s o f 
similarity ,  a s  wel l  a s  differenc e (Markman ,  1996) , 
operat e b y alignin g th e structure s o f  th e compare d 
entities .  T h e structure s themselve s ar e describe d a s a 
syste m o f  relationa l  predicate s an d thei r  attributes .  T h e 
researc h progra m o f  structura l  alignmen t  (se e Gentno -
& M a r k m a n ,  1997 )  convincingl y demonstrate d tha t  th e 
us e o f  structura l  knowledg e i s a n integra l  par t  o f 
makin g similarit y judgments . 

I t  i s a n ope n question ,  however ,  whetha -  th e onl y 
kind s o f  informatic m use d fo r  thes e judgment s ar e i n th e 
for m o f  suc h a-moda l  representation s a s relation s o r 
featur e lists .  A  recen t  proposa l  (Barsalou ,  1999) , 
suggest s dia t  perceptua l  state s -  moda l  an d analo g 
form s o f  representatio n -  ar e als o use d t o suppor t  highe r 
cognitiv e processes .  Perceptua l  state s ar e take n t o 
maintai n a  par t  o f  th e perceptua l  natur e o f  thei r 
referents ,  withou t  bein g transduce d int o a 
representationa l  language .  I f  thi s i s th e case ,  judgmoit s 
of  similarit y and/o r  differenc e migh t  m a k e us e o f 
perceptua l  information ,  i n additio n t o othe r  form s o f 
knowledge . 

We examine d thi s issu e b y evaluatin g th e effect s o f 
variou s type s o f  presentatio n condition s o n similarit y 
an d differenc e judgments ,  whic h wer e m a d e fo r  a 
variet y o f  natura l  stimuli .  W e presente d participant s 
wit h pair s o f  item s fo r  similarit y an d differenc e 
judgment s unde r  thre e presentatio n condition s whic h 
wer e manipulate d betwee n groups :  pair s wer e presente d 
as Words-Onl y ( W O ) ,  a s word s accompanie d b y 
picture s ( W P )  o r  a s picture s onl y (PO) .  Th e instruction s 
give n t o al l  thre e group s wer e th e same ,  an d di d no t 
m a ke an y referenc e t o spee d o f  response .  Mos t 
critically ,  th e instruction s give n t o participant s i n th e 
Word-Onl y conditio n di d no t  mentio n envisionin g th e 
object s depicte d b y th e words .  I f  participant s i n thi s 
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grou p too k longe r  t o reac h thei r  decision ,  bu t  ultimatel y 
m a de judgment s resemblin g thos e mad e i n th e pictur e 
conditions ,  thi s woul d sugges t  tha t  perceptua l 
informatio n wa s recruite d whe n makin g thes e 
judgments . 

Th e reporte d researc h ha s tw o majo r  goals :  (1 )  t o 
estimat e effect s o f  perccptxia l  an d non-perceptua l 
aspect s o f  th e stimul i  o n makin g judgment s o f 
similarit y an d difference ;  an d (2 )  t o examin e whethe r 
perceptua l  an d non-po-ceptua l  aspect s o f  th e stimul i 
affec t  th e relatio n betwee n th e similarit y an d differenc e 
scales . 

Calibration Experiment 

Th e purpos e o f  th e calibratio n stud y wa s t o choos e 
pictoria l  materia l  tha t  woul d b e easil y an d 
unambiguousl y recognize d a s typica l  example s o f  th e 
intende d items .  Twenty-seve n undergraduat e student s 
fix)m  di e ( M o Stat e Universit y participate d i n th e 
study .  Th e photograph s chose n correspwide d t o 10 0 
items ,  take n from  1 0 categorie s o f  Batti g an d 
Montague' s (1969 )  categor y norm s wit h 1 0 item s bein g 
selecte d from  eac h category .  Th e te n categwie s 
belonge d t o tw o ontologica l  domains ,  livin g tilings  an d 
artifacts ,  wit h five  categorie s i n eac h domain .  I n 
additio n t o th e experimoita l  items ,  2 5 item s tha t 
appeare d t o b e ba d example s o f  thei r  type s wer e als o 
adde d a s negativ e anchors .  Participant s wer e presente d 
wit h photogn4)h s o f  object s followe d b y word s 
denotin g thes e objects ,  an d decide d whethe r  th e 
photograph s wer e goo d example s o f  th e entitie s 
depicte d b y th e word s ("somethin g tha t  immediatel y 
remind s yo u o f  tha t  thing") .  Fo r  example ,  a  pictur e o f  a 
car  wa s displayed ,  followe d b y a  blan k scree n an d the n 
b y th e wor d C A R .  Participant s presse d 1  i f  th e phot o 
was indee d a  goo d exampl e an d 0  i f  i t  wa s not . 
Th e i»-<q)ortio n ratin g fo r  th e experimenta l  item s wa s 

0.85 .  W e include d onl y thos e photograph s tha t  wer e 
foun d t o b e goo d depiction s b y mor e tha n 6 7 % o f  th e 
participants .  Thi s procedur e resulte d i n th e remova l  o f 
10 items . 

Experiment la: Judging Similarity and 

Di f ferenc e o f  O b j e c t s D e n o t e d b y W o r d s 

M e t h o d 

Participant s Ther e wer e 2 9 participant s i n th e 
similarity-judgmen t  conditio n an d 2 5 participant s i n th e 
difference-judgmen t  condition .  Th e participant s i n bot h 
conditions ,  an d i n al l  followin g experiments ,  wer e 
undergraduat e student s from  th e Ohi o Stat e Universit y 
w ho participate d t o fulfil l  a  psycholog y cours e 
requiremen t  o r  i n retur n fo r  paymen t 
Desig n an d Material s Th e experimen t  ha d a  mixe d 
desig n wit h Judgmen t  typ e (similarit y judgmen t  o r 
differenc e judgment )  a s a  between-subject s variabl e an d 

Pair-typ e (same-superordinate ,  within-ontologica l 
domai n o r  across-ontologica l  domains )  a s a  within -
subject s variable .  Th e 9 0 item s chose n from  th e 
calibratio n tes t  wer e used .  Item s wer e paire d t o 
construc t  24 0 pair s o f  item s suc h that :  (a )  8 0 pair s wer e 
of  item s from  th e sam e superordinat e category ,  (b )  8 0 
pair s wer e o f  item s from  differen t  superordinat e 
categorie s bu t  from  th e sam e ontologica l  domai n (i.e. , 
bot h wer e eithe r  artifact s o r  livin g things )  an d (c )  8 0 
pair s wer e o f  item s belongin g t o differen t  ontologica l 
domains .  W e decide d t o us e suc h pair s sinc e ther e wa s 
groun d t o suppos e tha t  the y diffe r  considerabl y i n thei r 
perceive d similarit y (se e M a r k m a n &  Wisniewski , 
1997) . 
Procedur e Th e participant s worke d alon e i n a n 
experimenta l  room .  Participant s makin g similarit y 
judgment s wer e tol d tha t  Aci r  tas k wa s t o decid e h o w 
simila r  thes e item s were .  The y wer e instructe d t o pres s 
3 i f  item s wer e ver y similar ,  2  i f  the y wer e no t  s o 
similar ,  an d 1  i f  the y wer e no t  simila r  a t  all .  Participant s 
makin g differenc e judgment s wer e tol d tha t  thei r  tas k 
was t o decid e h o w differen t  thes e item s were .  The y 
wer e instructe d t o pres s 3  i f  item s wer e ver y different ,  2 
i f  the y wer e no t  s o different ,  an d 1  i f  the y wer e no t 
differen t  a t  all .  Th e experimen t  wa s ru n i n thre e blocks , 
wit h a  1-minut e brea k betwee n blocks .  Th e experimen t 
bega n wit h a  fe w practic e pairs ,  whic h wer e followe d 
by 1 4 hidde n practic e pair s whos e purpos e wa s t o brin g 
participant s u p t o speed .  Practic e item s wer e no t 
analyzed . 

Results and Discussion 

Reactio n tim e dat a an d rating s fo r  similarit y an d 
differenc e judgmait s ar e presente d i n Tabl e 1 .  Not e 
tha t  A N O V A result s wil l  b e presente d i n th e overall -
analysi s section ,  wherea s th e result s o f  t-test s ar e 
presente d i n Tabl e 1 . 

Table 1. Reaction times and ratings for similarity and 
differenc e judgment s i n th e Word-Onl y conditicM i 

Reactio n T im e Rating s 

Pai r  typ e Si m Di f  S im "  Dif " 

Across-domai n 
Witiiin-domai n 
Wilhin -
superordinat e 
Averag e 

1232 .  1245 ,  1.04 .  2.99 . 
1315 b 1317 h 1.20 b 2.90 b 
1400 c 151 U 2.32 c 2.06 c 

1315 1358 1.52 2.65 
Note .  Number s wit h differen t  subscript s i n a  give n colum n 
diffe r  a t  E < .  0001 . 
*  Hig h number s reflec t  greate r  similarit y 
"  Hig h number s reflec t  greate r  differenc e 

As expected, similarity and difference ratings for the 
differen t  pai r  type s wer e different ,  wit h Within -
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Supercx-dinat e pair s (e.g. ,  do g -  cat )  bein g mor e tiiniila r 
tha n Within-Domai n (e.g. ,  shar k -  horse )  pairs ,  an d th e 
latte r  bein g mor e simila r  tha n Across-Domai n (e.g. , 
co w -  spoon )  pairs .  Th e differenc e rating s showe d th e 
same pattern .  Mor e importantly ,  reactio n time s i n bot h 
th e similarit y an d differenc e judgmen t  group s wer e 
fastes t  fo r  Awoss-Domai n pairs ,  slowe r  fo r  Within -
Domai n pair s an d slowes t  fo r  Within-Superordinat e 
pairs .  A s wil l  b e shown ,  thi s patter n o f  resuh s 
replicate d i n th e Word-Pictur e an d Picture-Onl y 
presentatio n condition s a s well . 

Experiment lb: Judging Similarity and 

Dif ferenc e o f  O b j e c t s D e p i c t e d b y W o r d s 

a n d Picture s 

M e t h o d 

Participant s Ther e wer e 1 8 participant s i n th e 
similarity-judgmen t  conditio n an d 1 8 participant s i n th e 
difference-judgmen t  condition . 
Design ,  Material s an d Procedur e Design ,  Matraials , 
and Procedur e wer e identica l  t o thos e i n Experimen t  la , 
excep t  tha t  item s wer e denote d b y word s an d b y 
pictures ,  suc h tha t  th e word s wer e printe d abov e th e 
pictures . 

Results and Discussion 

Reactio n tim e dat a an d rating s fo r  similarit y an d 
differenc e judgment s ar e give n i n Tabl e 2 .  Th e overal l 
patter n o f  reactio n tim e an d ratin g result s wa s simila r  t o 
tha t  i n experimen t  la . 

Table 2. Reaction times and ratings for similarity and 
differenc e judgment s i n th e Picture-Wor d conditio n 

Reactio n T im e Rating s 

Pai r  typ e Si m Di f  Si m Di f 

Across-domai n 
Within-domai n 
Within -
superordinat e 
Averag e 

1002 .  1180 .  1.04 .  2.96 . 
1123 b 1177 b 1.23 b 2.84 b 
1270 c 1376 ,  2.37 c 1-82 ^ 

1131 1211 1.55 2.54 
Note .  Number s wit h differen t  subscript s i n a  give n colum n 
diffe r  a t  p<.0001 . 
"  Hig h number s reflec t  greate r  similarit y 
' '  Higj i  number s reflec t  greate r  differenc e 

Initial  inspection demonstrates that reaction times in 
thi s presentatio n m o d e wer e faste r  tha n i n th e Word -
Onl y presentatio n condition .  Thoug h severa l  theoretica l 
explanation s fo r  thi s m a y exist ,  i t  wa s importan t  t o 
examin e on e i n particular ;  namely ,  tha t  participant s 
wer e ignorin g th e word s an d basin g thei r  decision s 
solel y o n th e pictures . 

T o examin e whethe r  participant s wer e readin g th e 
words ,  w e modifie d th e experimen t  slightl y t o includ e 
12 inconspicuou s spellin g mistakes .  I f  participant s wer e 
payin g attentio n t o th e words ,  reactio n time s fo r  thes e 
change d item s shoul d b e highe r  tha n reactio n time s t o 
th e sam e item s i n th e origina l  experiment .  Thirtee n 
participant s participate d i n th e modifie d versio n o f  th e 
similarity-judgmen t  condition .  Th e averag e reactio n 
tim e fo r  th e modifie d item s (145 3 m s )  wa s significantl y 
highe r  tha n fo r  th e original ,  item s (117 0 ms. ;  one -
taile d t-test ,  t2 2 =  2.37 ,  p  <  .01) .  I n addition ,  w e aske d 
participant s whethe r  the y ha d notice d anythin g durin g 
th e study .  Al l  bu t  tw o notice d a  fe w spellin g mistakes . 
Th e result s indicat e tha t  participant s wer e indee d 
readin g th e word s presente d abov e th e pictures ,  an d tha t 
th e reduce d reactio n time s coul d no t  b e attribute d t o 
suc h neglect . 

Experiment Ic: Judging Similarity and 

Di f ferenc e o f  O b j e c t s D e p i c t e d b y Picture s 

M e t h o d 

Participant s Ther e wer e 2 5 participant s i n th e 
similarity-judgmen t  conditio n an d 2 6 participant s i n th e 
difference-judgmoi t  condition . 
Design ,  Material s an d Procedur e Design ,  Materials , 
an d Procedur e wer e identica l  t o thos e i n Experimen t  l a 
an d lb ,  excep t  tha t  item s wer e n o w depicte d onl y b y 
pictures .  Participant s wer e tol d tha t  the y woul d b e 
presente d wit h picture s referrin g t o object s i n th e world , 
an d tha t  thei r  tas k i s t o determin e h o w simila r  thes e 
object s are . 

Results and Discussion 

Reactio n tim e dat a an d rating s fo r  similarit y an d 
differenc e judgment s ar e give n i n Tabl e 3 .  Th e overal l 
patter n o f  result s wa s as  i n experimaits  l a an d lb .  Th e 
fac t  tha t  th e similarit y rating s increase d an d differenc e 
rating s decrease d th e mor e conceptuall y relate d th e 
object s were ,  testifie s t o th e fac t  tha t  participant s use d 
conceptua l  knowledg e i n thei r  judgment s o f  pictoria l 
material ,  an d di d no t  rel y exclusivel y o n perceptua l 
information .  Reactio n tim e dat a an d rating s o f 
similarit y an d differenc e ar e give n i n Tabl e 3 . 

Table 3. Reaction times and ratings for similarity and 
differenc e judgment s i n th e Picture-Onl y conditio n 

Pai r  typ e 
Across-domai n 
Within-domai n 
Within -
superordinat e 
Averag e 

Reactio n T im e 
Si m Di f 
1067 .  1159 . 
1154 b 1171 b 
1334 e 1316 c 

118 5 121 5 

Rating s 
S i m "  D i f 
1.03 .  2.92 . 
1.21 b 2.74 b 
2.22 c 1.85 c 

1.4 9 2.5 0 
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Note .  Number s wit h difTeren t  subscript s i n a  give n colum n 
diffe r  a t  B<.0001 . 
'  H i ^  number s reflec t  greate r  similarit y 
"  H i ^  number s reflec t  greate r  differenc e 

Combined Analysis of experiments la - Ic 

Analysi s o f  Respons e T ime s fo r  Differenc e an d 
Similarit y Judgment s Unde r  Thre e Presentatio n 
Conditions . 

Th e dat a from  al l  experiment s wer e combine d t o 
asses s th e effect s o f  th e presentation-mod e o n reactio n 
time s i n A c similarity -  an d difference-judgmen t  tasks . 
Averag e respons e time s wer e calculate d an d entere d 
int o a  3  (Presentation )  X  2  (Judgment )  X  3  (Pair-Type ) 
mixe d A N O V A wit h Presentatio n (Word-only ,  Word -
Pictur e an d Picture-only )  an d Judgmen t  (Similarit y an d 
Difference )  a s betwee n subject s variables ,  an d Pair -
Typ e (Across-domain ,  Within-domain ,  Within -
supcrordinate )  a s a  withi n subject s variables . 

As expected ,  th e mai n effec t  o f  Pair-Typ e wa s 
significant ,  F(2 ,  250 )  =  251.5 ,  e  <  0001 .  Mor e 
important ,  A e mai n effec t  o f  Presentatio n wa s 
significant ,  F(2,125 )  =  10.91 ,  g  <  .0001 .  Reactio n time s 
i n th e Word-Pictur e conditio n (113 8 m s )  wer e fester 
tha n i n th e Picture-Onl y conditia i  (118 3 m s )  an d th e 
latte r  wer e fester  tha n reactio n time s i n th e Word-Onl y 
conditio n (133 7 ms) .  Scheffe' s pos t  ho c analysi s 
reveale d tha t  reactio n time s i n th e W O conditio n wer e 
significantl y s low w tha n reactio n time s i n th e P O an d 
WP presentatio n condition s ( g <  .001) .  Judgment s i n 
th e W O conditio n wer e slowe r  tha n i n th e othe r 
condition s eve n thougj i  th e W P conditio n presente d 
participant s wit h mor e information ,  an d th e P O 
conditio n amounte d t o a  namin g task .  Ther e ar e severa l 
explanation s fo r  thi s effect :  i t  migh t  b e tha t  unde r  th e 
differen t  presentatio n conditions ,  participant s mad e 
differentia l  us e o f  perceptua l  an d conceptua l 
informatio n i n diei r  judgmoits ;  relyin g mor e heavil y o n 
pictoria l  dat a wheneve r  i t  wa s available ,  thu s bein g 
fester  i n thos e condition s dia t  containe d pictures .  I f  thi s 
i s th e case ,  A e n judgment s i n di e P O an d W P 
condition s shoul d b e mor e simila r  t o eac h othe r  tha n t o 
th e W O condition .  Th e secon d possibility ,  whic h i s 
consisten t  wit h th e perceptual-symbol s hypothesis ,  i s 
dia t  participant s unde r  th e thre e presentatio n condition s 
eventuall y constructe d th e sam e representation ,  bu t  tha t 
dii s  {M-oces s too k longe r  i n th e Word-Onl y condition .  I f 
so ,  judgment s i n al l  thre e mode s ar e expecte d t o b e 
quit e similar .  A n analysi s o f  th e similarit y an d 
differenc e judgment s wa s conducte d t o tes t  thes e 
possibilities . 

Analysis of Similarity and Difference Judgments 
Unde r  Thre e Presentatio n Conditions . 

We n o w examine d th e efTect s o f  presentatic m m o d e 
on (a )  judgment s o f  similarit y an d differenc e an d (b ) 

th e relatio n betwee n th e similarit y an d differenc e 
scales .  W e separatel y analyze d similarit y an d differenc e 
judgment s give n unde r  th e thre e presentatio n 
conditions .  D u e t o th e ordina l  natur e o f  th e respons e 
scale ,  w e use d th e varianc e o f  respons e proportion s a s 
th e measur e o f  tes t  i n th e followin g A N O V A s . 
However ,  sinc e th e dat a ar e mor e easil y encapsulate d i n 
th e for m o f  averages ,  w e presen t  the m i n Tabl e 4 . 

Table 4: Mean similarity and difference ratings under 
thre e presentatio n conditions . 

Condition Mean Similarity Mean Difference 
Pictur e Onl y 
W o rd Pictur e 
W o rd Onl y 

1.48 9 
1.54 8 
1.52 2 

2.50 7 
2.54 3 
2.65 4 

We first  analyze d response s give n i n tfie  similarity -
judgmen t  groups .  Th e proportion s o f  1 ,  2  an d 3 
response s wer e analyze d i n 3  separat e one-wa y 
A N O V A s,  wit h Presentatio n a s a  groupin g facto r  an d 
respons e proportio n o f  eac h respons e a s th e dependen t 
variable .  N o effec t  wa s foun d i n an y o f  thes e analyse s 
(F s <  1) .  Ther e wer e practicall y n o difference s i n th e 
respons e proportion s i n th e thre e presentatio n 
conditions .  Proportion s o f  th e thre e response s varie d 
minimall y betwee n presentatio n conditions ;  i n th e rang e 
of  1.5% . 

A simila r  analysi s wa s performe d o n th e respons e 
proportion s i n th e difference-judgmen t  groups .  Th e 
proportion s o f  1  an d 2  response s di d no t  var y 
significantl y betwee n î -esentatio n conditions . 
However ,  a n A N O V A o f  '3 '  response s wa s significant , 
F(2,62 )  =  5.08 ,  E  <  0.01 .  I n th e W O condition ,  ther e 
wer e mor e '3 '  response s (74% )  tha n i n th e othe r  W P 
and P O presentatio n condition s (69% ,  6 8 % 
respectively) . 

Th e similarity-ratin g dat a ar e congruen t  wit h th e 
hypothesi s tha t  participant s i n al l  presentatio n 
condition s performe d th e similarit y judgmen t  o n th e 
same representation .  Not e howeve r  tha t  whil e 
judgment s acros s al l  condition s wer e similar , 
participant s i n th e W O condition ,  w h o wer e no t 
presente d wit h th e perceptua l  componen t  i n th e stimuli , 
wer e slowe r  t o mak e thei r  judgments . 

I n additio n t o thi s convergin g measure ,  th e dat a tha t 
ar e pohap s mos t  suggestiv e o f  th e us e o f  perceptua l 
informatio n i n th e W O conditio n i s th e fac t  tha t 
participant s i n th e W O conditio n wer e als o slowes t  i n 
judgment s o f  Across-domai n item s (e.g. ,  Pan-Dog) . 
O ne doe s no t  nee d t o envisag e a  Pa n an d a  Do g i n orde r 
t o determin e tha t  the y ar e no t  simila r  a t  all ,  o r  ver y 
different .  Suc h a  decisio n coul d easil y b e mad e o n th e 
basi s o f  categorica l  knowledg e alone .  However , 
judgment s o f  similarit y an d differenc e fo r  suc h pair s i n 
th e W O conditio n wer e slowe r  tha n suc h judgment s i n 
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th e W P an d P O condition s (1232 ,  1002 ,  106 7 lui d 
1245,1080,105 9 ms .  fo r  similarit y an d dillcrenc e 

judgment s respectively) .  Th e d i  fference-judgmen t  dat a 
ar e als o congruen t  wit h di e possibilit y  tha t  participant s 
evene d perceptua l  data .  A s reported ,  differenc e 
judgment s t o Across-domai n item s i n th e W O conditio n 
wer e slowe r  tha n i n th e othe r  presentatio n conditions , 
suggestin g dia t  perceptua l  informatio n wa s use d her e a s 
well .  However ,  th e sligh t  tendenc y t o find  mor e item s 
'ver y different '  i n th e W O condition s m a y sugges t  tha t 
anothe r  mechanis m wa s als o a t  wor k here .  W e discus s 
th e issu e subsequently . 

Analysis of Scale Equivalence Under Three 
Presentatio n Condition s 

We als o cwnpute d a  measur e relatin g th e similarit y 
and differenc e rating s unde r  th e thre e presentatio n 
c(xiditians .  T o recap ,  i n thi s analysi s w e ar e intereste d 
i n th e relatio n betwee n a n items '  perceive d similarit y 
and it s perceive d differenc e unde r  th e thre e presentatio n 
modes.  Sinc e i t  i s  onl y sensibl e t o tal k o f  a  degre e o f 
similarit y i n case s wher e similarit y wa s found ,  w e 
include d i n thi s analysi s onl y item s whos e averag e 
similarit y wa s greato -  tha n 1 . 

T o cwnput e thi s measure ,  fo r  eac h ite m whos e 
averag e similarit y scor e wa s greate r  tha n 1 ,  w e 
compare d it s locatio n o n th e similarit y scal e t o it s 
locatio n o n th e differenc e scale .  Le t  S i  an d D i  denote , 
respectively ,  th e distanc e o f  a n ite m from  th e "leas t 
similar "  en d o f  th e similarit y scal e an d th e "mos t 
different "  en d o f  A e differenc e scale ,  i n unit s o f 
standar d deviation .  I n th e cas e o f  equivalenc e o f  th e 
similarit y an d differen t  scales ,  th e items '  differenc e 
betwee n S i  an d D i  shoul d b e equa l  t o 0  (i.e. ,  a n ite m tha t 
was judge d "mos t  similar "  shoul d b e als o judge d "th e 
leas t  different") . 

Delta ,  a  measur e o f  deviatio n from  scal e equivalence , 
i s th e averag e o f  th e difference s betwee n thes e tw o 
parameter s w^e n compute d acros s al l  items .  Th e tota l 
deviatio n from  equivalenc e betwee n th e scale s the n i s 
[ Y (S |  -  D^) ] / N •  I f  scale s ar e equivalent .  Delt a i s 

equa l  t o 0 .  Delt a i s greate r  tha n 0  whe n th e judgmen t 
of  similarit y i s  mor e conservativ e tha n tfie  judgmen t  o f 
differenc e (e.g., ,  i f  a  pai r  i s  judge d a s "somewha t 
similar "  an d als o a s "ver y different") .  Delt a i s les s tha n 
0 whe n th e judgmen t  o f  differenc e i s mor e conservativ e 
tha n th e judgmen t  o f  similarit y (e.g. ,  i f  a  pai r  i s  judge d 
as "somewha t  similar "  an d als o a s "leas t  different") . 

Delt a measure s fo r  al l  items ,  unde r  di e thre e 
presentatio n condition s wer e subjecte d t o a  one-wa y 
A N O VA wit h Presentatio n a s a  between-group s factor . 
Th e mai n effec t  o f  Presentatio n wa s significant , 
F(2,511 )  =  40.3 ,  E  <  .001 .  Scheffe '  s  pos t  ho c 
comparison s reveale d tha t  al l  Delt a measure s differe d 
significantl y bot h from  eac h othe r  an d from  zero ,  g' s  < 

,05 .  Delt a measures ,  th e numbe r  o f  pair s o n whic h 
Delt a wa s greate r  tha n zer o an d th e numbe r  o f  pair s o n 
whic h Delt a wa s lowe r  tha n zo^ o fo r  eac h presentatio n 
conditio n ar e give n i n Tabl e 5 . 

Table 5: Delta ratings and propcMtions for three 
presentatio n conditions . 

Conditio n Delt a Pair s wher e 
Delt a > 0 

Pair s wher e 
Delt a < 0 

Picture-Onl y 
Word-Pictur e 
Word-Onl y 

-  0.08 . 
0.09 b 
0.16 . 

57 
109 
146 

108 
5 4 
38 

Note .  Number s wit h differen t  subscript s i n a  give n colum n 
diffe r  a t  p<.05 . 

In the Picture-Chily ccmdition, items tended to be 
locate d 'farther '  from  th e "ver y different "  en d o f  th e 
differenc e scal e tha n the y wer e from  di e "no t  similar " 
en d o f  th e similarit y scale .  However ,  fo r  di e Word -
Pictur e condition ,  an d especiall y th e Word-Onl y 
condition ,  item s tende d t o b e "closer '  t o th e "ver y 
different "  en d tha n the y wer e t o di e "no t  similar "  end . 
I n short ,  negativ e Delta s i n th e Picture-Onl y condition s 
ste m from  mor e conservativ e rating s o f  differenc e 
compare d t o di e similarit y rating s given . 

A possibl e explanatio n i s dia t  di e presenc e o f  word s 
resulte d i n mor e weigh t  bein g give n t o conceptua l 
knowledg e i n judgments .  I t  ha s bee n suggeste d dia t  i n 
certai n conditions ,  differenc e judgment s ar e base d o n a 
compariso n tha t  involve s alignin g th e structur e o f  th e 
item s i n di e pai r  (Markman ,  1996) .  Sinc e conceptua l 
knowledg e afford s a  basi s fo r  structura l  alignment ,  i t 
migh t  b e tha t  th e presentatio n o f  word s resulte d i n 
enhance d attentio n t o dies e differences .  Fo r  instance ,  a 
pai r  suc h a s 'do g -  cat '  migh t  b e judge d highl y simila r 
w h en presente d unde r  al l  presentatio n conditions . 
However ,  whe n greate r  weigh t  i s give n t o conceptua l 
knowledge ,  on e migh t  remonbe r  dia t  dog s bar k an d 
cat s m e o w ,  tha t  dog s ca n becom e attadie d t o peopl e 
and cat s ar e territorial ,  an d dia t  dog s bit e an d cat s 
scratch .  Mindin g dies e difference s coul d lea d t o mor e 
extrem e differenc e ratings . 

General Discussion 

We se t  ou t  t o examin e di e effect s o f  variou s 
presentatio n mode s o n perceptio n o f  similarit y an d 
differenc e i n orde r  t o establis h wha t  informatio n i s use d 
i n suc h judgments ,  an d h o w di e presentatio n mode s 
affec t  th e similarit y an d differenc e scale s themselves . 
We use d Reactio n times,  an d similarit y an d differenc e 
rating s t o addres s di e first  issue ,  an d use d Delta ,  a 
measur e o f  asymmetr y betwee n th e scale s t o addres s 
th e second . 

I n short ,  tw o majo r  findings  ste m from  di e dire e 
reporte d experiments :  (1 )  W h e n picture s wer e no t 
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present ,  reactio n time s wer e slowe r  tha n i n th e othe r 
presentatio n conditions ,  bu t  th e judgment s wer e 
comparabl e wit h the m an d (2 )  Delta s wer e positiv e 
wheneve r  word s wer e present ,  an d wer e negativ e 
wheneve r  word s wer e absent .  Thes e dat a m a y b e 
indicativ e o f  severa l  importan t  regularities . 

First ,  peopl e m a y rel y o n bot h perceptua l  an d 
conceptua l  inpu t  whe n makin g similarity/differenc e 
judgments .  I n particular ,  thei r  response s ar e faste r 
when word s ar e accompanie d b y picture s tha n whe n 
word s ar e presente d alone .  I t  seem s reasonabl e t o 
hypothesiz e tiiat  the y tr y t o envisio n object s whe n thos e 
ar e depicte d b y word s alone .  Particularl y suggestiv e o f 
this ,  i s  th e feet  tha t  compare d t o th e Picture-Onl y an d 
Picture-Wor d conditions ,  participant s i n th e Word-Onl y 
conditio n wer e als o slowe r  i n respondin g t o Across -
domai n pairs .  Othe r  researc h o n th e rol e o f  perceptua l 
informatio n i n higher-leve l  cognitiv e task s support s thi s 
possibility .  Recen t  studie s hav e demonstrate d tha t 
accessin g i}erceptua l  knowledg e i s a n integra l  par t  o f 
suc h task s a s propert y generatio n an d propert y 
verificatio n (Solomo n &  Barsalou ,  2000 ;  W u & 
Barsalou ,  2001) .  Thoug h th e dat a suppor t  th e 
hypothesi s tfiat  peopl e di d us e perceptua l  information , 
th e issu e ca n b e conclusivel y resolve d b y obtainin g 
activatio n measure s fi'om  brai n area s implicate d i n 
imager y durin g th e performanc e o f  thi s task . 

Second ,  th e Delt a measur e refer s t o wha t  m a y b e 
differen t  processin g consideration s unde r  th e Word -
Onl y an d Word-Pictur e conditions ,  o n th e on e hand , 
and th e Picture-Onl y conditio n o n th e other . 
Particularly ,  i n th e forme r  tw o conditions .  Delta s wer e 
largel y positive ,  wherea s i n th e latte r  conditio n the y 
wer e largel y negative .  Recal l  tha t  th e mor e tha t 
differenc e i s underestimate d pe r  a  give n similarit y 
rating ,  th e large r  th e Delta .  Therefore ,  negativ e Delta s 
i n tiie  Picture-Onl y conditio n stemme d from  mor e 
conservativ e rating s o f  differenc e compare d t o 
respectiv e similarit y ratings .  Thes e dat a m a y poin t  t o 
th e effec t  o f  knowledg e o n th e perceptio n o f  difference . 
The y als o indicat e tha t  regardles s o f  th e pai r  type , 
jud^ent s o f  similarit y an d differenc e ar e affecte d b y 
di e modalit y o f  input . 

Overal l  faste r  respons e time s fo r  differen t  pair s tha n 
fo r  simila r  pair s ar e indicativ e o f  th e fac t  tha t 
judgment s "no t  similar "  o r  "ver y different "  ar e mad e 
wheneve r  n o sufficien t  similarit y  i s found .  A t  th e sam e 
time ,  computatio n o f  th e degre e o f  similarit y i s a  mor e 
length y process .  Th e result s reporte d her e see m t o 
establis h a  boundar y conditio n fo r  situation s wher e 
alignmoi t  i s  use d i n similarit y an d differenc e 
judgments .  Participant s wer e faste r  t o decid e tha t 
object s ar e no t  simila r  tha n t o decid e tha t  the y are ; 
suggestin g tha t  judgmen t  o f  differenc e wa s no t  base d 
on finding  specifi c  differences .  W e ar e currentl y i n th e 
proces s o f  settin g u p researc h fo r  examinin g brai n 

activit y unde r  th e condition s reporte d her e t o evaluat e 
whethe r  brai n area s involve d i n imager y ar e recruite d 
durin g similarit y judgment s t o word s only . 
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Abstrac t 

Compound words with irregular phiral nouns in first 
positio n (e.g .  niice-eater )  ar e produce d fer  mor e frequently 
tha n coR )̂oun d word s wit h regula r  plura l  noun s i n first 
positio n (e.g .  Vats-eatcr) ,  (Gordon ,  1985) .  Usin g 
enq)irica l  evidenc e an d neura l  ne t  modelling ,  th e studie s 
presente d her e demonstrat e ho w a  singl e route ,  associativ e 
memory base d accoun t  migh t  provid e a n equally ,  i f  no t 
more,  vali d explanatio n o f  thi s phenomeno n tha n th e 
standar d dua l  mechanis m base d theor y (Marcus , 
Brinkmann ,  Clahsen ,  Weis e &  Pinker ,  1995) . 

1. Introduction 

1.1 The Compounding Phenomenon 

Psycholinguisti c researc h ha s show n tha t  Englis h 
confoun d word s wit h irregula r  plura l  noun s i n firs t 
positio n (e.g .  mice-eater )  ar e produce d fa r  mor e 
frequently  tha n compoun d word s wit h regula r  plura l 
noun s i n first  positio n (e.g .  *rats-eater) ,  (Gordon ,  1985) . 

1.2 The Dual Mechanism Model's Explanation of 
C o m p o u n d i n g 

The dua l  mechanis m mode l  (Pinker ,  199 1 ) ,  propose s tha t 
irregula r  noun s an d thei r  plural s ar e store d a s memorise d 
pair s o f  word s i n th e menta l  lexico n (e.g .  mouse-mice )  bu t 
tha t  regula r  plural s ar e produce d b y th e additio n o f  th e 
/s /  morphem e t o th e regula r  ste m a t  a  pos t  lexica l  stag e 
(e.g .  ra t  +  s  =  rats) .  Conpoimd s ar e create d i n th e lexicon . 
Thus a s irregula r  plural s ar e store d i n th e lexico n the y ar e 
availabl e t o b e include d withi n compoun d words . 
However ,  a s onl y th e singula r  stem s o f  regula r  noun s ar e 
store d i n th e lexico n th e plura l  for m i s neve r  availabl e t o 
be include d withi n compoun d word s (Marcu s e t  al ,  1995) . 

1.3 A Single Route Associative Memory Based 
Explanatio n o f  C o m p o u n d i n g 

An alternativ e explanatio n o f  thi s compoundin g 
phenomeno n base d o n th e frequenc y an d pattern s o f 
occurrenc e o f  item s i n th e linguisti c inpu t  ha s no t  bee n 
explore d fully .  Howeve r  a n explanatio n o f  thi s sor t  ma y 

explai n th e treatmen t  o f  bot h regula r  an d irregula r  plural s 
i n compound s (Murphy ,  2000) .  Frequenc y count s o f  a 
sampl e o f  th e C H I L D E S (Chil d Languag e Dat a Exchang e 
System )  corpor a (McWhinne y &  Snow ,  1985 )  hav e 
shown tha t  th e plura l  /s /  morphem e i s a  perfec t  predicto r 
of  wor d finality  an d furthermore ,  th e plura l  /s /  morphem e 
i s neve r  followe d b y a  secon d noim .  Importantly ,  th e 
revers e patter n i s foun d wit h th e possessiv e /'s /  morphem e 
sinc e i t  i s alway s followe d b y a  secon d noun .  Therefore ,  i t 
migh t  b e tha t  a  nou n rarel y follow s th e regula r  plura l  /s / 
morpheme (i.e .  pattern s suc h a s "*rat/s /  chaser "  d o no t 
occu r  )  becaus e th e patter n "nou n -  morphem e /s/ -  noun " 
i s reserve d fo r  markin g possessio n (suc h a s rat' s  tail) . 
Interestingl y i n othe r  language s tha t  d o no t  hav e thi s 
competitio n betwee n th e plura l  an d possessiv e morphem e 
suc h a s Dutc h (Schreuder ,  Neijt ,  va n de r  Weid e & 
Baayen ,  1998 )  an d Frenc h (Murphy ,  2000) ,  regula r 
plural s ar e allowe d withi n compounds .  Irregula r  plural s 
may,  however ,  appea r  i n Englis h compoimd s a s the y ar e 
not  forme d b y th e additio n o f  th e plura l  /s /  morpheme . 
Thus ,  irregular s d o no t  compet e wit h th e possessiv e 
structur e an d a s suc h m a y b e followe d b y a  secon d nou n 
i n a  compound .  Thi s polyfunctionalit y o f  th e /s / 
hypothesi s i s explore d her e usin g thre e neura l  ne t 
simulation s an d a n empirica l  study . 

2. Neural Net Modeling 

An associativ e memory-base d accoun t  o f  inflectiona l 
morpholog y ha s bee n investigate d i n numerou s 
connectionis t  models .  Severa l  model s hav e successfull y 
simulate d th e putativ e dissociatio n betwee n regula r  an d 
irregula r  inflectio n fo r  bot h verba l  morpholog y 
(Daughert y &  Seidenberg ,  1994 )  an d plura l  morpholog y 
(Plunket t  &  Juola ,  1999 )  usin g a  singl e learnin g 
mechanis m an d n o explici t  rules .  Furthermore ,  a s wel l  a s 
bein g abl e t o lear n mapping s fro m inpu t  t o output , 
connectionis t  model s hav e als o bee n abl e t o lear n 
sequentia l  mapping s (Elma n 1990) .  Thu s i t  i s predicte d 
tha t  a  singl e rout e associativ e memor y syste m coul d lear n 
tha t  th e inclusio n o r  omissio n o f  th e regula r  plura l 
morpheme /s /  i s influence d b y wher e tha t  /s /  morphem e 
occur s i n a  sequenc e o f  languag e input .  Thre e neura l  ne t 
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model s ar c considere d here .  Th e firs t  investigate s whethe r 
th e presenc e of/s /  predict s wor d finality .  Th e secon d an d 
thir d model s analys e whethe r  learnin g abou t  th e wor d tha t 
follow s a n /s /  morphem e i s sufficien t  t o driv e learnin g 
abou t  compoun d formatio n i n English . 

2.1 Experiment 1. 

Experimentl ,  wa s designe d t o tes t  th e degre e t o which/s / 
indicate s wor d finalit y i n a  strea m o f  concatenate d letters . 
A neura l  networ k wa s traine d o n a  concatenate d strea m o f 
20 0 sentence s o f  chil d directe d speec h take n fro m 
C H I L D ES (MacWhinne y &  Snow ,  1985) .  A  word-endin g 
marke r  wa s attache d t o eac h wor d an d th e word s 
(includin g a  word-endin g marker )  wer e concatenate d t o 
for m a  strea m o f  359 6 letters .  Th e networ k wa s traine d o n 
20 0 passe s throug h th e sequenc e o f  letters .  Eac h lette r 
was encode d usin g on e o f  2 6 rando m 5-bi t  vector s (on e 
fo r  eac h lette r  i n th e alphabet) .  Th e word-endin g marke r 
was encode d usin g a  27t h 5-bi t  vector .  Th e networ k wa s 
require d t o predic t  th e nex t  lette r  i t  expecte d t o occu r 
give n th e letter s i t  ha d see n previously .  Th e networ k 
consiste d o f  S  inpu t  units ,  3 0 hidde n units ,  5  outpu t  unit s 
and 3 5 contex t  units .  A  fiill y  recurren t  an d a  S R N (Elman , 
1990 )  architectur e wer e teste d an d produce d simila r 
results .  I t  wa s hypothesise d tha t  o n a  nex t  lette r  predictio n 
tas k o f  thi s kind ,  a  neura l  networ k woul d lear n tha t  afte r 
th e inpu t  /s /  ther e wa s a  hig h probabilit y  tha t  th e nex t 
inpu t  woul d b e a  wor d endin g marker . 

Test Set And Results: As predicted, at the beginning of a 
wor d th e erro r  wa s hig h bu t  a s mor e letter s wer e presente d 
t o th e networ k th e erro r  decrease d unti l  i t  wa s a t  it s lowes t 
at  th e en d o f  th e word .  Th e network' s abilit y  t o lear n tha t 
[-s ]  i s a  goo d predicto r  o f  wor d finality  wa s teste d usin g 
19 unsee n word s tha t  ende d i n /s /  an d 1 9 unsee n word s 
tha t  ende d i n othe r  letters .  Th e networ k wa s mor e 
accurat e (i.e .  th e erro r  wa s lower )  a t  predictin g a  wor d 
endin g nnarke r  afte r  a n /s /  tha n afte r  al l  othe r  letter s 
combine d (t=-2.08 ,  df=18 ,  p<0.05) .  Thi s simulatio n wa s 
complete d t o confir m tha t  a  mode l  wit h a  singl e learnin g 
mechanis m an d n o explici t  rules ,  traine d o n chil d directe d 
speech ,  coul d lear n tha t  afte r  /s /  ther e wa s a  hig h 
expectanc y tha t  th e nex t  ite m woul d b e a  word-endin g 
marker .  Interestingly ,  /s /  i s associate d wit h wor d finality 
eve n thoug h /s /  appear s i n th e middl e o f  numerou s words . 
Thi s overwhelmin g patter n of/s /  a t  th e en d o f  a  wor d m a y 
influenc e languag e learner s t o omi t  /s /  fro m th e middl e o f 
word s suc h a s compounds . 

2. 2 Experiment 2. 

The ai m o f  thi s experimen t  wa s t o examin e h o w highl y 
consisten t  pattern s i n th e inpu t  (i.e .  tha t  a  plura l  nou n i s 
neve r  followe d b y anothe r  nou n whil e a  possessiv e nou n 
i s alway s followe d b y a  secon d noun )  migh t  driv e 
learnin g abou t  h o w t o manipulat e plural s withi n noun -
nou n compounds .  Th e networ k wa s require d t o predic t  th e 

nex t  wor d i t  expecte d t o occu r  give n th e word s i t  ha d see n 
previously .  I t  wa s impossibl e fo r  th e networ k t o predic t 
th e exac t  wor d tha t  followe d i n th e input .  However ,  th e 
networ k wa s expecte d t o lear n whic h syntacti c categor y 
th e nex t  ite m woul d com e from .  Thu s th e networ k wa s 
expecte d t o mak e a  first  orde r  distinctio n betwee n th e 
fiinctio n o f  noun s an d verbs ,  determiner s an d adjective s 
(Elman ,  1990) .  Furthermor e fro m thes e induce d synucti c 
categorie s th e networ k wa s expecte d t o lear n a  secon d 
orde r  distinctio n tha t  onl y "verbs "  coul d appea r  afte r 
some /s /  morpheme s an d onl y "nouns "  coul d appea r  afte r 
othe r  /s /  morphemes .  I t  wa s impossibl e fo r  th e networ k t o 
distinguis h betwee n th e possessiv e an d th e plura l  /s /  a s 
bot h wer e encode d i n exactl y th e sam e manne r  i n th e 
input .  However ,  th e networ k wa s traine d o n on e grou p o f 
word s tha t  wer e represente d a s havin g th e propertie s o f 
possessives ,  plural s an d singulars ,  a  secon d se t  wa s onl y 
represente d a s singular s an d plural s an d a  thir d grou p wa s 
onl y represente d a s singular s an d possessives .  I t  wa s 
predicte d tha t  th e token s makin g u p thes e thre e group s o f 
word s woul d cluste r  togethe r  a s thre e distinc t  set s i n th e 
hidde n laye r  representations .  Th e networ k wa s traine d o n 
a concatenate d strea m o f  200 0 legitimat e Englis h 
sentence s constructe d fro m a  lexico n o f  3 8 words .  A 
sentence-endin g marke r  wa s attache d t o eac h sentenc e an d 
th e sentence s (includin g th e sentence-endin g marker ) 
wer e concatenate d t o for m a  strea m o f  14,60 0 words .  Th e 
networ k wa s traine d o n 1 0 complet e passe s throug h th e 
sequenc e o f  words .  Eac h wor d (includin g th e sentence -
endin g marker )  wa s encode d usin g a  39-bi t  localis t  codin g 
scheme .  Th e presenc e o r  absenc e o f  /s /  a t  th e en d o f  a 
wor d wa s als o explicitl y  coded .  A  simpl e recurren t 
networ k wa s use d s o tha t  a t  an y poin t  i n tim e th e stat e o f 
th e hidde n unit s  a t  th e previou s tim e ste p wer e use d a s 
additiona l  inpu t  (Elman ,  1990) . 

Results: Figure 1, shows a typical representation of the 
first  tw o principa l  component s o f  th e hidde n uni t 
representations .  Th e dotte d lin e superin^>ose d o n th e 
P CA diagra m show s th e divid e betwee n th e wa y noun s 
and verb s ar e represente d i n th e hidde n units .  Th e networ k 
has als o represente d determiner s an d adjective s 
separately .  Mos t  interestingly ,  noun s whic h wer e include d 
i n th e trainin g se t  a s bot h "plural s an d possessives" ,  item s 
tha t  wer e onl y include d a s "possessives "  an d item s whic h 
wer e onl y include d i n th e "plural "  for m ar e al l  represente d 
separatel y withi n th e cluste r  o f  word s endin g i n /s/ . 
Therefore ,  Experimen t  2  showe d tha t  a  neura l  ne t  wa s 
abl e t o mak e som e differentiatio n betwee n th e plura l  an d 
possessiv e /s /  dependin g o n th e word s tha t  followe d i t  i n 
th e inpu t  eve n thoug h th e tw o type s of/s /  ha d exactl y th e 
same encodin g characteristics . 
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Determine n 

Nouni 

•/' ^ 

Singular s 

Verb t 

4 * 

-Adjective s 

Figur e 1 .  Firs t  tw o principa l  component s o f  th e hidde n 
laye r  representation s i n Experimen t  2 .  Are a 1  correspond s 

t o th e representationa l  are a occupie d b y item s tha t 
appeare d i n th e contex t  o f  bot h plural s an d possessives . 
Are a 2  correspond s t o th e representotiona l  are a occupie d 
by item s tha t  appeare d onl y i n a  possessiv e contex t  an d 
are a 3  correspond s t o th e representationa l  are a occupie d 

by item s tha t  appeare d onl y i n th e plura l  context . 

2.3 Experiment 3. 

I n Experimen t  2 ,  th e networ k wa s abl e t o grou p noun s 
tha t  i n th e trainin g se t  wer e behavin g a s "plura l  an d 
possessive "  o r  a s "plural "  o r  "possessive "  only .  However , 
th e networ k coul d no t  totall y disambiguate  plural s from 
possessives .  I n thi s thir d simulation ,  th e networ k tha t  wa s 
use d i n Experimen t  2  wa s amende d t o includ e a n extr a 
inpu t  uni t  tha t  encode d whethe r  th e subjec t  o f  th e sentenc e 
i n whic h th e wor d occurre d wa s eithe r  a  plura l  o r  a 
singula r  noun .  Hence ,  althoug h bot h "plural "  an d 
"possessive "  word s wer e code d a s endin g i n /s/ ,  onl y 
plura l  item s wer e encode d a s endin g i n /s /  an d bein g 
plural ,  a s possessiv e word s wer e encode d a s endin g i n /s / 
but  bein g singular .  Th e sam e trainin g se t  an d tas k from 
Experimen t  2  wa s employed .  Wit h th e additio n o f  thi s 
minima l  semanti c information ,  th e networ k i s expecte d t o 
disambiguat e "plural "  noun s from  "possessive "  nouns .  I t 
was predicte d tha t  i n th e hidde n units ,  th e plura l  an d 
possessiv e noun s woul d b e represente d separately . 

Results: Figure 2, shows a typical representation of the 
first  tw o principa l  conq)onent s o f  th e hidde n uni t 
representations .  Fro m th e P C A i t  i s  eviden t  tha t  onc e 
agai n nouns ,  verbs ,  determiner s an d adjective s ar e 
represente d separatel y i n th e hidde n units .  Wit h th e 
additio n o f  th e semanti c informatio n i t  i s  n o w eviden t  tha t 
singular ,  plura l  an d possessiv e noun s ar e al l  represente d 
separately .  Singula r  an d possessiv e noun s (bot h o f  whic h 
ar e achiall y  singula r  nouns )  ar e locate d i n a  simila r 

positio n bu t  plura l  noun s ar e n o w rqsresente d quit e 
separately .  InterestingJy ,  bot h plunl s an d singular s i.e. , 
item s tha t  m a y b e followe d b y a  ver b li e i n simila r 
position s o n th e x  axis ,  whil e th e possessive s ar e 
clusten'n g wit h adjective s i.e. ,  wit h othe r  item s ̂ a t  ar e 
followe d b y nouns .  Therefore ,  Experiment s show s tha t 
learnin g abou t  th e differen t  function s o f  th e /s /morphem e 
i s enhance d wit h th e additio n o f  th e ver y m i n i m u m o f 
semanti c informatio n 

Nouns 1 

« 1 

determiner s a 

plural s 

sineular s 

\  .  . 

adjective t 

^  . ' / ' ^ 

..•̂ ' 

Verb s 

• 

• 

• 

•- * 

possessive s 

Figur e 2 .  Firs t  tw o principa l  component s o f  th e hidde n 
laye r  representation s i n Experimen t  3 

2.4 Discussion of Neural Net Modelling 

Fro m Experimen t  1 ,  i t  i s  eviden t  tha t  a  neura l  ne t 
model  traine d o n chil d directe d speec h wa s abl e t o lear n 
tha t  /s /  i s  strongl y associate d wit h word-finalit y (eve n 
thoug h /s/occur s frequently  i n th e middl e o f  words) .  Thi s 
overwhelmin g patter n of/s /  a t  th e en d o f  word s migh t 
influenc e Englis h languag e learner s t o omi t  /s /  from  th e 
middl e o f  word s suc h a s compoimds .  Experimen t  2 , 
showe d tha t  th e ne t  wa s abl e t o lear n tha t  /s /  followe d b y 
one se t  o f  word s wa s differen t  from  /s /  followe d b y a 
differen t  se t  o f  word s eve n thoug h th e Is l  wa s encode d i n 
exactl y th e sam e w a y i n th e input .  Th e sam e migh t  b e tru e 
fo r  th e languag e learner .  Bot h th e possessiv e Is l  an d th e 
plura l  Is l  soun d th e sam e phoneticall y bu t  th e pattern s i n 
whic h th e tw o differen t  type s o f  morphem e appea r  i n th e 
inpu t  m a y b e sufficientl y distinc t  a s t o indicat e tha t  on e 
typ e o f  morphem e perform s a  specifi c  linguisti c functio n 
and th e othe r  perform s anothe r  typ e o f  linguisti c fiinction . 
Fro m Experimen t  3 ,  i t  i s  eviden t  tha t  learnin g tha t  th e 
plura l  an d possessiv e morpheme s ar e onl y lega l  i n certai n 
sequence s m a y b e refine d a s th e chil d learn s tha t 
semantically ,  th e plura l  morphem e refer s t o m a n y thing s 
whil e th e possessiv e morphem e usuall y refer s t o on e 
thing . 
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Tabl e 1 :  Example s o f  Compound s use d a s stimul i  i n Experimen t  4 . 

Grou p Exampl e o f  contextualisin g sentenc e Example s o f  compound s 

(1 )  Possessiv e noun s 

(2 )  Regula r  plura l  noun s 

(3 )  Irregula r  plura l  noun s 

(4 )  Comparative s o r  superlative s 

(5) singular nouns 
endin g i n phonem e /%/ 

(6) singular nouns 
endin g i n a  phonem e othe r  tha n /s / 

Las t  week ,  I  lef t  m y purs e i n a  Londo n taxi .  taxi' s  drive r 
Luckily ,  I  manage d t o signa l  t o th e 

I feed four cats, a Burmese, a Siamese and two cats feeder 
lovel y ol d Persians .  I  enjo y bein g a 

Women always get lowly jobs. In the nursery mice chaser 
rhym e th e farmer' s wif e i s nothin g mor e tha n a 

Greg is very modest. He was amazed to hear that biggest seller 
hi s son g i s stil l  th e recor d company' s 
We'l l  hav e a  large r  law n an d mowin g th e gras s gras s cutte r 
wil l  tak e longer .  I' m thinkin g o f  employin g a 

Stephen is so skilled at mixing cocktails that the drink server 
hote l  wan t  hi m t o wor k permanentl y a s a 

3 .  E x p e r i m e n t  4 : C o m p o u n d Process in g S t u d y 

Th e compoundin g phenomeno n wa s fiirthcr  teste d b y 
askin g 2 2 nativ e adul t  Englis h speaker s t o proces s "noun -
noun "  compound s a s par t  o f  a n "on-line "  lexica l  decisio n 
(LD )  task .  Thi s i s importan t  a s mos t  researc h ha s focusse d 
on productio n (e.g. ,  Gordon ,  1985 ;  Murphy ,  2000) .  I n thi s 
experiment ,  participant s wer e require d t o categoris e 21 6 
compound s a s bein g word s o r  non-word s havin g see n 
the m presente d visuall y o n a  compute r  scree n an d 
proceede d b y a  contextualisin g sentence .  Th e mea n 
respons e tim e fo r  processin g differen t  type s o f  compoun d 
(se e stimuli )  wa s examine d i n a  withi n subject s design . 
T wo hypothese s wer e teste d t o examin e th e associativ e 
explanatio n o f  compounding .  Thes e were: -  (I )  If ,  a s th e 
firs t  neura l  ne t  simulatio n (Experimen t  I )  confirmed , 
languag e user s associat e /s /  wit h wor d finality,  the n 
compound s i n whic h th e first  nou n end s i n /s /  shoul d b e 
processe d mor e slowl y tha n compound s tha t  d o no t 
includ e a  first  nou n endin g i n /s/ .  (2 )  If ,  a s th e 
polyfimctionalit y hypothesi s indicates ,  /s /  appearin g i n th e 
middl e o f  a  compoun d mad e u p o f  tw o noun s i s 
interprete d a s indicatin g possessio n rathe r  tha n plurality , 
the n compound s containin g possessiv e noun s shoul d b e 
processe d mor e quickl y tha n compound s containin g plura l 
nouns . 

T wo fiirther  hypothese s wer e investigate d t o tes t  th e 
dual  mechanis m model' s explanatio n o f  compounding .  (1 ) 
Pinke r  (1991 )  state d that : 

"because it categorically distinguishes regular from 
irregula r  forms ,  th e rule-associatio n hybri d predict s tha t 
th e tw o processe s shoul d b e dissociate d from  virtuall y 
ever y poin t  o f  vie w [including ]  reactio n tim e " 
(p253) . 

However ,  th e dua l  mechanis m mode l  make s n o 
directiona l  predictio n a s t o whic h typ e o f  morpholog y 
migh t  b e processe d mor e quickly .  Bec k (1997 )  aske d 
nativ e adul t  Englis h speaker s t o suppl y th e pas t  tens e o f  a 
serie s o f  presen t  tens e regula r  an d irregula r  verbs .  Bec k 
foun d tha t  bot h lo w (mea n respons e tim e 47 7 msec )  an d 
hig h (mea n respons e tim e 50 8 msec )  frequenc y regular s 
wer e produce d mor e quickl y tha t  bot h lo w (mea n 
respons e tim e 581 )  an d hig h (mea n respons e tim e 53 5 
msec)  fi-equency  irregulars .  B y collectin g reactio n time s 
i n Experimen t  4 ,  i t  wa s possibl e t o tes t  th e spee d a t  whic h 
th e tw o type s o f  morpholog y wer e processe d withi n 
compound s i n a  lexica l  decisio n task .  Th e followin g tw o 
hypothese s wer e tested ,  (1 )  compound s containin g 
irregula r  morpholog y an d compound s containin g regula r 
morpholog y wil l  b e processe d a t  differen t  speed s (2 )  mor e 
specifically ,  compound s containin g irregula r  plural s an d 
compound s containin g regula r  plural s wil l  b e processe d a t 
differen t  speeds . 

3.1 Stimuli 

The first  nou n i n eac h compoun d wa s take n from  on e o f 
si x groups .  Thes e were ;  -  (1 )  possessiv e noun s (2 )  regula r 
plura l  noun s (3 )  inegula r  plura l  noun s (4 )  comparativ e o r 
superlative s (5 )  singula r  noun s whic h ende d i n phoneti c 
/s /  (6 )  singula r  noun s whic h ende d i n a  phonem e othe r 
tha n /s/ .  Eac h grou p o f  first  noun s wer e matche d fo r 
frequency.  Th e secon d nou n i n eac h compoun d wa s a 
deverba l  noun ,  i.e. ,  a  nou n tha t  i s  forme d from a  ver b 
(e.g.s ,  walker ,  chase r  ) .  Al l  secon d noun s wer e matche d 
fo r  frequency.  Tabl e 1.show s example s o f  eac h typ e o f 
compoun d tested .  Th e apostroph e wa s omitte d from  al l 
th e possessiv e noun s thu s makin g i t  impossibl e t o 
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distinguis h betwee n th e plura l  an d possessiv e noun s (cf . 
th e neura l  ne t  use d i n Experimen t  2) .  However ,  eac h 
confoun d wa s precede d b y a  contextualisin g sentence , 
(cf .  th e neura l  ne t  use d i n Experimen t  3 )  whic h pilo t  wor k 
had show n woul d lea d th e firs t  nou n i n th e compoun d 
(e.g. ,  rat s i n *rat s eater )  t o b e interprete d appropriately . 
To ensur e unifor m treatmen t  o f  al l  stimuli ,  contextualisin g 
sentence s als o precede d th e firs t  nou n eve n wher e the y 
wer e no t  take n from  th e plura l  o r  possessiv e group s (se e 
Tabl e 1 .  fo r  example s o f  contextualisin g sentences) . 

3. 2 Result s 

Tabl e 2 .  M e a n reactio n time s 

Mean Standar d Differenc e 
reactio n tim e deviatio n o f  betwee n 

Mean 
reactio n tim e 

i n 
millisecond s 

means m 
millisecond s 

Comparison s t o tes t  th e 
associativ e accoun t 
Al l  group s 
endin g i n /s / 
Fina l  phonem e 
othe r  tha n /s / 

Regular plurals 

Possessive s 

128 5 

1205 

1277 

1191 

46 5 

455 

492 

43 7 

80* 

86* 
Al l  group s 
containin g 
regula r 
morpholog y 
Irregula r  plural s 

1231 

133 9 

Regula r  plural s 127 7 

Irregula r  plural s 133 9 

450 

47 0 

492 

47 0 

108 ' 

62 
Compariso n t o tes t  th e tim e differenc e betwee n 
processin g plural s an d processin g othe r  type s o f 
morpholog y 

Regula r  an d 129 1 47 9 
irregula r 

Al l  othe r  item s 118 8 42 4 
of  morpholog y 

103 " 

*  Differenc e reliabl e a t  alph a =  0.0 5 

M e an reactio n time s i n millisecond s ar e show n i n Tabl e 2 . 
T wo planne d comparison s wer e conducte d t o tes t  th e 
associativ e explanatio n o f  compounding .  Firstly , 
compound s wit h a  firs t  nou n endin g i n /s /  wer e processe d 
mor e slowl y tha n compound s wher e th e firs t  nou n end s i n 
anothe r  lette r  ( a mea n differenc e o f  8 0 milliseconds ) 
(t=4.41 ,  d f  =21 ,  p<0.05) .  I t  too k participant s a n averag e o f 
86 millisecond s longe r  t o proces s compound s containin g 

regula r  plural s tha n compound s containin g possessiv e 
noun s (t=2.195 ,  df=21 .  p<0.05) .  Thes e tw o finding s 
suppor t  th e outcome s o f  th e neura l  ne t  simulation s i n 
Experiment s 1, 2 an d 3 .  T w o planne d comparison s wer e 
conducte d t o tes t  th e dua l  mechanis m model' s explanatio n 
of  compounding .  Al l  type s o f  regula r  morpholog y wer e 
processe d mor e quickl y tha t  irregula r  plural s (mea n 
differenc e o f  10 8 milliseconds )  (t=3.22 ,  df=21 ,  p<0.05) .  I t 
too k participant s a n averag e o f  6 2 millisecond s longe r  t o 
proces s irregula r  plural s tha n regula r  plural s bu t  thi s 
differenc e wa s no t  foun d t o b e reliable .  A  pos t  ho c 
analysi s wa s als o conducte d t o tes t  th e differenc e betwee n 
th e tim e take n t o proces s compound s containin g bot h 
type s o f  plura l  an d th e tim e take n t o proces s compound s 
containin g othe r  type s o f  morpholog y (mea n differenc e o f 
103 milliseconds) .  A  Tukey' s H S D tes t  foun d thi s 
differenc e t o b e reliabl e (F= l  1.29 ,  df=21 ,  p<0.05) . 

33 Discussion 

Conside r  firs t  th e tw o hypothese s tha t  teste d th e 
associativ e explanatio n o f  compounding .  I t  too k longe r  t o 
proces s compound s i n whic h th e first  nou n ende d i n /s / 
tha n compound s whic h di d no t  includ e a  first  nou n endin g 
in/s/ .  Languag e users ,  lik e th e networ k i n Experimen t  1 , 
foun d i t  harde r  t o proces s /s /  i n th e middl e o f  a  word . 
Furthermore ,  possessiv e noun s ar e easie r  t o proces s tha n 
plura l  noun s i n th e middl e o f  compound s eve n thoug h 
the y shar e exactl y th e sam e phoneme .  Th e /s /  morphem e 
i n th e middl e o f  a  wor d seem s t o indicat e possessio n no t 
plxirality .  Conside r  nex t  th e tw o hypothese s tha t  teste d th e 
dual  mechanism' s explanatio n o f  compounding .  Simila r 
t o Beck' s (1997 )  productio n data ,  i t  too k participant s i n 
thi s experimen t  les s tim e t o proces s al l  type s o f  regula r 
morpholog y tha n i t  too k the m t o proces s irregula r  plural s 
(th e onl y typ e o f  irregula r  morpholog y tested) .  However , 
no differenc e wa s foun d i n th e tim e take n t o proces s 
regula r  an d irregula r  plurals ,  despit e Tinker' s (1991 ) 
predictio n tha t  th e tw o type s o f  morpholog y shoul d b e 
dissociate d "fro m virtuall y ever y poin t  o f  view "  ( p 253) . 
Interestingly ,  a  reliabl e differenc e wa s foun d whe n 
reactio n time s t o bot h type s o f  plura l  wer e collapse d 
togethe r  an d compare d wit h reactio n time s t o 
comparative s an d superlative s an d possessive s (al l  item s 
of  regula r  morphology )  collapse d together .  Adul t 
languag e user s find  i t  relativel y difficul t  t o proces s eithe r 
typ e o f  plura l  i n th e middl e o f  compounds .  However , 
contrar y t o th e prediction s o f  th e dua l  mechanis m model , 
adult s see m t o hav e n o difficult y processin g othe r  item s o f 
regula r  morpholog y (i.e. ,  item s whic h ar e produce d a t  a 
post-lexica l  stage )  withi n compound s (c f  Marcu s e t  al , 
1995) .  I t  ha s bee n argue d elsewhere ,  tha t  du e t o th e 
competitio n wit h th e possessiv e structure ,  languag e user s 
omi t  regula r  plural s from  compounds .  Furthermore , 
guide d b y thi s template ,  i.e. ,  tha t  plural s d o no t  occu r 
withi n compounds ,  matur e languag e user s als o begi n t o 
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omi t  irregula r  plural s fro m compounds ,  (Hayes ,  Smit h & 
Murphy ,  unpublishe d manuscript ) 

4. General discussion 

Experimen t  1  showe d tha t  /s /  i s  associate d wit h wor d 
finality .  Furthermore ,  participant s i n th e empirica l  stud y 
too k longe r  t o proces s compound s whic h containe d /s / 
tha n compound s tha t  di d no t  contai n /s /  (regardles s o f 
what  typ e of/s /  i t  was) .  Bot h strand s o f  evidenc e woul d 
see m t o indicat e tha t  /s /  i s  linke d t o wor d finality  despit e 
th e fac t  tha t  s  occur s frequentl y  i n th e middl e o f  man y 
words .  Thi s overwhelmin g patter n of/s /  a t  th e en d o f 
word s migh t  influenc e languag e learner s t o omi t  /s /  fro m 
th e middl e o f  word s suc h a s compounds .  Evidenc e fro m 
Expenment  2 ,  showe d tha t  a  neura l  networ k wa s abl e t o 
lear n tha t  /s /  followe d b y on e se t  o f  word s wa s differen t 
fro m /s /  followe d b y a  differen t  se t  o f  word s eve n thoug h 
th e /s /  wa s encode d i n exactl y  th e sam e wa y i n th e input . 
Fro m Experimen t  3 ,  i t  wa s eviden t  tha t  learnin g tha t  th e 
plura l  an d possessiv e morpheme s ar e onl y lega l  i n certai n 
sequence s ma y b e refine d a s th e chil d learn s tha t 
semantically ,  th e plura l  morphem e refer s t o man y thing s 
whil e th e possessiv e morphem e usuall y refer s t o on e 
thing .  Th e empirica l  evidenc e als o showe d tha t  on e typ e 
of  /s /  morphem e wa s processe d mor e quickl y withi n 
compounds tha n anothe r  typ e of/s /  morpheme ,  althoug h i t 
was denote d b y sam e phoneme .  Bot h th e possessiv e Is l 
and th e plura l  /s /  soun d th e sam e phoneticall y bu t  th e 
pattern s i n whic h th e tw o differen t  type s o f  morphem e 
appea r  i n th e inpu t  see m t o b e sufficientl y distinc t  t o 
indicat e tha t  on e typ e o f  morphem e perform s a  specifi c 
linguisti c functio n an d th e othe r  perform s anothe r  typ e o f 
linguisti c  fiinctioa  A s wel l  a s providin g suppor t  fo r  th e 
associativ e accoun t  Experimen t  4  als o call s int o questio n 
th e dua l  mechanis m model' s explanatio n o f 
compounding .  N o differenc e wa s foun d betwee n th e tim e 
take n t o proces s regula r  an d irregula r  plurals .  However , 
participant s wer e abl e t o proces s som e item s o f  regula r 
morpholog y withi n compound s relativel y quickly .  I t 
seems t o b e plural s (o f  eithe r  kind) ,  rathe r  tha n item s o f 
regula r  morphology ,  tha t  adult s fin d difficul t  t o proces s 
withi n compounds . 

The thre e model s take n togethe r  wit h th e 
empirica l  wor k provid e evidenc e fo r  a n associativ e 
accoun t  o f  compounding .  I n thi s associativ e accoun t  th e 
languag e use r  relie s o n propertie s o f  th e linguisti c inpu t 
itsel f  an d no t  o n distinc t  way s o f  representin g "rules " 
versu s association s t o driv e linguisti c behaviour .  Mor e 
specificall y  i n th e cas e o f  compounding ,  th e languag e use r 
learn s tha t  th e /s /  morphem e tend s t o nearl y alway s occu r 
at  th e en d rathe r  tha n i n th e middl e o f  a  word . 
Furthermore ,  th e languag e learne r  i s sensitiv e t o th e fac t 
tha t  th e sam e /s /  morphem e occur s i n differen t  pattern s i n 
th e input .  Wit h th e additio n o f  th e absolut e minimu m o f 
semantics ,  namel y th e numerica l  contex t  i n whic h th e 
phras e i s uttered ,  th e languag e learne r  seem s abl e t o 

differentiat e betwee n th e plura l  an d th e possessiv e 
morpheme.  Th e possessiv e morphem e ma y b e followe d 
by a  secon d nou n bu t  th e plura l  morphem e ma y no t  b e 
followe d b y a  secon d noun .  Whe n face d wit h a  noun-nou n 
compound th e languag e use r  ma y delet e th e plura l 
morpheme fro m th e en d no t  becaus e regula r  item s o f 
morpholog y ar e differen t  i n kin d fro m irregular s an d 
represente d a s rule s bu t  simpl y becaus e thi s patter n i s 
used t o denot e possessio n no t  plurality .  Thu s th e 
dissociatio n betwee n th e treatmen t  o f  regula r  an d irregula r 
morpholog y i n compound s ma y resul t  for m th e fac t  tha t 
one typ e o f  morpholog y i s subjec t  t o competitio n wit h th e 
possessiv e morphem e bu t  th e othe r  i s  not .  A s thi s 
alternativ e hypothesi s i s explore d fiirther ,  i t  ma y becom e 
apparen t  tha t  thi s plura l  dissociatio n i n compound s i s no t 
good evidenc e t o suppor t  th e dua l  mechanis m model . 
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Abstrac t 

A body of empirical evidence indicates that interac-
tiona l  contex t  ha s a  ke y influenc e o n th e for m an d 
interpretatio n o f  language .  Thi s pape r  review s a  se -
rie s o f  experiment s whi( £ indicat e tha t  interactiona l 
contex t  als o play s a  ke y rol e i n th e interpretatio n 
of  drawing s an d sketches .  T w o graphica l  communi -
catio n tasks ,  analogou s t o definit e referenc e tasks , 
ar e described .  Th e finding s fro m thes e task s sho w 
significan t  parallel s betwee n th e mechanism s o f  co -
ordinatio n i n graphica l  dialogu e an d natura l  lan -
guag e dialogue .  Specifically ;  th e coordinatio n o f 
graphica l  representatio n type s b y 'dialogue '  partic -
ipants ,  th e contractio n o f  recurren t  'graphica l  re -
ferrin g expressions' ,  effect s o f  direc t  interactio n o n 
th e us e o f  abstrac t  drawings ,  an d th e developmen t 
of  community-specifi c  graphica l  conventions . In terac t ion£ d C o n t e x t  i n D i a l o g u e 

Conversatio n i s a ,  i f  no t  the ,  ke y contex t  o f  under -
standin g fo r  language .  People' s us e o f  languag e t o 
represen t  objects ,  event s an d situation s i s sensitiv e 
to ,  amongs t  othe r  things ;  w h o the y ar e speakin g to , 
th e mutua l  availabilit y o f  referents ,  th e histor y o f 
thei r  conversatio n an d thei r  (dis)join t  membershi p 
of  cultura l  an d linguisti c sub-communitie s (Hymes , 
1972 ;  Clark ,  1998) .  Evidenc e fo r  th e direc t  influenc e 
of  interactiona l  contex t  o n interpretatio n an d under -
standin g come s fro m a  variet y o f  source s (se e Kraus s 
and Fussell ,  1996 ,  fo r  a  review) .  On e exampl e i s 
provide d b y wor k o n th e Collaborativ e Mode l  o f  di -
alogu e (Schobe r  an d Clark ,  1989 ;  Clar k an d Wilkes -
Gibbs ,  1986) .  Wilkes-Gibb s an d Clar k (1992 )  hav e 
shown tha t  ful l  understandin g o f  referrin g expres -
sion s depend s o n th e degre e o f  activ e participatio n i n 
conversatio n b y speake r  an d addressees .  Non-activ e 
participant s i n a  conversation ,  suc h a s passiv e side -
participants ,  overhearers ,  o r  byst£inders ,  hav e mor e 
difficult y i n interpretin g referrin g expression s tha n 
activ e participants .  Thi s i s observe d eve n when ,  i n 
gros s informationa l  terms ,  the y ar e equivalen t  t o ac -
tiv e participants . 

A secon d exampl e o f  th e influenc e o f  interactiona l 
contex t  come s fro m studie s o f  conceptua l  an d Im -
guisti c co-ordinatio n i n dialogue .  Garro d an d An -
derso n (1987 )  hav e show n tha t  conversationa l  part -
ner s ten d t o matc h o r  'entrain '  o n th e for m an d in -

terpretatio n o f  utterance s durin g interaction .  Wher e 
severa l  type s o f  semanticall y distinc t  referrin g ex -
pression s ar e possibl e fo r  describin g a  location ,  peo -
pl e sho w a  stron g preferenc e fo r  matchin g th e typ e 
of  expressio n use d b y thei r  conversationa l  partner . 
Brannigan ,  Pickerin g an d Clelan d (2000 )  hav e ob -
serve d simila r  entrainraen t  eff'ect s wit h syntax .  Gar -
ro d an d Anderso n (1987 )  argu e tha t  thes e dialogu e 
phenomen a reflec t  th e operatio n o f  a  basi c dialogu e 
co-ordinatio n mechanis m whic h simplifie s th e pro -
cesse s o f  productio n an d comprehensio n i n interac -
tion . 

Interactional Context in Graphicsd 

D i s d o g u e 

Intuitively, it might be supposed that graphical rep-
resentation s woul d b e les s sensitiv e t o interactiona l 
context .  On e reaso n fo r  thi s i s tha t  th e productio n 
an d us e o f  drawing s an d sketche s i s normall y treated , 
an d analysed ,  a s a n activit y mor e aki n t o monologu e 
tha n dialogu e (cf .  Scaif e an d Rogers ,  1996) .  Ther e 
i s evidence ,  however ,  tha t  thi s underestimate s bot h 
th e actua l  an d potentia l  us e o f  drawin g activitie s a s 
a m o d e o f  interaction .  Anecdotally ,  drawing s ar e of -
te n incrementall y produce d an d modifie d a s par t  o f  a 
conversationa l  exchange .  Fo r  example ,  sketc h map s 
and explanator y diagram s for m a  familia r  extensio n 
of  m a n y routin e conversations . 

va n Sommer s (1984 )  provide s evidenc e fro m a 
questionnair e stud y tha t  approximatel y hal f  o f  rou -
tine ,  non-work ,  drawin g activitie s tak e plac e wit h 
or  fo r  a n audience .  Althoug h va n Sommer s doe s 
not  repor t  ho w ofte n thes e interaction s involv e di -
rec t  graphice d exchanges ,  hi s findings  demonstrat e 
th e variet y o f  interactiona l  context s i n whic h draw -
in g occurs .  Th e mos t  frequentl y cite d categor y i s th e 
productio n o f  sketc h map s o f  a  loca l  area ,  eithe r  a s 
par t  o f  a n explanatio n o r  i n orde r  t o giv e directions . 
Th e secon d mos t  frequentl y cite d categor y relate s t o 
activitie s wit h childre n including ;  game s an d amuse -
ments ,  teachin g o r  helpin g wit h homewor k an d help -
in g childre n lear n t o draw .  Additiona l  categorie s o f 
'public '  drawin g include ;  sketchin g o f  hair ,  makeu p 
an d clothing ,  sketchin g hous e plans ,  drawin g t o ex -
pres s feelings ,  defacin g picture s an d drawin g people . 
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Th e collaborativ e developmen t  an d modificatio n 
of  sketche s i s a  featur e o f  man y specialise d wor k re -
late d interactions ,  suc h a s architect-architec t  an d 
architect-clien t  (Neilso n an d Lee ,  1994) .  W e es -
timat e tha t  i n th e architects '  practic e studie d b y 
Heale y an d Peter s (2001 )  approximatel y 3 0 % o f 
dail y drawin g activitie s occurre d a s a n integrate d 
par t  o f  a  conversationa l  exchange .  Engl e (1998 )  pro -
vide s experimentti l  evidenc e tha t  graphics ,  gestur e 
an d languag e combin e i n explanator y dialogue s t o 
creat e composit e communicativ e signal s (cf .  Clark , 
1996) .  Overall ,  ther e i s a  prim a faci e cas e tha t 
sketche s an d drawing s ar e ofte n closel y integrate d 
int o interactio n an d tha t  thi s ma y hav e significan t 
implication s fo r  thei r  interpretation . 

A secon d sourc e o f  scepticis m abou t  th e rol e o f  in -
teractiona l  contex t  i n th e interpretatio n o f  sketche s 
an d drawing s i s th e intuitio n tha t  drawing s an d 
sketche s ar e easie r  t o interpre t  tha n language .  Ar -
guably ,  man y o f  th e interactiona l  influence s o n lan -
guag e interpretatio n ar e associate d wit h th e con -
ventiona l  natur e o f  linguisti c representation .  Co -
ordinate d interpretatio n o f  utterance s require s th e 
concerte d applicatio n o f  conventions .  Interactio n i s 
use d t o maintai n an d modif y thos e interpretations . 
Drawing s an d sketche s ca n exploi t  iconicit y t o pro -
vid e a  les s arbitrar y for m o f  representation .  Conse -
quently ,  w e migh t  suppos e tha t  the y woul d b e les s 
dependen t  o n interactio n t o secur e thei r  interpreta -
tion .  Thi s ide a i s mos t  plausibl e for ,  say ,  sketche s o f 
building s o r  peopl e bu t  i t  doe s no t  cove r  th e rang e o f 
use s t o whic h sketche s an d drawing s ar e put .  Expla -
nation s involvin g sketche s o f  Vei m diagram s o r  Eule r 
circle s provid e perhap s th e mos t  obviou s counter -
example . 

Experiments on Graphical Dialogue 

Th e presen t  pape r  summarise s th e findings  fro m 
a serie s o f  experiment s which ,  considere d together , 
provid e evidenc e tha t  th e interpretatio n o f  drawing s 
an d sketche s i s sensitiv e t o interactiona l  context . 
I n particular ,  tha t  interactiona l  contex t  affect s th e 
form ,  interpretatio n an d understandin g o f  sketches ; 
an d tha t  th e mechanism s an d processe s tha t  giv e 
rise  t o thes e effiect s sho w importan t  parallel s t o thos e 
identifie d fo r  natura l  languag e dialogue . 

Th e findings  reporte d belo w ar e draw n fro m ex -
periment s involvin g tw o basi c referentia l  communi -
catio n tasks ,  th e Concep t  Drawin g Tas k an d th e M u -
si c Drawin g Task ,  i n whic h pair s o f  subject s commu -
nicat e abou t  a  variet y o f  concept s usin g exclusivel y 
graphica l  means .  Thes e task s ca n b e though t  o f  a s 
two-wa y o r  conversationa l  variant s o f  th e part y gam e 
'Pictionary '  ( T M ) . 

The Experimental Tasks 

T h e basi c Concep t  Drawin g Tas k use s a n ordere d lis t 
of  twelv e concep t  word s draw n fro m th e categories ; 
place s (e.g. ,  "theatre" ,  "ar t  gallery" ,  "museum") , 

peopl e (e.g. ,  "Rober t  d e Niro" ,  "Arnol d Schwarzen -
neger" ,  "Clin t  Eastwood") ,  televisio n programme s 
(e.g. ,  "drama" ,  "soap-opera" ,  "cartoon") ,  ob-
ject s (e.g. ,  "television" ,  "computer "  "microwave") , 
and abstrac t  concept s (e.g. ,  "loud" ,  "homesick" , 
"poverty") .  O n e participant ,  th e 'Drawer' ,  i s  give n 
an ordere d lis t  o f  twelv e words .  Thei r  partner ,  th e 
'Chooser' ,  i s  presente d wit h a n unordere d lis t  o f  th e 
same twelv e word s plu s fou r  distractors .  Th e tas k i s 
fo r  th e Drawe r  t o tak e eac h wor d i n tur n fro m thei r 
lis t  an d produc e a  sketc h o f  i t  s o tha t  thei r  partner , 
th e Chooser ,  ca n identif y th e concep t  depicted .  Th e 
ai m i s fo r  th e Choose r  t o determin e th e origina l  or -
dere d lis t  o f  twelv e concep t  word s tha t  th e Drawe r 
starte d with . 

Th e basi c Musi c Drawin g Tas k i s simila r  t o th e 
Concep t  Drawin g tas k bu t  use s piece s o f  musi c i n 
plac e o f  concep t  words .  Th e piece s ar e relativel y 
unknow n 3 0 secon d pian o solo s i n a  variet y o f  genre s 
an d styles .  I n th e typica l  procedure ,  th e Drawe r 
and th e Choose r  ar e seate d i n separat e rooms .  Th e 
Drawe r  listen s t o a  targe t  piec e o f  pian o musi c an d 
produce s a  sketc h o f  it .  Th e Choose r  ha s tw o piece s 
of  music ,  th e targe t  an d a  distractor ,  an d trie s t o 
selec t  whic h piec e i s th e on e depicte d b y th e Drawer . 
Playbac k o f  th e piece s i s self-pace d an d al l  drawin g 
take s plac e o n a  share d virtua l  whiteboar d whic h 
log s th e drawin g dat a fo r  analysi s (Healey ,  Swoboda , 
King ,  forthcoming) . 

I n bot h tasks ,  subject s ar e fi-ee  t o dra w anythin g 
the y like ;  th e onl y restrictio n i s tha t  the y d o no t  us e 
letter s o r  numbers .  Th e type s o f  drawin g produce d 
fo r  eac h concep t  o r  piec e o f  musi c varie s substan -
tiall y  betwee n pairs ,  som e example s ar e provide d i n 
Figure s ,  2  an d 3 .  Al l  thing s bein g equal ,  eac h pai r 
tend s t o establis h thei r  ow n conventiona l  solution s 
t o th e communicatio n problem s pose d b y th e task . 
Subject s appea r  t o find  bot h task s enjoyabl e an d 
engagin g an d perfor m the m wit h abov e dianc e ac -
curacy . 

Effects of Interactional Context 

A numbe r  o f  experiment s hav e bee n performe d 
usin g thes e task s whic h sugges t  importan t  ptiral -
lel s betwee n th e effect s o f  interactiona l  contex t  o n 
graphica l  an d verba l  dialogue .  Her e w e provid e a n 
overvie w o f  th e findings  fro m thes e experiment s an d 
discus s thei r  implication s fo r  investigation s o f  graph -
ica l  representatio n an d model s o f  huma n interaction . 

Interactional Entrainment. One of the simplest 
piece s o f  evidenc e fo r  effect s o f  interactiona l  contex t 
on th e us e o f  drawin g come s from  th e Musi c Draw -
in g task .  Participant s i n thi s tas k produc e drawing s 
tha t  ca n b e reliabl y classifie d int o tw o basi c types^ ; 
'Abstract '  an d 'Figurative '  (Kapp a =  0.9 ,  N  =  287 , 
k = 2) .  Abstrac t  drawings ,  illustrate d i n Figur e 1 , 

^For  eas e o f  expositio n a  third ,  'Composite ,  typ e i s 
not  discusse d her e 
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Figur e 1 :  Exampl e Abstrac t  Drawing s fro m T w o 
Trial s o f  th e Musi c Drawin g Tas k 

^ ^  ^ 

Figur e 2 :  Exampl e Figurativ e Drawing s from  T w o 
Successiv e Trial s o f  th e Musi c Tas k 

typicall y involv e graph-lik e representation s o f  e.g. , 
pitch ,  melody ,  rhyth m o r  intensity .  B y contrast . 
Figurativ e drawings ,  illustrate d i n Figur e 2  typicall y 
depic t  recognisabl e objects ,  figure s o r  scenes .  Wher e 
pair s o f  participant s i n th e tas k bot h tak e th e rol e 
of  Drawe r  (eithe r  b y alternatin g role s o r  i n manipu -
lation s i n whic h bot h participant s dra w a t  th e sam e 
time )  the y sho w a  reliabl e tendenc y t o matc h eac h 
anothe r  i n thei r  us e o f  drawin g th e Figurativ e an d 
Abstrac t  drawin g type s (Healey ,  Swoboda ,  Umata , 
& Katagiri ,  2001) .  A s note d above ,  thi s patter n o f 
entrainmen t  betwee n th e participant s i n a n interac -
tio n i s als o establishe d fo r  semanti c an d syntacti c as -
pect s o f  utterance s i n dialogu e (Garro d an d Ander -
son ,  1987 ;  Brannigan ,  Pickerin g an d Cleland ,  2000) . 
Garro d an d Anderso n (1987 )  argu e tha t  entrainmen t 
constitute s a  basi c mechanis m throug h whic h con -
ceptua l  co-ordinatio n i s achieve d i n dialogue . 

Contractio n o f  Recurren t  References .  Th e 
procedur e fo r  th e Concep t  Drawin g tas k typicall y 
require s pair s t o repea t  th e sam e se t  o f  twelv e targe t 
words ,  i n differen t  orders ,  ove r  severa l  trieils .  Thi s 
manipulatio n ensure s tha t  eac h wor d i s drawn ,  an d 
identified ,  severa l  time s b y eac h peiir .  Thi s i s de -
signe d t o reproduc e th e procedur e followe d b y Clar k 
and Wilkes-Gibb s (1986 )  wh o investigate d th e pro -
ductio n o f  recurren t  (verbal )  referrin g expression s 
by conversationa l  partners .  Clar k an d Wilkes-Gibb s 
foun d tha t  bot h th e averag e numbe r  o f  word s an d av -

m 

F l 

Figur e 3 :  A  Sequenc e o f  'Rober t  deNiro' s from  th e 
Concep t  Drawin g Tas k 

erag e numbe r  o f  turn s use d t o refe r  t o a  targe t  ite m 
(i n thei r  cas e a  tangra m figure )  rapidl y decline d wit h 
th e numbe r  o f  repetitions .  Experiment s wit h th e 
concep t  drawin g tas k sho w th e sam e patter n o f  re -
duction .  Thi s i s illustrate d i n Figur e 3  whic h show s 
a sequenc e o f  fou r  trial s (ordere d lef t  t o righ t  an d 
to p t o bottom) .  Wher e targe t  concept s recur ,  th e 
drawing s tha t  represen t  the m quickl y becom e sim -
plified .  Thi s i s indexe d bot h b y simpl e quantitativ e 
measure s suc h a s th e amoun t  o f  'ink '  an d numbe r  o f 
line s used ,  an d b y thei r  complexit y a s estimate d b y 
human judge s an d calculation s o f  thei r  visua l  com -
plexity. 2 

Experiment s t o evaluat e th e effect s o f  thes e con -
traction s o n th e intelligibilit y  o f  th e drawing s fo r 
non-participant s ar e currentl y i n progress .  However , 
i t  appear s likel y tha t  the y wil l  hav e a  substantia l 
effect .  Th e first  drawin g i n Figur e 3  ha s a  num -
ber  o f  element s tha t  migh t  allo w a  non-participatin g 
observe r  t o gues s th e identit y o f  th e individua l  de -
picted .  Fo r  exampl e i t  include s a  sketc h m a p o f  Italy , 
sketche s o f  a  T V an d V C R ,  an d a n imag e o f  a  tax i 
(whic h refer s t o a  d e Nir o film).  B y contrast ,  th e 
las t  sketc h i n th e sequence ,  consistin g o f  a  sta r  an d 
a dolla r  sig n woul d b e muc h harde r  t o decipher . 

Effect s o f  Direc t  Interaction .  Experiment s 
wit h th e Musi c Drawin g tas k hav e investigate d th e 
influenc e o f  leve l  o f  communicativ e interactio n be -
twee n participant s o n th e typ e o f  drawin g (Abstrac t 
or  Figurative )  tha t  the y produce .  Th e basi c con -
tras t  i s  betwee n a n interactiv e an d non-interactiv e 
versio n o f  th e tas k (Heale y e t  al. ,  2001 ;  Healey ,  Swo -
boda ,  Umat a an d Katagiri ,  forthcoming) .  I n th e 

^Th e analysi s o f  visua l  complexit y i s  base d o n a  psy -
chophysica l  measur e develope d b y Pell i  B u m s Farel l  an d 
Moor e (i n press )  an d i s base d o n th e formula :  Complex -
it y =  Perimeter ^  /  Ink . 
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non-interactiv e version ,  subject s alternat e betwee n 
actin g a s Drawe r  tin d Choose r  o n eac h tria l  an d 
th e whiteboar d i s configure d t o preven t  th e Choose r 
fro m drawing .  I n thi s versio n o f  th e tas k eac h tria l 
approximate s t o a  singl e tur n i n th e communicativ e 
exchange .  I n th e interactiv e versio n th e tas k i s al -
tere d s o tha t  bot h member s o f  a  pai r  dra w a t  th e 
same time .  The y hav e on e piec e o f  musi c eac h an d 
must  determine ,  usin g onl y drawing ,  whethe r  thei r 
piece s ar e th e sam e o r  different .  I n thi s cas e ther e 
i s a  riche r  communicativ e exchange .  I n additio n t o 
producin g drawing s o f  thei r  pieces ,  subject s emplo y 
device s suc h a s arrows ,  underlining ,  an d circlin g t o 
quer y an d revis e variou s aspect s o f  thei r  drawings . 
Eac h tria l  i n th e interactiv e tas k thu s approximate s 
t o a  numbe r  o f  'conversational '  turns . 

Th e effec t  o f  th e differenc e i n leve l  o f  communica r 
tiv e interactio n ca n b e see n i n Tabl e 1  (th e 'Compos -
ite '  categor y refer s t o drawing s tha t  combin e Figura -
tiv e an d Abstrac t  elements) .  Wher e bot h member s 
of  a  pai r  ca n interac t  directl y o n th e whiteboard , 
the y rel y primaril y o n th e Abstrac t  drawings .  I n 
th e non-interactiv e task ,  wher e the y ar e alternatin g 
betwee n drawin g an d choosing ,  the y rel y primaril y 
on Figurativ e drawings . 

Table 1: Distribution of Drawing Types in the Music 
Drawin g Tas k 

Drawin g Typ e 
Tas k 

Interactiv e 
Non-

Interactiv e 

Abstrac t  Figurativ e Composit e 
5 9 % 
2 7 % 64% 

le w 
8% 

Furthe r  evidenc e fo r  th e importanc e o f  direc t  in -
teractio n come s fro m analysi s o f  th e log s o f  draw -
in g activit y (Healey ,  Swoboda ,  U m a t a an d Katagiri , 
forthcoming) .  Th e Abstrac t  an d Figurativ e drawin g 
tjrpe s ar e no t  distinguishabl e i n term s o f  th e numbe r 
of  line s o r  in k (pixels )  involve d i n producin g them , 
nor  i n term s o f  th e accurac y o f  response s associ -
ate d wit h thei r  use .  Consideration s o f  th e efficienc y 
or  effectivenes s o f  th e tw o drawin g type s alon e d o 
not  appea r  t o explai n thei r  patter n o f  use .  How -
ever ,  drawin g activitie s overla p approximatel y 2 0 % 
mor e whe n subject s produc e Abstrac t  drawing s tha n 
when the y produc e Figurativ e drawings .  Thi s sug -
gest s i t  i s  th e availabilit y  o f  specifi c  mechemism s o f 
communicativ e interaction ,  suc h a s th e circlin g an d 
underlinin g o f  eac h other s drawings ,  tha t  i s  critica l 
t o th e co-ordinate d us e o f  th e Abstrac t  drawings . 

Comniiinity-based Conventions. Perhaps the 
most  interestin g paralle l  betwee n graphica l  an d ver -
bal  dialogu e come s fro m experiment s o n th e emer -
genc e o f  graphica l  convention s i n experimenta l  'sub -
communities '  (cf .  Garro d an d Doherty ,  1994) . 

Dat a fro m a n unpublishe d experimen t  wit h th e 
Musi c Drawin g tas k demonstrate s that ,  fo r  thi s 
tas k a t  least ,  th e pattern s o f  co-ordinatio n i n draw -
in g styl e tha t  emerg e withi n sub-communitie s ar e 
specifi c  t o thos e sub-communitie s (cf .  Healey , 
1997) .  Th e experimen t  take s plac e i n tw o phases . 
I n th e first  'convergence '  phas e experimenta l  sub -
communitie s consistin g o f  sub-group s o f  si x peopl e 
ar e formed .  Subject s themselve s ar e unawar e o f  thi s 
sub-grou p manipulation ,  fro m thei r  perspectiv e th e 
experimen t  consist s o f  a  serie s o f  round s o f  Musi c 
Drawin g wit h a  differen t  partne r  eac h time .  Durin g 
th e convergenc e phase ,  th e compositio n o f  pair s i s 
controlle d s o tha t  the y ar e alway s mad e u p o f  indi -
vidual s fro m withi n th e sam e sub-group .  Thi s con -
tinue s fo r  fou r  round s thu s allowin g fo r  a  histor y o f 
interaction s t o buil d u p withi n eac h sub-group .  O n 
eac h roun d subject s perfor m th e interactiv e versio n 
of  th e Musi c Drawin g Tas k fo r  1 2 trials . 

Th e second ,  experimental ,  phas e occur s i n th e 
fifth  round .  I n thi s roun d tw o condition s ar e com -
pared ;  same-grou p pair s w h o ar e composed ,  a s be-
fore ,  o f  subject s fro m withi n a  singl e sub-grou p 
and cross-grou p pair s wh o ar e compose d o f  subject s 
draw n fi-om  differen t  subgroups. ^  Same-grou p an d 
cross-grou p pair s hav e equivalen t  tas k experienc e 
and ,  a s noted ,  ar e unawar e o f  an y sub-grou p ma -
nipulation .  Nonetheles s the y ar e reliabl y differen t 
i n thei r  us e o f  th e Drawin g types .  Multinomia l  re -
gressio n analysi s show s a  reliabl e effec t  o f  th e grou p 
manipulatio n o n th e distributio n o f  Drawin g type s 
(Chi^3)=25.44 ,  p=0.00 ,  n=516) .  Th e percentage s 

ar e show n i n Tabl e 2 . 

Table 2: Use of Drawing Types in Pairs Drawn from 
th e S a m e o r  Differen t  Subgroup s 

Drawin g Typ e 
Tas k Versio n 

Same-grou p 
Cross-grou p 

Abstrac t 

62.7 % 
41.3 % 

Figurativ e 

11.1 % 
32.9 % 

Composit e 

181% 
15.8 % 

Thes e result s indicat e tha t  th e co-ordinatio n 
on particula r  drawin g type s tha t  develop s withi n 
th e experimenta l  sub-communitie s i s community -
specific .  Subject s i n th e cross-grou p interaction s us e 
a mor e mixe d profil e o f  drawin g types .  Thi s suggest s 
tha t  th e graphica l  convention s establishe d withi n 
sub-communitie s d o no t  readil y transfe r  t o interac -
tio n outsid e thos e communities .  Heale y (1997 )  re -
port s paralle l  result s fo r  verba l  dialogue s abou t  spa r 
tia l  locations .  I n thi s cas e th e type s o f  spatia l  refer -
rin g expression s establishe d withi n sub-communitie s 

^Th e origina l  desig n employe d thre e experimenta l 
subgroup s bu t  fo r  eas e o f  expositio n onl y tw o ar e re -
porte d here . 
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Figur e 4 :  Reductio n i n Visua l  Complexit y o f  Con -
cept  Drawing s wit h Repetitio n i n a  Roun d (B1-B 3 
= Block s o f  recurrin g item s withi n a  round ) 

durin g th e correspondin g convergenc e phas e als o 
prove d unstabl e i n 'cross-group '  interactions . 

Dat a fro m a  conmnmity-base d versio n o f  th e Con -
cept  Drawin g Tas k als o suggest s parallel s betwee n 
conmiunitie s o f  graphica l  an d linguisti c communi -
cators .  The  tas k require s a  communit y grou p o f  8 
participant s  t o communicat e wit h eac h o f  th e othe r  7 
over  a n extende d perio d o f  time .  I n th e first  roun d 
of  th e experimen t  the y wor k i n 4  pair s wit h bot h 
participant s drawin g eac h concep t  3  time s ove r  th e 
cours e o f  th e round .  I n th e secon d roun d th e 8  par -
ticipant s ar e re-paire d an d agai n dra w th e concept s 
3 times .  Afte r  eac h roun d the y ar e re-paire d agai n 
unti l  ever y participan t  ha s encountere d eac h o f  th e 
other s onc e an d onl y once . 

Figur e 4  show s ho w drawing s becom e increasingl y 
simpl e (o n th e Pell i  e t  al .  measure )  a s th e experi -
ment  proceeds .  I n th e first  3  round s thi s simplifica r 
tio n proces s occur s acros s repetition s o f  th e drawing s 
(show n alon g th e x  eixi s  o f  th e figure).  However ,  a s 
th e share d interactio n withi n th e communit y begin s 
t o develo p (i.e. ,  afte r  roun d 4 )  th e initia l  drawing s i n 
a roun d becom e a s simpl e a s th e final  drawing s i n th e 
round .  A  simila r  patter n o f  result s emerge s fo r  th e 
communicator s accurac y a t  identifyin g th e concept s 
conveye d b y thei r  partner s drawings .  Thes e findings 
ar e consisten t  wit h th e ide a tha t  a s a  communit y be -
comes establishe d throug h a  common histor y o f  in -
teractio n s o th e drawing s becom e conventionalise d 
withi n th e community :  Drawing s becom e simple r 
and mor e readil y interprete d b y th e member s  o f  th e 
community . 

The implicatio n o f  thes e result s  i s tha t  th e pro -
cesse s whic h establis h th e convention s fo r  producin g 
and interpretin g drawing s an d verba l  description s 
operat e i n a  manne r  tha t  i s directl y tie d t o th e char -
acte r  an d patter n o f  interax;tion s i n whic h the y wer e 
develope d an d used . 

Discussio n 

The aim of providing an overview of a number of ex-
perimenta l  result s mean s tha t  muc h importan t  detai l 
has bee n elide d from  th e description s o f  experiment s 
and result s provide d above .  Nonetheless ,  th e result s 
summarise d abov e consistentl y poin t  t o th e impor -
tanc e o f  interactiona l  contex t  i n graphica l  commu-
nication . 

Lik e referrin g expression s i n conversation ,  th e 
for m an d interpretatio n o f  drawing s i s systemati -
call y influence d b y th e characte r  o f  th e interactio n 
i n whic h the y occur .  Participant s i n interaction s 
show a  stron g tendenc y t o matc h eac h other s rep -
resentationa l  styl e an d type .  I f  item s recu r  i n a n 
interaction ,  pair s als o ten d t o develo p increasingl y 
abbreviate d way s o f  representin g the m tha t  ar e dif -
ficult  fo r  thir d partie s  t o interpret .  Thes e pattern s o f 
chang e i n th e for m o f  drawing s obtai n independentl y 
of  th e particula r  concep t  o r  ite m bein g represented . 
I n eidditio n t o thes e basi c co-ordinatio n processe s 
of  entrainmen t  an d abbreviation ,  ther e i s evidenc e 
tha t  leve l  o f  direc t  graphica l  interactio n availabl e t o 
participant s affect s th e for m o f  representation s the y 
use.  I n particular ,  th e abilit y  t o mar k u p an d modif y 
element s  o f  eac h others '  drawing s appear s t o b e im -
portan t  t o th e sustaine d us e o f  mor e abstrac t  repre -
sentations .  Lastly ,  thi s pape r  ha s presente d evidenc e 
tha t  interaction s withi n sub-communitie s lea d t o th e 
developmen t  o f  community-specifi c  convention s fo r 
graphica l  interaction . 

The programmati c rational e fo r  investigatin g 
tasks ,  suc h a s thos e describe d above ,  tha t  involv e 
exclusivel y graphica l  communicatio n i s th e potentia l 
the y offe r  fo r  compariso n wit h othe r  mode s o f  inter -
action .  The  result s summarise d abov e sugges t  sig -
nifican t  parallel s betwee n th e mechanisn̂ s tha t  un -
derpi n communicativ e co-ordinatio n i n exclusivel y 
graphica l  an d verba l  exchanges .  A s note d above , 
some o f  thes e findings  ca n b e accounte d fo r  i n term s 
of  th e collaborativ e mode l  o f  groundin g (Clar k an d 
Wilkes-Gibb s 1986 ;  Clark ,  1996 )  an d input-outpu t 
coordinatio n mode l  (Garro d an d Anderso n 1987 , 
Garro d an d Dohert y 1994) .  Th e importanc e o f  inter -
actiona l  mechanisms ,  suc h a s localisation ,  t o graph -
ica l  communicatio n als o suggest s possibl e parallel s 
wit h th e mechanism s o f  conversationa l  repai r  (Saicks , 
Scheglof f  an d Jefferso n 1974 ;  Scheglofi ^  1992) .  Th e 
viabilit y  o f  applyin g thes e explanation s t o th e detail s 
of  graphica l  communicatio n i s th e subjec t  o f  furthe r 
work . 
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Abstrac t 

Complex  systems such as a car brake, circulatory system, 
or  legislativ e syste m ca n b e conveye d b y languag e o r 
diagrams .  Suc h system s ca n b e presente d fro m structura l 
or  functiona l  perspectives .  I n thre e experiments ,  w e 
examin e communicatin g structur e an d functio n o f 
mechanica l  system s (bik e pump ,  ca r  brake ,  pulle y 
system )  b y tex t  an d diagram s i n relatio n t o mechanica l 
ability .  B y addin g arrows ,  strucUira l  diagram s ca n b e 
enriche d t o conve y functiona l  information .  Inferrin g 
structur e from  functio n wa s easie r  tha n inferrin g fiinctio n 
from  structure .  Participant s hig h i n mechanica l  abilit y 
outperforme d lo w participant s excep t  whe n tex t 
perspectiv e matche d questio n perspective .  Thos e wit h 
lo w mechanica l  abilit y  ar e a t  a  disadvantage ,  especiall y 
fo r  inferrin g functio n from  diagrams .  Comprehensio n o f 
comple x system s depend s i n sensibl e way s o n 
perspective ,  medium ,  an d ability . 

Conveying Complex Systems 
W h en w e lea m abou t  a  ne w digita l  camera ,  attemp t  t o 
troubleshoo t  a  broken-dow n car ,  o r  tr y t o understan d a 
ne w findin g i n neuroscience ,  w e nee d t o understan d a 
comple x system .  Despit e th e ubiquit y o f  contac t  wit h 
comple x systems ,  understandin g the m o r  interactin g 
wit h the m ca n b e frustrating.  Th e frustration s ar e du e 
not  onl y t o th e complexit y o f  th e system s bu t  als o t o th e 
inadequac y o f  instruction s an d explanations . 

Effectiv e explanation s o f  comple x system s hav e a 
complexit y o f  thei r  own .  Effectivenes s depend s o n th e 
perspectiv e o f  th e informatio n t o b e conveyed ,  o n th e 
mediu m o f  conveyin g th e information ,  an d o n th e 
abilit y an d expertis e o f  th e learner .  S o m e o f  thes e 
comple x interaction s hav e bee n examine d i n previou s 
work ,  thoug h findin g generalit y i n th e conclusion s ha s 
bee n elusiv e (e.g. ,  Hegarty ,  e t  al. ,  1990 ;  Hegarty ,  e t  al. , 
1993 ;  Maye r  «f e Gallini ,  1990 ;  Morriso n an d Tversky , 
2000) .  Mor e clarit y m a y b e achieve d b y a n analysi s o f 
th e informatio n t o b e conveye d relativ e t o 
characteristic s o f  th e medi a an d t o qualitie s o f 
individua l  differences . 

Informatio n abou t  comple x system s i s o f  tw o types : 
structura l  information ,  th e configuratio n o f  part s o r 
topolog y o f  th e system ,  an d functiona l  information ,  th e 
sequenc e o f  operation s an d outcomes .  Th e 
configuratio n o f  part s ha s a  spatia l  o r  metaphoricall y 

spatia l  structure ,  an d th e sequenc e o f  operation s ha s a 
temporal ,  causa l  structure .  Th e primar y medi a fo r 
conveyin g comple x system s ar e languag e an d diagrams . 
Wit h a n increasin g emphasi s o n visua l  display s o f 
infOTmation ,  w e foun d i t  importan t  t o investigat e th e 
succes s tha t  diagram s hav e i n compariso n t o tex t  i n 
communicatin g thi s information .  Structura l  informatio n 
shoul d b e effectivel y conveye d i n diagram s becaus e 
diagram s us e element s an d relaticm s i n spac e t o conve y 
actua l  topology .  Furthermore ,  arrow s indicatin g th e 
sequenc e o f  operaticMi s ca n b e adde d t o a  diagra m t o 
conve y functiona l  information . 

Ther e ar e conflictin g result s c m th e relation s 
betwee n mediu m an d ability .  S o m e studie s sho w tha t 
peopl e wit h lo w abilit y  benefi t  from  diagram s an d 
other s sho w tha t  peopl e v«t h lo w abilit y  hav e 
difficultie s extractin g informatio n from  diagram s 
(Hegart y 1992 ;  Urk i n &  Simon ,  1987 ;  Mayer ,  1989 ) 
A n analysi s o f  informatio n perspectiv e m a y reconcil e 
thes e conflictin g findings.  I n particular ,  lo w abilit y 
participant s o r  novice s m a y b e abl e t o extrac t  structura l 
but  no t  functiona l  informatio n from  diagrams . 
Functiona l  informatio n mus t  b e inferre d from  diagrams , 
i n contras t  t o structura l  information ,  whic h i s explicit . 

Thre e experiment s examin e th e interaction s o f 
medium ,  content ,  an d abilit y  i n th e comprehensio n o f 
comple x systems .  W e us e thre e system s tha t  hav e bee n 
use d wit h succes s i n previou s literature ,  a  pulle y syste m 
(adapte d from  Hegart y &  Just ,  1993) ,  ca r  brak e an d 
bicycl e p u m p (bot h adapte d from  Maye r  &  Gallini , 
1990) . 

Experiment 1: 

Description s f r o m D i a g r a m s 
Diagram s o f  comple x system s ar e excellen t  fo r 
conveyin g structura l  informatio n a s the y us e spac e an d 
th e element s i n i t  t o conve y rea l  o r  conceptua l  element s 
and th e relation s amon g them .  Addin g arrow s m a y 
facilitat e conveyin g functiona l  informatio n a s arrow s 
indicat e th e tempora l  sequenc e o f  operations . 
Participant s wer e aske d t o describ e wha t  i s depicte d i n 
a diagra m o f  a  comple x system ,  withou t  an d wit h 
arrows . 
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M e t h o d 
Particlpaat s 
Participant s wer e 6 7 psycholog y student s fulfillin g a 
cours e requirement .  Thirty-fou r  participant s describe d 
diagram s withou t  arrows ;  8  a  ca r  brake ,  1 4 a  bicycl e 
p u m p,  an d 1 2 a  pulle y syste m (se e Figur e 1  fo r  exampl e 
of  ca r  brak e diagra m wit h arrows) .  Thirty-thre e 
participant s describe d diagram s wit h arrows ;  8  a  ca r 
brake ,  1 2 a  bicycl e pump ,  an d 1 3 a  pulle y system . 

Procedure 
Participant s wer e firs t  aske d t o rat e thei r  mechanica l 
abilit y  an d prio r  knowledg e o f  th e devic e give n t o the m 
(XI  a  1  t o 7  scale ,  1  =  poor ,  7  =  excellent .  I n th e 3 
experiment s reporte d here ,  participant s self-rate d thei r 
mechanica l  abilit y  an d thei r  prio r  knowledg e o f  th e 
comple x syste m presented .  W e chos e a  self-rate d 
measur e a s i t  ha s bee n foun d t o correlat e wit h actua l 
mechanica l  abilit y  an d spatia l  abilit y  (Hegart y &  Just , 
1993 ;  Heise r  &  Tversky ,  i n prep) . 

Participant s wer e show n on e o f  thre e diagrams :  a 
car  brak e (Figur e 1) ,  bicycl e pump ,  o r  a  pulle y system , 
eithe r  withou t  o r  wit h arrow s an d aske d t o "Pleas e 
examin e th e diagra m above .  O n th e line s below ,  writ e a 
descriptio n o f  th e syste m i n th e diagram. " 

»«.«^. . 

^ 
•  IZT N 

^ 

n ^ ~ 

V 

/ 
/  aMiMinsTTM i 

^ 
- ^ 1 

\ 

^ -

Figur e I :  Ca r  brak e diagra m wit h arrow s (adapte d from 
Mayer  AGallin i  (1990) ) 

Coding 
Self-rate d mechanica l  abilit y  an d self-rate d prio r 
knowledg e o f  syste m correlate d highl y  ( r  =  .78 ,  p  <  01) . 
The y wer e average d t o provid e a  singl e abilit y  score , 
rangin g frran  1- 7 (poor-excellent) . 

Description s o f  diagram s wer e code d blindly .  T w o 
coder s divide d eac h descriptio n int o propositions . 
Coder s wer e tol d tha t  a  prqKwitio n i s th e smalles t  uni t 
of  meanin g i n a  sentence .  Fo r  example ,  i n th e sentenc e 
"th e liqui d brak e fluid  travel s dow n th e tube, "  ther e ar e 
tw o propositions .  First ,  "th e brak e flui d i s liquid "  an d 
second ,  "th e brak e fluid  travel s dow n th e tube. " 

Coder s categorize d eac h propositio n a s structura l  o r 
fimctional .  Description s o f  th e syste m structur e o r  o f 

th e feature s o f  th e component s  (i.e .  th e shap e o f  a  part ) 
counte d a s structura l  information .  Description s o f  th e 
fiinctio n o f  th e system ,  th e functio n o f  individua l  part s 
or  th e wa y th e part s wor k together ,  counte d a s 
functiona l  information .  I n th e previou s example ,  th e 
firs t  proposition ,  "th e brak e fluid  i s liquid "  wa s code d 
as structural .  Th e secon d proposition ,  "  th e brak e fluid 
travel s dow n th e tube "  wa s code d a s fimctional .  Coder s 
agree d 9 4 % ,  an d disagreement s wer e settle d throug h 
discussion . 

Results and Discussion 
Ther e wer e n o mai n effect s fo r  diagra m content ,  self -
rate d abilit y  o r  tota l  numbe r  o f  proposition s acros s 
conditions . 

As predicted ,  participant s w h o describe d diagram s 
wit h arrow s produce d significantl y mor e fimctiona l 
unit s o f  informatio n ( M =  2.24 ,  S D =  1.3 )  tha n 
participant s w h o describe d diagram s withou t  arrows  ( M 
= 1.26 ,  S D = 1.1) ,  F  (1,61 )  =  10.9 ,  p  <  .01 .  Similarly , 
participant s w h o describ« l  diagram s withou t  arrow s 
generate d significantl y mor e structura l  unit s ( M =  1.65 , 
SD =  1.6S) ,  tha n thos e w h o describe d diagram s wit h 
arrow s ( M =  .52 ,  S D =  .62) ,  F  (1,61 )  =  13.67 ,  p  <  .01 . 

The presenc e o f  arrow s i n a  diagra m o f  a  mechanica l 
syste m indicate s th e sequenc e o f  operation s o f  th e 
system .  Fro m th e tempora l  sequence ,  participant s 
readil y mad e inference s t o th e fiinctio n o f  th e system , 
and describe d i t  i n thos e terms . 

Experiment 2: 

D i a g r a m s f r o m Descript ion s 
I s th e us e o f  arrow s t o conve y temporal ,  causa l 
sequenc e s o establishe d tha t  producer s o f  diagram s wil l 
comply ? Participant s rea d eithe r  a  structura l  o r  a 
functiona l  descriptio n o f  a  comple x system ,  an d 
produce d a  diagram . 

Metliod 
Participant s 
24 0 student s i n a n introductor y psycholog y cours e a t 
Stanfor d Universit y participate d fo r  cours e credit . 
Fwty-fou r  participant s eithe r  di d no t  dra w a  diagra m o r 
di d no t  complet e th e questionnaire ,  leavin g 9 3 
participant s i n th e fimctiona l  descriptio n grou p an d 10 3 
i n th e structura l  descriptio n group ,  distribute d fairl y 
evenl y acros s th e thre e systems . 

Stimuli 
Structura l  an d fimctiona l  description s wer e writte n fo r 
eac h o f  th e thre e systems ,  th e ca r  brake ,  bicycl e pump , 
and pulle y system .  Thos e fo r  th e ca r  brak e appea r  i n 
Tabl e 1  an d 2 .  Structura l  description s contai n detail s o f 
part s an d thei r  spatia l  relations ,  primaril y usin g form s i f 
th e ver b "t o be "  o r  verb s o f  fictive  motion .  Functi(ma l 
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description s contai n action s an d consequence s 
primaril y usin g activ e verb s o f  motion . 

Table 1: Car brake structural description 

'Th e brak e o r  brak e dru m i s a  circult r  structure .  Directl y insid e 
Ok side s o f  th e brak e dru m ar e tw o thic k aemicircula r  structure s 
calle d th e brak e shoe* .  Th e brak e fluid  re«ervoi r  i s  locate d 
abov e an d t o th e sid e o f  th e brak e drum .  Fro m th e brak e fhii d 
reservoir ,  a  tub e run s dow n sideway s a»( l  the n dow n t o th e 
middl e o f  th e brak e drum .  Extendin g fro m bot h side s o f  th e 
tub e i n th e middl e o f  di e brak e dru m ar e whee l  cylinder s 
surroundin g smal l  pistons .  Brak e fluid  ca n mov e fro m th e 
reservoi r  throu ^  di e tub e t o th e pistons .  Th e smal l  piston s ca n 
move outwar d towar d th e brak e shoes .  Th e brak e shoe s ca n 
move outwar d towar d th e brak e druriL " 

Tabl e 2 :  Ca r  brak e ftinctional  descriptio n 

'Fro m di e brak e fluid  reservoir ,  brak e fhii d enter s an d travel s 
sideway s an d dow n th e tube .  A s th e brak e fluid  accumulate s a t 
th e botto m o f  th e tube ,  pressur e i s exerte d o n th e smal l  piston s 
insid e di e whee l  cylinders .  Thi s cause s di e piston s t o pus h 
outwar d towar d di e brak e druti L Th e outwar d movement  o f  th e 
dwes cause s friction  alon g th e insid e o f  di e brak e drum , 
slowin g th e rotatio n o f  di e wheel. " 

Procedur e 
Participant s firs t  rate d thei r  mechanica l  abilit y o n a  1  t o 
7 scale ,  1  =  poo r  an d 7  =  excellen t  an d thei r  specifi c 
knowledg e o f  th e depicte d mechanica l  syste m o n th e 
s a me scale .  Participant s tha i  rea d a  descriptio n o f  on e 
o f  thre e labele d system s (ca r  brake ,  bicycl e p u m p ,  o r 
pulley )  an d wer e asked :  'I n th e spac e provide d belo w 
th e description ,  pleas e construc t  a  diagra m o f  wha t  yo u 
thin k th e descriptio n i s tryin g t o convey. " 

Coding 
Self-rate d mechanica l  abilit y an d self-rate d prio r 
knowledg e o f  th e devic e wer e highl y correlated ,  r  =  .72 , 
p <  01 .  T h e y wer e average d t o produc e a  singl e abilit y 
scor e fo r  eac h participant .  D iag ram s wer e code d blindl y 
b y tw o coder s fo r  conventiona l  elements ,  suc h a s 
arrow s o r  lines ,  tha t  conveye d eithe r  structur e o r 
fiincticMi .  Ther e wer e n o disagreement s i n coding . 

Results 
A s before ,  ther e wer e n o effect s o f  mechanica l  syste m 
or  fo r  self-rate d ability .  O f  th e 19 6 depiction s coded , 
th e onl y graphica l  elemen t  adde d w a s arrows .  T h e 
arrow s wer e t o indicat e directio n o f  motio n o f  th e 
mechanica l  system .  A s predicte d 62/9 3 (66.7% )  w h o 
depicte d functiona l  description s use d arrow s i n thei r 
depictio n t o indicat e sequenc e o f  operation ,  wherea s 
16/10 3 (15.5% )  participant s w h o depicte d structura l 
description s include d arrows ,  X ^  ( N =  196 )  =  9 ,  p  <.01 . 
Al l  1 6 w h o include d arrow s i n depiction s from 

structura l  description s wer e hig h mechanica l  abilit y 
participant s (se e Figur e 2  fo r  examples) . 

Figur e 2 .  D r a w i n g from  structura l  descriptio n (left )  an d 
flincticxia l  descriptio n (right )  o f  ca r  brake . 

Discussion: 

C o m m u n i c a t i n g Wit l i  D i a g r a m s 
Experimen t  1  an d 2  showe d tha t  peopl e readil y interpre t 
and produc e arrow s i n diagram s t o sugges t  functicHia l 
propertie s o f  comple x systems .  Fo r  a  ca r  brake ,  bicycl e 
p u mp an d pulle y system ,  diagram s withou t  arrow s 
elicite d structura l  descriptions .  Conversely ,  fo r 
structura l  description s participant s dre w diagram s 
withou t  arrow s bu t  fo r  fimctiona l  description s the y 
dre w diagram s wit h arrows .  Moreover ,  lo w abilit y 
participant s wer e a s likel y  a s hig h abilit y  participant s t o 
comprehen d an d produc e arrow s t o conve y ftmction. 

Th e findin g tha t  structura l  diagram s ca n b e 
effectivel y enriche d b y th e simpl e additio n o f  arrow s i s 
important ,  a s makin g inference s from  structur e t o 
functio n i s on e o f  th e majo r  difficultie s o f 
understandin g comple x systems .  Th e nex t  stud y wil l 
examin e th e role s o f  structura l  an d functiona l 
description s an d diagram s wit h an d withou t  arrow s i n 
comprehendin g an d makin g inference s abou t  comple x 
systems . 

Experiment 3: Learning structure and 

funct io n f r o m d i a g r a m s a n d tex t 
Comple x system s ca n b e describe d from  structura l  o r 
functiona l  perspectives .  Th e structura l  aspect s o f  a 
syste m ar e typicall y easie r  t o convey .  However ,  i t  i s 
ofte n th e fimctiona l  aspect s tha t  ar e critica l  fo r 
understandin g h o w th e syste m operate s an d fo r  trouble -
shooting ,  error-recover y an d high-leve l  proble m 
solving .  Th e previou s experimen t  showe d tha t  a  simpl e 
enrichmen t  o f  structura l  diagrams ,  a n arrow ,  enabl e 
functiona l  inferences .  Her e w e examin e directl y an d i n 
detai l  th e relativ e efficienc y o f  structura l  an d fimctiona l 
tex t  an d o f  diagram s wit h an d withou t  arrow s i n 
conveyin g structura l  an d functiona l  aspect s o f  comple x 
systems .  W e d o thi s fo r  bot h hig h an d lo w mechanica l 
abilit y  participants .  Thi s experimen t  wil l  provid e 
insigh t  int o th e effect s o f  medium ,  tex t  o r  diagram ; 
perspective ,  structura l  o r  fimctional ;  an d ability ,  hig h o r 
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low ,  o n transmissio n o f  structura l  an d functiona l 
informatio n abou t  comple x systems . 

Method 
Participant s an d desig n 
Participant s wer e 14 7 student s i n a n introductor y 
psycholog y cours e a t  Stanfor d Universit y participatin g 
fo r  cours e credit .  Eac h participan t  wa s randoml y 
assigne d t o on e o f  8  conditions .  3 1 t o th e n o arro w 
diagra m condition ,  4 0 t o th e arrow s diagra m condition , 
33 t o th e structura l  tex t  condition ,  an d 4 3 t o th e 
functio n tex t  condition .  Approximatel y equa l 
proportion s o f  th e participant s studie d th e ca r  brak e an d 
th e bicycl e pump .  Th e pulle y syste m wa s no t  use d i n 
thi s study .  Stud y tim e wa s recorde d fo r  al l  subjects ; 
however ,  timin g wa s inaccurat e fo r  3 4 subject s (i n 
rando m conditions )  leavin g 11 3 stud y time s i n th e 
analysis . 

Procedure 
As i n Experiment s 1  an d 2 ,  participant s firs t  rate d thei r 
genera l  mechanica l  abilit y  an d prio r  knowledg e o f  th e 
specifi c  devic e (ca r  brak e o r  bicycl e p u m p )  o n a  scal e 
from  1  t o 7 ,  1  =  poor ,  7  =  excellent . 

Participant s studie d a  descriptio n o r  diagra m o f  eithe r 
th e bik e p u m p o r  ca r  brake .  I n th e tex t  conditions , 
participant s rea d an d studie d th e descriptio n fou r  times . 
I n th e diagra m condition ,  participant s studie d th e 
diagram s completel y fou r  times .  Stud y tim e wa s self -
terminating .  Immediatel y afte r  study ,  participant s 
answere d 1 6 true/fals e statements ,  hal f  structural ,  hal f 
fiinctional .  Th e question s varie d i n difficulty .  A n 
exampl e o f  a  structura l  T/ F statemen t  i s 'Th e smal l 
piston s ar e adjacen t  t o th e brak e shoes. "  A n exampl e o f 
a fianctiona l  T/ F statemen t  i s 'Th e piston s pu t  pressur e 
o n th e brak e shoes."  Participant s wer e tol d t o respon d 
quickl y an d accurately . 

Ability measurements 
Participants '  score s frc»n  th e self-rate d prio r  knowledg e 
of  devic e an d mechanica l  abilit y  scale s correlate d 
significantl y ( r  =  .68 ,  p  <  .01 )  an d wer e average d t o 
for m a  mechanica l  abilit y  score .  A  media n spli t  gav e 
lo w an d hig h abilit y  students . 

Results 
Does th e medium ,  tex t  o r  diagram ,  o r  perspective , 
structural/n o arro w o r  functional/arro w affec t 
performanc e o n structura l  an d functiona l  questions ? 
H o w doe s abilit y  affec t  performance ? Becaus e o f  thei r 
natura l  mappin g t o space ,  i t  i s  predicte d tha t  diagram s 
wil l  b e superio r  t o tex t  fo r  structura l  questions .  I n 
regard s t o conveyin g structura l  o r  functiona l 
perspective s o f  comple x systems ,  i t  i s  predicte d tha t 
structura l  description s o r  diagram s shoul d facilitat e 
structura l  question s an d functiona l  presentation s shoul d 

facilitat e functiona l  questions .  Finally ,  whic h i s easier , 
makin g inference s from  structur e t o functio n o r  from 
functio n t o structure ? T o asses s thes e effect s an d others , 
we performe d fou r  analyse s o f  varianc e o n error s an d 
respons e time s fo r  structura l  an d functiona l  questions . 
Eac h A N O V A ha d medium ,  tex t  o r  diagrams ; 
perspective ,  structura l  o r  functional ;  an d mechanica l 
ability ,  hig h o r  low ,  a s factors . 

Study time 
Ther e wa s wid e variabilit y  i n stud y time ,  bu t  i t  di d 

not  correlat e wit h an y o f  th e measure s o f  interest -
medium ,  perspective ,  o r  ability . 

Learning Structural Information 
Effec t  o f  Abilit y 
Hig h mechanica l  abilit y  participant s outperforme d lo w 
abilit y  participant s o n structura l  questions .  L o w abilit y 
participant s mad e mor e error s ( M =  2.5 ,  S D =  1.51 ) 
tha n hig h abilit y  participant s ( M =  1.59 ,  S D =  1.14) , 
F(l ,  139 )  =  15.7 ,  p  <  .01 .  Ther e wer e n o significan t 
difference s i n respons e time s betwee n hig h ( M =  4.6s , 
S D =  1.5 )  an d lo w mechanica l  abilit y  ( M =  4.5s ,  S D = 
1.3s) .  Ther e wer e als o n o significan t  interaction s 
betwee n ability ,  medium ,  an d perspectiv e fo r  errw s o n 
structura l  questions .  Figur e 3  illustrate s tha t  lo w abilit y 
participant s perfor m clos e t o tha t  o f  hig h abilit y 
participant s  ̂ ^e n structura l  tex t  wa s studied ,  howeve r 
thi s di d no t  elici t  a  significan t  interaction . 

Effect of Medium 
Ther e wer e n o effect s o f  med iu m fo r  structura l 
questions .  Fewe r  error s wer e mad e afte r  a  diagra m wa s 
studie d ( M =  1.7 6 ou t  o f  8 ,  S D =1.08 )  tha n afte r  tex t 
was studie d ( M =  2.28 ,  S D =  1.62) ,  howeve r  thi s 
differenc e wa s no t  significant ,  p  >  . 1 (se e Figur e 3) . 
Structur e wa s conveye d equall y wel l  b y tex t  an d 
diagrams .  Respons e time ,  however ,  wa s significantl y 
longe r  o n structura l  question s afte r  studyin g a  diagra m 
( M =  5.1s ,  S D =  1.4s )  tha n afte r  studyin g a  tex t  ( M = 
4.2s ,  S D =  1.3s) ,  F  (1 ,  131 )  =  13.6 ,  p  <  .01 .  Thi s effec t 
m ay b e du e t o extr a tim e require d t o translat e a  visua l 
representatio n int o a  sententia l  representatio n i n orde r 
t o answe r  th e verba l  questions . 

Effect of Perspective 
Ther e wer e n o effect s o f  perspectiv e (structura l  o r 
functional )  o n error s o r  respons e tim e o n structura l 
questions .  Participant s m a d e simila r  number s o f  error s 
on structura l  question s i f  a  structura l  perspectiv e wa s 
studie d ( M =  1.89 ,  S D =  1.39 )  tha n i f  a  fimctional 
perspectiv e wa s studie d ( M =  2.13 ,  S D =  1.41) ,  p  >  .0 5 
Thoug h i n thi s analysis ,  diagram s hav e a  clea r 
advantag e becaus e structur e remain s explici t  i n th e 
diagra m wit h arrows ,  th e interactio n betwee n 
presentatio n an d perspectiv e wa s no t  significant ,  p  >  .1 . 

450 



T h e finding  tha t  bot h h ig h a n d l o w mechanica l  abilit y 
participant s di d no t  diffe r  significantl y o n structura l 
error s regardles s o f  stud y perspectiv e indicate s tha t  the y 
we r e abl e t o efficientl y m a k e inference s f ro m functio n 
t o structure . 

1 . 

I . 

i. J 

: i i i 

Novrowdliffiv D Amwdiign n SmMAinlTmi 

Figur e 3 .  Error s o n structura l  question s b y ability , 
perspectiv e a n d m e d i u m . 

Learning Functional Information 
Effec t  o f  AbiUt y 
For  functiona l  question s ther e wa s a  mai n effec t  fo r 
ability ,  wher e hig h mechanica l  abilit y  participant s mad e 
fewe r  error s ( M =  1.44 ,  S D =  1.3 )  tha n lo w abilit y 
participant s ( M = 2.7 5 S D = 1.6) ,  F(l ,  145 )  =  29.6 , 
p<.01 .  Ther e wer e n o significan t  difference s i n 
respons e time s betwee n hig h mechanica l  abilit y  ( M = 
5.2s ,  S D =  1.9s )  an d lo w mechanica l  abilit y  ( M =  5.3s , 
SD=1.8s),p>.l . 

Mechanica l  abilit y  interacte d wit h medium .  Se e th e 
followin g sectio n fo r  details . 

Effect of Medium 
Ther e wer e n o overal l  effect s o f  mediu m o n error s an d 
respons e time s o n fimctiona l  questions .  However , 
mediu m an d perspectiv e interacted ,  F(l ,  139 )  =  8.02 ,  p 
< .01 .  Hig h abilit y  participant s mad e fewe r  error s o n 
functiona l  question s who i  diagram s wer e studie d ( M = 
1.1 ,  S D =  1.1 )  tha n whe n tex t  wa s studied ,  wherea s lo w 
abilit y  participant s mad e fewe r  error s whe n tex t  wa s 
studie d ( M =  2.6 ,  S D =  1.6 )  tha n wlie n diagram s wer e 
studie d ( M =  3.0 ,  S D =  1.6) .  Thi s effec t  however , 
coul d b e drive n b y interactio n betwee n perspectiv e o f 
stud y an d medium ,  wher e participant s performe d 
extremel y wel l  i f  fimctiona l  tex t  wa s studied ,  bu t  no t 
structura l  text .  Thi s i s furthe r  discusse d i n th e nex t 
section . 

Interestingly ,  hig h abilit y  participant s outperforme d 
lo w abilit y  participant s o n fimctiona l  question s i n al l 
condition s excep t  whe n functiona l  tex t  wa s studie d (se e 
Figur e 4) .  Thes e result s indicat e tha t  lo w abilit y 
participant s hav e difficultie s makin g functiona l 

inference s from  structura l  description s an d diagrams , 
wit h o r  wit h ou t  arrows .  W h e n functiona l  informatio n 
i s presente d verbally ,  lo w abilit y  participant s ar e n o 
longe r  disadvantaged . 

Effect of Perspective 
Ther e wa s a  sligh t  benefi t  fo r  functiona l  questicm s from 
studyin g fimctiona l  material ,  howeve r  thi s effec t  wa s 
onl y marginall y significant ,  F  (1,139 )  =  3.5 ,  p  =  .06 . 
Performanc e wa s highe r  o n functiona l  question s afte r 
studyin g functiona l  tex t  o r  diagram s wit h arrow s ( M = 
1.73 ,  S D =  1.48) ,  tha n afte r  studyin g structura l  tex t  o r 
diagram s ( M =  2.45 ,  S D =  1.69) .  Ther e wer e n o 
difference s i n respons e times . 

Ther e wa s a n interactio n betwee n perspectiv e an d 
medium .  Error s o n functiona l  question s wer e highe r 
afte r  studyin g a  structura l  tex t  (M=3.0 ,  SD=1.7 )  tha n 
afte r  studyin g a  diagra m withou t  arrow s (M=1.87 , 
SD=1.5) ,  fimctiona l  tex t  ( M =  1.71 ,  S D =  1.27 )  o r 
diagra m wit h arrow s ( M =  1.75 ,  S D =  1.68) ,  F(l ,  139 ) 
= 17.48 ,  p  <  .01 .  I n general ,  participant s wer e bette r  a t 
makin g fimctiona l  inference s from  diagrams ,  tha n from 
structura l  text . 

NoHiowdMfnD)  Amwdiignii i Stnioun l  Ta t  Funcdoaa l  Tex t 
Figur e 4 :  ErrcH- s o n fimctiona l  question s b y ability , 
perspectiv e a n d m e d i u m . 

Experiment 3 Discussion 
Structura l  infcMinatio n wa s effectivel y conveye d b y 
well-constructe d diagram s an d text ,  from  th e 
perspectiv e o f  th e system' s structur e o r  fimction. 
Mechanica l  abilit y  o f  th e participant ,  however ,  i s 
importan t  fo r  predictin g error s o n structura l  questions . 

Th e result s fo r  functiona l  informatio n wer e quit e 
different .  Again ,  hig h mechanica l  abilit y  participant s 
outperforme d lo w abilit y  participants .  Thi s resul t  wa s 
conditiona l  upo n presentation ,  however ,  wher e lo w 
abilit y  participant s performe d a s wel l  a s hig h abilit y 
participant s whe n fimctional  tex t  wa s studied .  L o w 
abilit y  participant s wer e a t  thei r  wors t  wiie n fimctiona l 
inference s ha d t o b e m a d e from  diagrams . 

Th e result s from  Experimen t  3  hel p t o clarif y th e 
relationshi p betwee n abilit y  an d comprehensio n o f 
diagrams ,  illustratin g th e importanc e o f  th e informatio n 
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t o b e conveyed .  L o w mechanica l  abilit y  participant s 
wer e abl e t o lear n structur e from  bot h diagram s an d 
text ,  bu t  neede d functiona l  tex t  t o ai d learnin g 
functiona l  information . 

General discussion 
Comple x system s consis t  o f  structura l  infwmation ,  a 
configuratio n o f  parts ,  an d functiona l  information ,  a 
sequenc e o f  operatiwi s an d outcomes .  Th e presen t 
researc h investigate d th e effect s o f  medium ,  tex t  an d 
diagram ,  perspectiv e o f  presentation ,  structura l  o r 
functional ,  an d abilit y  o n acquisitio n o f  comple x 
systems . 

Diagram s us e element s an d relation s i n spac e t o 
conve y element s an d relation s i n rea l  o r  conceptua l 
space .  Thus ,  diagram s ar e especiall y suite d t o conve y 
structura l  informaticm .  Experimen t  1  an d 2  showe d tha t 
a simpl e additio n t o diagrams ,  arrows ,  enable s a  stati c 
diagra m t o conve y functiona l  informatio n effectively . 
Participant s qxmtaneousl y interprete d diagram s wit h 
arrow s functionally ,  an d produce d diagram s wit h 
arrow s fo r  functiona l  descriptions .  I n globa l  acquisitio n 
of  comple x systems ,  however ,  arrow s wer e sufficien t 
fo r  participant s wit h hig h mechanica l  abilit y  bu t  no t  fo r 
thos e wit h lo w mechanica l  ability . 

I n Experimen t  3 ,  participant s wer e mor e adep t  a t 
inferrin g structura l  informatio n from  functiona l  tha n 
functiona l  from  structural .  Apparently ,  functio n 
impose s mor e constraint s o n structur e tha n structur e 
impose s o n function ,  i n accordanc e wit h th e desig n 
adag e tha t  for m follow s function .  Thi s mean s tha t 
functio n i s no t  necessaril y  transparen t  from  form .  Thi s 
fac t  i s  substantiate d b y th e performanc e o f  lo w abilit y 
participants ,  who ,  i n contras t  t o hig h abilit y 
participants ,  ha d troubl e makin g functiona l  inference s 
from  diagrams .  Similarly ,  Suw a an d Tversk y (2001 ) 
foun d tha t  experience d architect s wer e mor e likel y t o 
extrac t  functiona l  informatio n from  thei r  sketche s tha n 
novices .  L o w abilit y  participant s reache d th e leve l  o f 
hig h abilit y  participant s whe n th e perspectiv e o f  th e 
question s matche d tha t  o f  th e studie d text .  Thi s 
suggest s tha t  th e tex t  guide s th e learne r  i n formin g a 
menta l  mode l  o f  tha t  information ,  especiall y fo r  lo w 
abilit y  learners .  Fo r  thi s typ e o f  comple x systems , 
includin g ca r  brake s an d bicycl e pumps ,  th e 
disadvantage s o f  lo w abilit y  ca n b e overcom e b y th e 
additio n o f  explici t  functiona l  information . 

Thes e result s hav e implication s fo r  theorie s o f 
diagrammati c reasoning .  Th e finding s indicat e tha t 
learner s o f  al l  abilitie s ar e abl e t o extrac t  essentia l  part s 
an d thei r  interrelation s from  diagrams ;  howeve r  th e 
advantag e o f  diagram s disappear s whe n learner s wit h 
lo w mechanica l  abilit y  ar e aske d t o m a k e inference s 
beyon d wha t  i s conveye d explicitl y  i n th e diagram . 

I n addition ,  thes e result s hav e implication s fo r 
desig n o f  instruction s an d explanation s a s wel l  a s 
comprehensio n o f  comple x systems .  Instruction s an d 
text s dependin g solel y o n diagram s wil l  b e ineffectiv e 
fo r  som e users ,  especiall y fo r  functiona l  information . 
Instructiona l  illustration s o f  mechanical ,  scientific ,  o r 
abstrac t  system s suc h a s governmenta l  legislatio n nee d 
t o includ e explanator y text .  Takin g int o accoun t  th e 
abilit y  o f  th e learner ,  th e perspectiv e o f  th e information , 
and th e mediu m i n whic h i t  i s  portrayed ,  wil l 
dramaticall y increas e th e accurac y an d amoun t  o f 
informatio n tha t  ca n b e acquire d from a  portraya l  o f  a 
comple x system . 
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Abstrac t 

In the present studies, we assessed college undergraduate 
researc h participants '  model s o f  th e earth' s compositio n an d 
dynamics ,  bot h withou t  an d wit h acces s t o a  we b sit e o n plat e 
tectonics .  I n previou s studies ,  i t  ha s bee n foun d tha t  argumen t 
writin g task s promot e bette r  understandin g from  we b pages , 
wit h th e bes t  comprehensio n o f  text s observe d whe n student s 
writ e argument s usin g a  two-windo w browser .  I n th e presen t 
investigation ,  w e ar e intereste d i n whethe r  o r  no t  student s i n 
thi s conditio n acquir e mor e advance d conceptua l  model s o f 
th e subjec t  matte r  tha n naiv e students ,  o r  student s i n othe r 
reading /  writin g conditions . 

In previous studies (Wiley & Voss, 1999; Wiley 2001) the 
tas k o f  writin g a n argumen t  an d th e presentatio n o f  w e b 
page s i n tw o side-by-sid e window s wer e foun d t o lea d t o th e 
most  comparison ,  integratio n an d explanatio n i n studen t 
essays .  Thi s resulte d i n bette r  understandin g o f  th e subjec t 
matter ,  a s measure d b y inferenc e an d analog y tasks . 
Theoretically ,  presentin g informatio n i n multipl e source s a s 
wel l  a s askin g student s t o construc t  thei r  o w n argiunent s 
bofl i  see m lik e condition s whic h m a y especiall y promp t 
activ e processing ,  an d deman d tha t  readers  tr y t o develo p 
thei r  o w n model s o f  th e text .  (Wile y &  Voss ,  1999 ,  Perfetti , 
1997 ;  Kintsch ,  1998) .  Th e presen t  studie s first  investigate d 
what  Eart h Scienc e concept s student s held ,  specificall y 
pertainin g t o th e causa l  natur e o f  volcani c eruptions ,  withou t 
receivin g an y instructio n a t  all .  Second ,  w e advance d a 
taxonom y o f  studen t  concept s abou t  volcanoe s an d plat e 
tectonics ,  an d w e investigate d whethe r  manipulatin g th e 
writin g instructio n (essa y o r  argument) ,  a s wel l  a s th e typ e 
of  w e b interfac e (on e w indo w o r  tw o windows )  th e 
material s wer e presente d in ,  ha d an y effec t  o n th e qualit y o f 
students '  causa l  model s o f  a  phenomeno n i n Eart h Science , 
th e eruptio n o f  Mt .  St .  Helen s 

Earth Science Concepts 
Students '  understandin g o f  Eart h Scienc e concept s i s  a 
historicall y neglecte d topi c tha t  ha s onl y begu n t o receiv e 
th e necessar y attention .  Consequently ,  menta l 
representation s o f  th e complexit y o f  ou r  plane t  an d th e 
cause s o f  it s  natura l  phenomen a i s a n appropriat e topi c fo r 
conceptua l  chang e researcher s t o focu s o n a s wel l  a s a n 
importan t  goa l  fo r  educators .  B y th e ag e o f  13 ,  mos t 
childre n hav e acquire d a  spherica l  eart h concept .  The y hav e 
develope d a  mode l  o f  th e Eart h tha t  correspond s t o a  plane t 

( a hug e spher e surrounde d b y space) .  Vosniado u an d 
Brewe r  (1992 )  delineate d a  serie s o f  model s tha t  m a n y 
childre n hol d a s the y approac h a  matur e understandin g o f 
th e earth' s shape .  Mos t  childre n wil l  acquir e a  roun d eart h 
concep t  b y fift h grade .  Thi s knowledg e alon e i s a n 
in^ortan t  buildin g bloc k fo r  understandin g o f  m a n y Eart h 
Scienc e concepts ,  however ,  ther e ar e stil l  importan t 
conceptua l  development s i n Eart h model s tha t  nee d t o occu r 
i n orde r  fo r  student s t o understan d m a n y othe r  topic s i n 
Eart h Science . 

For many Earth Science topics, following die adoption of a 
spherica l  Eart h model ,  di e student s nee d t o refin e thei r 
understandin g o f  th e compositiona l  propertie s an d surfac e 
feature s o f  tha t  model .  Specifically ,  student s nee d t o 
develo p model s tha t  ca n accoun t  fo r  roc k cycles ,  mountai n 
formation ,  se a floor  dynamics ,  an d geologica l  disaster s suc h 
as earthquake s an d volcanoes .  The y nee d t o develo p 
model s tha t  explai n geologica l  dat a relatin g t o change s i n 
th e Earth' s surface .  Thi s seem s t o b e problemati c fo r  m a n y 
student s a s the y ar e presente d wit h n e w Eart h Scienc e 
information . 

Generally aroimd fifth or sixth grade, the composition and 
dynamic s o f  th e Eart h ar e include d i n a n Eart h Scienc e 
curriculimi .  Ros s an d Shuel l  (1993 )  foun d tha t  student s i n 
grade s K  throug h 6  ha d m a n y misconception s abou t  di e 
cause s o f  earthquakes .  S o m e example s o f  yoim g children' s 
misconception s are :  tha t  earthquake s ar e cause d b y win d o r 
weather ;  tha t  volcanoe s ar e cause d b y th e hea t  o f  th e su n o r 
b y mountains ;  an d tha t  volcanoe s an d earthquake s ca n hav e 
animistic/humanisti c explanations ,  lik e th e eard i  i s  'hipset" , 
and dia t  thes e event s s o m e h o w reflect  th e earth' s mocj d o r 
temperament . 

The American Geological Institute (1991) has prescribed the 
understandin g o f  h o w th e Earth' s crus t  i s  movin g an d th e 
Theor y o f  Plat e Tectonic s a s essentia l  question s t o b e 
answere d b y student s i n grade s 9-12 .  However ,  eve n afte r 
thei r  first  instructio n o n thes e topics ,  student s hav e m a n y 
misconception s abou t  th e cause s o f  earthquake s an d 
volcanoes .  Marque s an d Thompso n (1997 )  foun d tha t 
sixtee n an d seventee n year-ol d Portugues e student s hel d 
numerou s misconception s abou t  th e Earth' s continents , 
magneti c field,  an d tectoni c plat e movements .  Fo r  instance , 
some student s believe d tha t  tectoni c plate s rotat e aroun d a 

453 

mailto:joshh@uic.edu
mailto:jwiley@uic.edu


plat e axis ,  whil e other s believe d tha t  ther e i s a  progressiv e 
coolin g o f  th e Earth ,  whic h cause s th e crus t  t o crack . 
Barro w an d Haskin s (1996 )  hav e show n tha t  Eart h Scienc e 
misconception s exten d beyon d grad e 1 2 an d ar e exhibite d 
by colleg e student s i n a n introductor y geolog y course ,  o f 
whic h les s tha n 7 % believe d thei r  earthquak e knowledg e t o 
be goo d o r  excellent .  M a n y adult s thin k tha t  earthquake s 
ca n b e predicte d b y th e weathe r  o r  th e tides .  S o m e stil l  hav e 
a mode l  o f  th e earth' s surfac e wit h continent s floating  o n 
to p o f  oceans ,  whil e other s se e volcanoe s an d earthquake s 
as th e resul t  o f  th e eart h buildin g u p to o muc h pressure ,  hea t 
or  othe r  interna l  stuff ,  makin g th e Eart h lik e a  balloo n o r 
pimple .  Clearly ,  Eart h Scienc e i s a  domai n wher e master y 
among childre n an d youn g adult s i s rar e an d misconception s 
ar e widespread . 

In one of the few investigations that have been done on 
people' s understandin g o f  advance d Eart h Scienc e concepts , 
Gober t  (2000 )  ha s foun d tha t  whe n younge r  student s 
atten^ t  t o produc e causa l  explanation s abou t  Eart h Scienc e 
phenomena ,  the y ten d t o demonstrat e incomplet e o r 
distorte d knowledge .  Gober t  (2000 )  classifie d studen t 
model s usin g typologie s o f  th e interio r  o f  th e Eart h an d th e 
causa l  mechanism s o f  volcani c eruptions .  Gobert' s  typolog y 
of  explanation s fo r  volcani c eruptio n consist s o f  typ e l a 
model s i n whic h mechanism s ar e heat-relate d onl y (lik e th e 
eart h cor e get s to o hot) ,  typ e l b models ,  whic h involve d 
movement-relate d causa l  mechanism s an d ar e voi d o f  heat -
relate d causa l  concept s (lik e th e m a g m a rises  o r  pushe s u p 
d i rou ^  th e crus t  an d cause s a  volcano) ,  typ e 2  mixe d 
models ,  whic h contai n som e element s o f  hea t  an d 
movement  causa l  mechanism s bu t  ar e no t  elaborat e o r 
integrate d (th e insid e o f  th e eart h i s  hot ,  m a g ma pushe s up) , 
and typ e 3  models ,  whic h consis t  o f  multiple ,  wel l 
integrated ,  heat-relate d an d movement-relate d mechanisms . 
At  leve l  3  th e ide a tha t  hea t  cause s movement ,  an d mor e 
specificall y tha t  convectio n current s i n th e earth' s cor e 
caus e tectoni c plat e movements ,  i s important . 

Gobert's typology is a useful one in analyzing and 
categorizin g th e model s o f  Eart h Scienc e students .  Wit h 
some mino r  addition s an d fme-tunin g i t  i s  utilize d i n th e 
dat a analysi s i n A e presen t  studies . 

Argumentation Tasks 
I t  i s  possibl e tha t  par t  o f  th e proble m wit h student s 
understandin g o f  Eart h Scienc e i s tha t  the y don' t  integrat e 
th e informatio n tha t  the y ar e presente d wit h int o a  coheren t 
an d complet e model .  Th e achievemen t  o f  thi s goa l  coul d b e 
aide d b y encouragin g student s t o engag e i n task s tha t 
facilitat e th e integratio n o f  relevan t  concept s tha t  ar e 
presente d t o fliem. 

Past work has indicated that argument writing is a task that 
require s student s t o integrat e information ,  particularl y w h e n 
i t  i s  necessar y t o coordinat e informatio n fi-om  differen t 
source s t o m a k e a  cohesiv e representatio n o f  a  phenomenon . 

Wile y an d Vos s (1999 )  foun d tha t  whe n student s wer e aske d 
t o writ e argument s abou t  th e cause s o f  th e Iris h Potat o 
Famin e fro m multipl e source s i t  resulte d i n essay s wit h 
mor e transformation ,  integration ,  an d explanatio n o f  th e 
presente d information ,  tha n whe n student s wer e aske d t o 
writ e narrative s fro m th e sam e se t  o f  sources .  Furthermore , 
student s w h o wrot e argument s wer e bette r  abl e t o identif y 
correc t  inference s an d underlyin g principle s abou t  th e 
cause s o f  th e Potat o Famin e afte r  th e writin g task .  I n 
compariso n t o student s w h o wrot e narrative s fro m textboo k 
chapters ,  student s w h o wrot e argument s fro m th e multipl e 
source s i n a  w e b sit e demonstrate d a  bette r  understandin g o f 
th e subjec t  matter .  Base d o n thi s evidence ,  Wile y an d Vos s 
(1999 )  conclude d tha t  task s whic h requir e student s t o 
construc t  thei r  o w n representatio n o f  a  situatio n yiel d th e 
most  conceptua l  learnin g i n web-lik e environments ;  an d th e 
argumen t  writin g tas k promote d understandin g becaus e i t 
require d student s t o integrat e informatio n fro m acros s 
multipl e source s a s the y create d supfwr t  fo r  a  thesis .  Thi s 
resul t  i s  consisten t  wid i  othe r  studie s demonstratin g tha t 
task s tha t  requir e learner s t o engag e i n active ,  constructiv e 
and integrativ e task s lea d t o th e bes t  understandin g o f  tex t 
(e.g. ,  Chi ,  d e Leeuw ,  Chi u &  LaVancher ,  1994 ;  Goldman , 
1997 ;  McNamara ,  Kintsch ,  Songer ,  &  Kintsch ,  1996 , 
Scardemeli a &  Bereiter ,  1987 )  a s wel l  a s studie s o n 
collaborativ e discours e whic h hav e foun d tha t  student s w h o 
engag e i n mor e argumentation-relate d behavior s develo p a 
bette r  understandin g from  pee r  discussio n (Anderson ,  e t  al . 
2001 ;  Chinn ,  Anderso n &  Waggoner ,  2000) . 

There has been little work studying how students use 
multipl e windows ,  o r  lookin g a t  optima l  condition s fo r 
multipl e w indo w us e (Foss ,  1989 ;  va n Oostendorp ,  1996) . 
Recently ,  Wile y (2001 )  foun d tha t  whe n reader s wer e give n 
explici t  instructio n o n h o w t o us e th e browse r  ther e wer e 
some learnin g benefit s fo r  a  two-windo w interface ,  whil e 
ther e wa s a n eve n mor e resilien t  facilitatio n fo r 
argumentatio n task .  Ther e appear s t o b e growin g evidenc e 
tha t  engagin g i n argumentation ,  an d simila r  tasks ,  facilitate s 
conceptua l  learnin g an d integratio n o f  ne w material . 

Present Studies 
I n th e presen t  studies ,  w e assesse d undergraduates '  model s 
of  th e Earth' s compositio n an d dynamics .  I n th e firs t  stud y 
we aske d undergraduate s fo r  thei r  understandin g o f  wha t 
cause s volcani c eruption s withou t  providin g the m wit h an y 
readin g material .  I n a  secon d study ,  w e teste d whether 
undergraduate s woul d displa y mor e matur e model s afte r 
engagin g i n argumentatio n tasks .  Undergraduate s wer e 
aske d t o rea d document s fro m a  w e b sit e abou t  earthquake s 
and volcanoe s eithe r  wit h th e genera l  instructio n t o lear n th e 
informatio n s o tha t  the y coul d writ e a n essa y abou t  wha t 
cause d th e eruptio n o f  M t  S t  Helens ,  o r  th e specifi c 
instructio n tha t  the y shoul d rea d th e sit e i n orde r  t o writ e a n 
argumen t  o f  wha t  cause d th e eruptio n o f  M t  S t  Helens .  I n 
addition ,  student s eithe r  rea d th e informatio n presente d i n a 
single-windo w o r  two-windo w browser .  I n general ,  pas t 

454 



wor k ha s foun d tha t  bot h th e two-windo w desig n o f  th e 
browse r  a s wel l  a s th e argumen t  writin g tas k ar e responsibl e 
fo r  promotin g understanding ,  wit h th e bes t  comprehensio n 
of  th e tex t  observe d whe n student s writ e argument s usin g a 
two-windo w browser .  I n th e presen t  investigation ,  w e ar e 
intereste d i n whethe r  o r  no t  student s i n thi s conditio n 
acquir e mor e advance d conceptua l  model s o f  th e subjec t 
matter . 

An accurate understanding of the nature of the eruption of 
Mt .  St .  Helen s woul d entai l  th e followin g information :  Mt . 
St .  Helen s i s a  subductio n zon e volcano ,  whic h mean s tha t  i t 
i s  locate d o n a  tectoni c plat e boundar y an d no t  o n a  hotspot . 
The Earth' s tectoni c plate s ar e know n t o move ,  du e t o 
convectio n current s i n th e Earth' s liqui d layers .  Th e plate s 
tha t  li e underneat h Mt .  S t  Helen s pushe d together ,  o r 
converge ,  leadin g t o subduction .  Consequently ,  thi s 
subductio n (on e tectoni c plat e slidin g underneat h th e other ) 
cause s soli d mantl e from  th e botto m plat e t o b e pushe d 
down t o area s o f  highe r  temperature .  Thi s soli d mantl e 
melt s i n th e hig h temperatur e an d becam e viscou s liqui d 
magma.  Viscou s m a g ma build s u p an d cause s a n increas e 
i n pressure ,  whic h i s no t  release d unti l  th e m a g ma shift s an d 
an eruptio n occurs . 

Study 1 
Metho d 
Participants .  2 8 undergraduate s a t  th e Universit y o f  Illinoi s 
at  Chicag o participate d i n thi s experiment . 

Procedure. The participants were asked to answer the 
questio n "Wha t  cause d th e eruptio n o f  Mt .  St .  Helen s o n 
M ay 18 ,  1980?" .  Student s wer e aske d t o writ e a t  leas t  a 
paragraph . 

Measures. Student concepts were assessed by coding 
answer s fo r  th e kin d o f  model s tha t  student s ha d o f  h o w 
volcani c eruption s happen .  Th e codin g schem e wa s 
originall y base d o n Gobert' s  (2000 )  typology ,  bu t  severa l 
categorie s neede d t o b e adde d o r  amende d t o accoun t  fo r  th e 
model s w e observe d i n ou r  protocols .  Th e differen t  level s o f 
our  typolog y ar e describe d below . 

Student Models of Volcanic Eruptions 

It should be noted that some models are not necessarily 
incorrec t  explanation s o f  volcani c eruption s pe r  se ,  becaus e 
the y coul d accoun t  fo r  certai n type s o f  volcanoes .  Bu t  man y 
ar e no t  sufficien t  explanation s o f  w h y Mt .  St .  Helens ,  a 
stratovolcano ,  erupte d a s i t  did . 

Type 0 Incorrect, Superficial Models 
Student s wer e assigne d a  0  i f  thei r  explanatio n o f  th e caus e 
of  volcanoe s wa s relate d t o a n irrelevan t  surfac e featur e o f 
th e earth .  Example s o f  explanation s a t  Leve l  0  ar e tha t 
volcanoe s ar e cause d b y surfac e conditions ,  suc h a s wind , 
avalanches ,  landslides ,  mountains ,  weather ,  sun ,  th e orbi t  o f 

planets ,  tides ,  faults ,  time ,  dormanc y o r  to o muc h lava ,  a s 
wel l  a s non-explanations .  Essay s tha t  di d no t  includ e an y o f 
th e majo r  causa l  agent s identifie d belo w receive d a  0 . 

Type 1 Local Models 
Model s tha t  mentione d single ,  loca l  cause s o f  movemen t  o r 
heat ,  a s i n Gobert' s  (2000 )  typology ,  o r  th e concep t  pressur e 
wer e assigne d a  '1' .  Model s wer e give n thi s ratin g i f  the y 
expresse d th e ide a o f  on e o f  thes e thre e a s bein g th e causa l 
agen t  i n th e eruptio n o f  th e volcano .  Th e additio n o f  th e 
concep t  pressur e a s a  typ e 1  causa l  agen t  wa s mad e becaus e 
thi s concep t  i s  a  separat e notio n from  hea t  o r  movemen t  an d 
i s relevan t  t o th e eruptio n o f  a  stratovolcano ,  suc h a s Mt .  St . 
Helens ,  i n whic h n o ga s escape s from  th e volcan o befor e a 
violen t  eruption .  A  secon d amendmen t  from  Gobert' s 
typolog y wa s splittin g th e movemen t  categor y int o tw o 
separat e categories ,  on e specificall y relate d t o m a g ma o r 
lav a movement ,  an d th e secon d relate d t o plat e movement . 
Afte r  proposin g thi s codin g analysis ,  non e o f  th e student s 
had a n explanatio n relate d t o m a g ma movemen t  alone ,  s o a 
singl e movemen t  categor y wa s retained . 

Explanations of Type lA tended to mention hot, melting or 
molte n m a g m a,  th e temperatur e o f  th e m a g m a,  an d th e hea t 
of  th e earth' s core .  Explanation s o f  Typ e I B mentione d th e 
movement ,  shifting ,  colliding ,  rubbin g o r  interactin g o f 
plates .  Explanation s o f  Typ e I C tende d t o mentio n tha t  th e 
volcan o o r  Eart h wa s ful l  o f  gas ,  th e m a g ma ha d to o m u c h 
gas ,  tha t  ther e wa s pressur e o r  tha t  th e m a g ma wa s bein g 
kep t  unde r  force . 

Type 2 Mixed Models 
Model s tha t  include d plat e movemen t  wit h eithe r  heat , 
pressure ,  forc e o r  chemica l  processe s wer e assigne d a  '2' . 
I n thes e models ,  multipl e factor s wer e mentione d bu t  no t 
causall y related . 

Type 3 Integrated Models 
Onl y model s tha t  causall y relate d hea t  o r  pressur e an d 
movement  i n eithe r  directio n (i.e .  convectio n current s caus e 
plat e movement ;  o r  plat e movemen t  cause s plate s t o subduc t 
and melt ,  formin g m a g m a tha t  rises  unde r  volcanoes )  wer e 
code d a s leve l  3  models . 

Examples of explanations included in the naive student 
model s alon g wit h frequency  o f  occurrenc e ar e include d i n 
Tabl e 1 . 

Table 1: Frequency of Naive Models with Examplet 
Model 

T y p e O 

T y p e l A 

Example s 

I  assum e tha t  th e eruptio n wa s 
due t o a  geologica l  disturbanc e 
suc h a s a  sudde n misalignmen t 
of  orbits . 

The eruptio n o f  Mt .  St .  Helen s 
was cause d b y th e hea t  buil d u p 

Frequenc y 

7 (25% ) 

3 (10.71% ) 

455 



Typ e I B 

T y p c l C 

Typ e 2 

T y p e 3 

i n th e earth' s core.. . 
Th e eruptio n o f  th e volcan o wa s 
cause d b y a  sudde n shiftin g i n 
th e earth' s tectoni c plates .  Thi s 
shiftin g cause d a  disruptio n o f 
th e mountain.. . 
Th e eruptio n o f  Mt .  St .  Helen s 
occurre d becaus e ther e wa s a n 
enormou s amoun t  o f  pressur e o n 
th e volcano.. .  I t  coiJdn' t  kee p 
th e lav a in ,  an d erupted . 
Th e eruptio n o f  Mt .  St .  Helen s 
was cause d b y movemen t  i n th e 
plates... .  Th e lav a i s heate d t o 
th e poin t  wher e i t  ha s t o escape . 
Volcani c eruption s ar c th e resul t 
of  th e earth' s tectoni c plate s 
shiftin g belo w th e surface .  A s 
th e plate s m o v e pas t  eac h other , 
friction  build s u p an d ho t  m a g ma 
forms .  Onc e th e plate s ar e 
pushe d t o a  certai n point ,  th e 
m a g ma i s force d u p throug h 
volcanoes . 

8 (28.57% ) 

7 (25% ) 

2(7.14% ) 

1 (3.57% ) 

ImpUcation s 
A surprisin g numbe r  o f  undergraduate s hav e incomplet e o r 
incorrec t  model s o f  w h y Mt .  S t  Helen s erupted .  Consisten t 
wit h anecdota l  reports ,  ther e ar e a  numbe r  o f  persisten t 
misconception s abou t  w h y volcani c eruption s an d 
earthquake s occur .  I n stud y 2 ,  w e addres s th e exten t  t o 
whic h student s m a y underg o conceptua l  developmen t  a s 
the y construc t  argument s from  evidenc e presente d i n a  w e b 
site . 

Study 2 
Me tho d 
Participants .  4 0 undergraduate s a t  th e Universit y o f  Illinoi s 
at  Chicag o participate d i n thi s experiment . 

Design. There were two manipulations in this experiment. 
The firs t  manipulatio n wa s i n di e instruction s tha t  student s 
wer e given .  Twent y o f  th e student s wer e aske d t o rea d th e 
web sit e i n orde r  t o "writ e a n essa y o f  wha t  cause d th e 
explosio n o f  M t  S t  Helen s i n 1980" ,  whil e th e othe r  twent y 
wer e give n th e exac t  sam e instruction s excep t  th e wor d 
essa y wa s replace d b y th e wor d argument . 

The second manipulation was in the format of the browser 
i n whic h th e w e b sit e wa s presented .  I n thi s experiment , 
student s eithe r  rea d th e document s from a  single-windo w 
browser ,  meanin g die y chos e document s from a  documen t 
lis t  tha t  wa s presente d a t  th e star t  o f  th e experiment ,  an d 
viewe d th e document s on e a t  a  time .  Th e othe r  hal f  o f  th e 
student s wer e give n a  two-windo w browser ,  bu t  the y als o 
got  specifi c  instruction s abou t  w h y the y wer e bein g give n 
tw o window s "i n orde r  t o compar e acros s documents" . 

Furthe r  i n thi s conditio n th e lis t  o f  document s wa s spli t  i n 
half ,  s o tha t  i n orde r  t o rea d al l  o f  th e informatio n reader s 
had t o us e bot h windows .  Al l  student s receive d explici t 
instructio n o n h o w t o us e th e browse r  environment . 

In  each of the two presentation conditions, half the students 
receive d a n essa y writin g instructio n whil e hal f  receive d th e 
argumen t  writin g instruction .  Thi s yielde d a  2x 2 (writin g 
tas k X  browse r  format )  desig n wit h 1 0 student s i n eac h o f 
th e fou r  conditions . 

Materials. The contents of the page were taken from the 
U S GS we b page .  Picture s an d diagram s wer e presente d 
wit h captions ,  bu t  i n thei r  o w n window s (a s documents) . 
Ther e wer e n o hyperlink s betwee n document s othe r  tha n 
navigationa l  link s bac k t o th e overvie w lists ,  an d betwee n 
th e overvie w lis t  an d th e documents . 

Procedure. The participants were asked to read documents 
fro m a  w e b pag e abou t  Geologica l  Hazard s i n orde r  t o writ e 
eithe r  a n essa y o r  a n argument .  Al l  participant s wer e give n 
30 minute s t o rea d th e document s an d writ e thei r  essays . 

Measures. Students' concepts were assessed by evaluating 
th e qualit y o f  th e essays .  W e code d essay s usin g th e codin g 
scheme develope d i n Stud y 1 .  T w o rater s independentl y 
code d eac h essay ,  blin d t o condition .  Inter-rate r  reliabilit y 
was abov e .90 .  Discrepancie s wer e resolve d throu ^ 
conversation . 

Additionally a demographics questionnaire was 
administere d a t  th e en d o f  th e experimenta l  sessio n tha t 
include d th e question ,  " H o w muc h di d yo u kno w abou t  Mt . 
St .  Helen s an d it s relatio n t o plat e tectonic s befor e readin g 
thi s site? "  Participant s answere d thi s questio n o n a  scal e o f 
1-10 ,  wit h 1  meanin g "no t  much "  an d 1 0 meanin g " a lot" . 

Examples of Student Explanations 
The followin g example s ar e excerpt s o f  th e participants ' 
writte n essays .  T w o example s o f  eac h categor y ar e 
provided .  Onl y th e portion s o f  th e essay s containin g 
relevan t  idea s ar e included . 

Type 0 Incorrect, Superficial Model 
.. .  th e climat e ha s a  dramati c effec t  o n volcanoes . 

Type lA Local Heat Model 
.. .  i n certai n location s aroun d th e worl d volcanis m ha s bee n 
activ e fo r  a  lon g tim e whic h mean s ther e ar e a  ho t  spot s 
unde r  th e plate s whic h ar e exceptionall y ho t  region s tha t 
provid e localize d hig h hea t  energ y t o use . 
...Belo w som e plate s ther e ar e ho t  region s whic h giv e of f 
hig h hea t  energy ,  thu s sustainin g volcanism . 

Type IB Local Movement Model 
..  .Th e eart h i s buil t  aroun d a  doze n plates...A s th e plate s 
move,  i t  cause s th e plate s t o ru b agains t  eac h other ,  causin g 
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th e explosio n o f  th e volcano . 
..  .I n th e cas e o f  M t  S t  Helens ,  a n oceanic-continenta l 
boundar y formed .  A  dens e plat e from  th e ocea n floor  meet s 
a les s dens e plat e o f  continenta l  land ,  creatin g th e 
mountainou s are a aroun d M t  S t  Helens....Th e materia l  o f  th e 
dens e plat e goe s dee p int o th e eart h an d eventuall y 
transform s int o magma,  a  produc t  o f  a  volcano.. . 

TypelC Local Pressure Model 
...Th e fierc e explosio n o f  Mt .  St .  Helen s wa s du e t o th e fac t 
tha t  ga s wa s trippe d insid e th e magma.  Thi s ga s can' t 
escap e unti l  m a g ma enter s th e throa t  o f  th e volcano.. . 
...Moim t  S t  Helen s violen t  explosio n wa s du e t o grea t 
amount  o f  silic a (i n th e magma)... .  Thes e ar e wha t  sto p 
gase s from  escapin g a t  th e prope r  time.. . 

Type 2 Mixed Models 
...Ther e coul d b e severa l  reason s w h y Mt .  St .  Helen s 
erupted .  However ,  I  believ e a  collisio n o f  oceani c an d 
continenta l  plate s cause d th e earthquak e tha t  cause d Mt .  St . 
Helen s t o erupt...Eventuall y th e Jua n d e Fuc a plat e an d th e 
Nort h America n plate ,  smashe d int o eac h other ,  causin g a 
grea t  disturbanc e underneat h Mt .  St .  Helen s volcano .  Th e 
gas insid e th e volcan o coul d no t  escape.. .  th e pressur e buil t 
up insid e th e volcan o an d gre w to o stron g an d cam e ou t  a s 
one bi g burst . 
...Thre e plate s com e int o pla y underneat h Mt .  St . 
Helens...Th e movemen t  o f  tiiese  plate s an d th e adde d buil d 
up o f  pressur e caus e a  seismi c zon e t o for m unde r  Mt .  St . 
Helens -

Type 3 Integrated Models 
What  produce d th e explosio n o f  Mt .  St .  Helens ? Th e 
explosio n coul d hav e bee n cause d b y th e collisio n o f 
oceani c an d continenta l  plates.. .  A s th e subductin g oceani c 
crus t  melt s withi n th e asdienospher e th e ne w m a g ma rise s t o 
th e to p o f  th e surfac e an d form s volcanoes .  Shallo w 
earthquake s ar e associate d wit h hig h mountai n range s whe n 
intens e compressio n i s occurring .  Mos t  volcani c eruption s 
occu r  nea r  plat e boimdaries . 
The eruptio n o f  Mt .  St .  Helen s wa s cause d b y th e unsettle d 
m a g ma an d ga s pressure .  A s plate s meet ,  th e dense r  heavie r 
plat e wil l  b e force d t o sin k belo w th e lighte r  plate .  A s i t 
moves below ,  m a g ma i s forme d a s extremel y hig h 
temperature s belo w th e mantl e mel t  th e plate .  Ga s an d 
m a g ma flow  t o th e surface ,  pushin g unti l  mountain s an d 
volcanoes ,  whic h wil l  eventuall y erupt ,  ar e formed .  The y 
erup t  du e t o thi s pressure.. . 

Distribution of Models across conditions 
The distributio n o f  model s b y reading ,  writin g an d windo w 
conditio n ar e presente d i n Tabl e 2 .  A  2x 2 (writin g conditio n 
x window )  A N O V A wa s conducte d o n th e groups ' 
numerica l  self-rating s o f  previou s Mt .  St .  Helen s knowledg e 
and ther e wer e n o significan t  difference s acros s th e 
experimenta l  groups ,  (F<1) . 

Tabl e 2 :  Frequenc y o f  Model s b y Writin g an d W i n d o w 
Conditio n 

Model  leve l 0 1 2 3 

Narrativ e 

1 w indo w 

2 w indo w 

3 

1 

6 

5 

1 

2 

0 

2 

Argumen t  | 

1 w indo w 

2 w indo w 

Tota l 

Readin g 

No Readin g 

1 

1 
6 

15 % 
25 % 

3 
3 

17 

4 2 . 5 % 

65 % 

5 
4 

12 
30 % 
7 % 

1 
2 

5 

1 2 . 5 % 

4 % 

Chi  squar e analysi s o n th e frequency  o f  model s b y writin g 
conditio n indicate d tha t  model s wer e no t  evenl y distributed . 
Narrativ e writer s ha d mor e model s a t  level s 0  an d 1  versu s 2 
and 3 ,  whil e argumen t  writer s ha d mor e model s a t  level s 2 
and 3  i f  anythin g ( X \ \ ) = 4 M ,  e<.03) .  (A n overal l  ch i 
squar e analysi s o n th e eigh t  cell s wa s no t  possibl e du e t o 
lo w cel l  size) .  N o effect s o f  numbe r  o f  window s wer e see n 
i n a  ch i  squar e o n th e frequency  o f  model s b y th e window s 
condition ,  (X^<1) . 

ImpUcations: 
The result s o f  thi s stud y indicat e tha t  yoim g adult s hav e 
incomplet e model s o f  th e Earth' s compositio n an d dynamic s 
as indicate d b y thei r  observe d model s o f  th e eruptio n o f  Mt . 
St .  Helens .  Althoug h severa l  student s wer e abl e t o exliibi t 
some understandin g o f  volcani c eruption s i n general ,  m a n y 
of  thei r  model s di d no t  sho w an y understandin g o f  th e 
importanc e o f  th e Theor y o f  Plat e Tectonic s o r  tha t  ther e ar e 
differen t  kind s o f  volcanoes .  Generally ,  student s coul d no t 
accuratel y describ e Mt .  St .  Helen s a s a  subductio n zon e 
volcano ,  eve n afte r  readin g severa l  docimient s abou t  th e 
topi c tha t  containe d al l  o f  th e necessar y information . 

Consistent with Wiley (2001) it was found that argxmient 
writin g di d facilitat e bette r  understandin g an d mode l 
buildin g from  scientifi c  electroni c text ,  whil e providin g a 
two-windo w browse r  onl y showe d a  beneficia l  trend .  Thes e 
results ,  based  o n a  smal l  numbe r  o f  participants ,  ftirther 
sugges t  tha t  conceptua l  development ,  i n a  domai n suc h a s 
Eart h Science ,  i s aide d b y task s tha t  encourag e integration . 
But  th e degre e o f  learnin g (an d th e fac t  tha t  no t  al l  student s 
achieve d a n understandin g o f  plat e tectonic s an d volcani c 
eruptio n i n thi s condition )  suggest s tha t  ther e m a y b e othe r 
piece s o f  th e puzzl e neede d t o advanc e student s beyon d 
thei r  misconception s i n thi s domain . 

It may be that in areas such as Earth Science, where students 
lac k concret e experienc e wit h observin g an d dissectin g 
planets ,  som e concept s ar e particularl y difficul t  t o lear n 
abou t  from  text .  Additionall y Gober t  (2000 )  assert s tha t 
plat e tectonic s concept s ar e difficul t  fo r  childre n t o lear n 
due t o th e larg e siz e scale s o f  th e agent s involved ,  an d th e 
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extremel y lon g tcmpwra l  scale s tha t  exten d fa r  beyon d a 
human lifetime .  Student s ma y als o An d i t  difficul t  t o 
integrat e an d visualiz e thes e concept s i n orde r  t o understan d 
th e structur e an d behavio r  o f  th e planet .  Base d o n th e 
presente d studie s thi s hold s tru e fo r  youn g adult s a s well . 
Master y o f  thi s domai n essentiall y  require s understandin g 
dynami c spatia l  information ,  whic h ma y mak e images , 
animation s an d simulation s quit e important .  Althoug h i n 
general ,  evidenc e fo r  th e beneficia l  effect s o f  visua l  adjunct s 
on learnin g i s mixe d (Wiley ,  i n press ;  Wile y &  Hemmerich , 
i n press) ,  fo r  th e master y o f  thes e concept s suc h adjunct s 
m ay b e critical .  W e ar e intereste d i n pursuin g thi s 
hypothesis ,  an d it s effect s o n long-ter m learning ,  i n fiitur e 
studies . 
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Abstrac t 

I n tun e wit h th e 24t h Annua l  Cognitiv e Scienc e 
Conference' s emphasi s o n application ,  thi s pape r  present s 
an empirica l  compariso n betwee n tw o method s use d i n 
agent  tracking .  Th e nee d t o predic t  a n agent' s intent s o r 
futur e action s ha s bee n wel l  documente d i n mUlti-agen t 
system' s literatur e an d ha s bee n motivate d b y bot h 
systematically-practica l  an d psychologically-principle d 
concerns .  However ,  littl e effor t  ha s focuse d o n th e 
compariso n o f  predictiv e modelin g techniques .  Thi s pape r 
compare s th e performanc e o f  tw o predictiv e model s bot h 
develope d fo r  th e same ,  well-define d modelin g task . 
Specifically ,  thi s pape r  compare s th e performanc e o f  a 
neura l  networ k base d mode l  an d dead-reckonin g model , 
bot h use d t o predic t  a n agent' s trajector y an d position . 
Afte r  introducin g th e backgroun d an d motivatio n fo r  th e 
research ,  thi s pape r  review s th e for m o f  th e dead-reckonin g 
algorithms ,  th e architectur e an d trainin g algorithm s o f  th e 
neura l  networks ,  th e integratio n o f  th e model s int o a  large -
scal e simulatio n environment ,  an d th e mean s b y whic h th e 
performanc e measure s ar e generated .  Quantitativ e 
measure s from  ou r  experiment s indicat e that ,  fo r  th e tas k 
considered ,  th e neura l  networ k base d mode l  provide s 
greate r  predictiv e utility ,  bu t  a t  a n increase d cos t  i n 
processin g time.  Performanc e measure s ar e presente d ove r 
increasin g level s o f  erro r  tolerance . 

I n t r o d u c t i o n 

Intelligen t  agent s typicall y operat e i n a n environmen t 
populate d b y othe r  intelligen t  agents .  Agent s m a y hel p 
eac h other ,  hinde r  eac h other ,  ge t  i n eac h other' s way ,  o r 
ignor e eac h other ,  ofte n withou t  directl y communicatin g 
thei r  intent .  I n orde r  fo r  a n agen t  t o achiev e it s goals ,  i t  i s 
thu s sometime s necessar y fo r  th e agen t  t o determin e wher e 
th e othe r  agent s are ,  wha t  the y ar e doing ,  an d wh& X thei r 

plan s are .  Fo r  example ,  a n agen t  m a y wan t  t o infe r  wha t 
pla n a n opponen t  i s executin g s o tha t  th e agen t  ca n selec t 
countermoves .  H a n an d Velos o (1995) ,  Ra o (1994) ,  R a o 
and Georgef f  (1995) ,  T a m b e an d Rosenbloo m (1995) ,  an d 
T a m be (1996 )  hav e studie d variou s form s o f  recognizin g 
an agent' s intents . 

Sometime s i t  i s  necessar y t o infe r  fact s tha t  ar e normall y 
observable ,  suc h a s agen t  location ,  becaus e o f  senso r  o r 
othe r  limitations .  Fo r  example ,  a  pilo t  agen t  m a y nee d t o 
predic t  wher e a  threa t  aircraf t  i s  flyin g afte r  i t  enter s a 
cloud .  Ther e ar e m a n y approache s t o predictin g agen t 
trajectories ,  includin g Newtonia n mechanic s (Li n an d N g , 
1993) ,  neura l  network s (K i m e t  al ,  1999) ,  Hidde n M a r k o v 
Model s (Washington ,  1998 )  an d others .  Thi s pape r 
addresse s a  particula r  applicatio n o f  trajector y predictio n i n 
distribute d simulatio n an d compare s th e effectivenes s o f  a 
neura l  networ k t o a  common l y use d Newtonia n approac h 
fo r  thi s application . 

Th e remainde r  o f  thi s sectio n defme s th e trajector y 
estimatio n proble m i n th e distribute d simulatio n applicatio n 
an d describe s a  previou s us e o f  neura l  network s fo r 
estimatin g agen t  trajector y i n a  visua l  scannin g application . 
Th e pape r  the n describe s a  neura l  networ k approac h fo r 
trajector y estimatio n i n distribute d simulatio n an d present s 
result s an d comparison s wit h Newtonia n dea d reckoning . 

Dead Reckoning in Distributed Simulation 

I n a  Distiibute d Interactiv e Simulatio n (DIS )  (DI S Steerin g 
Committee ,  1994) ,  simulatio n softwar e fo r  eac h agen t  run s 
independentl y o f  othe r  agent s an d broadcast s th e groun d 
trut h abou t  th e stat e o f  th e agen t  throug h networ k packet s 
k n o w n a s protoco l  dat a unit s  (PDUs) .  Eac h simulatio n i n 
D I S use s trajector y estimatio n s o tha t  th e stat e o f  th e agent s 
doe s no t  hav e t o b e broadcas t  frequently.  Li n an d N g 
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(1993 )  explai n h o w dead-reckonin g ca n b e use d t o maintai n 
coherenc e amon g entities '  state s i n a  DI S environment . 
Eac h simulato r  use s Newtonia n equation s o f  motio n suc h a s 
equatio n 1 

2 (I) v =  VQ+ao(A/ ) 

wher e p  =  curren t  positio n 
Po =  initia l  positio n 
V =  cuiren t  velocit y 
vj  =  initia l  velocit y 
ao =  initia l  acceleratio n 
A/  =  elapse d tim e 

to predict the trajectory of other agents. Each simulator 
als o use s th e sam e equatio n t o mode l  th e trajector y o f  it s 
o wn agent ;  th e outpu t  o f  thi s equatio n ca n b e compare d t o 
th e ouq>u t  o f  th e tru e dynamic s mode l  fo r  th e agen t  t o 
determin e w h e n th e model s diverge .  W h e n ,  an d onl y when , 
th e erro r  betwee n model s reaches  a  certai n threshold ,  th e 
simulato r  broadcast s ne w stat e informatio n fo r  it s  agent . 
Figur e 1  showr s thi s proces s i n a  D I S simulatio n calle d 
M o d S AF (Calde r  e t  al ,  1993 )  tha t  w e use d fo r  ou r 
experiments . 

ModSAF 

PR Mode l  UpdMt 

Las t 
ESPDU 

ModSAF Entit y 

EnmyDm 

M 
Dead-Reckonin g Mode l 

SuicDtt i 

V6*»t" * 

OlSNMwoil i 
Figur e 1 .  Dead-Reckonin g Implementatio n i n M o d S A F 

Figure 2 shows how at a series of time steps, the true 
positio n o f  a n agen t  compute d b y th e agen t  dynamic s mode l 
(show n b y th e curve )  deviate s from  a  linea r  dea d 

9 ocKtmcd d 
A daditckoDii g model 

liraho U 

Time 

Figur e 2 .  D I S Dead-Reckonin g Proces s 

reckonin g model .  W h e n th e erro r  exceed s th e threshold , 
th e model s ar e brough t  int o correspondenc e b y th e issuanc e 
of  a n entit y stat e P D U ( E S P D U ) .  Thu s i n th e figure ,  onl y 3 
E S P D Us ar e broadcas t  instea d o f  on e a t  ever y tim e step . 
The goa l  o f  th e researc h presente d her e i s t o reduc e th e 
number  o f  E S P D Us sen t  i n b y DI S simulation s belo w th e 
number  neede d usin g Newtonia n dea d reckoning . 

Neural Networks for Trajectory Estimation 

K i m e t  a l  (1999 )  develope d a  syste m t o generat e short-ter m 
prediction s o f  a n agent' s trajector y suc h tha t  i t  ca n b e use d 
t o predic t  th e agent' s positio n a t  an y fiitur e instance ,  give n 
some windo w o f  time .  The y us e thi s mode l  a s par t  o f  a 
helicopte r  agent' s perceptua l  syste m t o enhanc e th e agent' s 
abilit y t o visiuall y trac k groun d vehicles ,  an d thei r 
motivatio n fo r  thi s mode l  i s  bot h psychologicall y an d 
practicall y rooted .  Psychologically ,  thi s mode l  ca n b e use d 
t o simulat e a  helicopte r  pilot' s  gaz e shiftin g a s h e attempt s 
t o visuall y trac k an d reaquir e multipl e targets .  Thus , 
instea d o f  operatin g i n a  stat e o f  onrmiscience ,  th e agen t  i s 
require d t o juggl e th e ac t  o f  determinin g spatia l  informatio n 
acros s multipl e agents ,  a s woul d b e th e himia n helicopte r 
pilot .  Th e functiona l  ramificatio n o f  thi s approac h i s tha t 
th e tota l  numbe r  o f  perceptua l  input s t o th e agen t  i s reduce d 
at  an y give n instance .  I n othe r  words ,  instea d o f  gettin g 
continuou s perceptua l  informatio n o n al l  o f  th e groun d 
entitie s withi n th e helicopte r  agent' s fiel d o f  view ,  b y usin g 
thi s predictiv e model ,  th e agen t  onl y requires  update d 
informatio n o n entitie s whe n it s attentio n i s  focuse d o n 
thos e entities . 

Th e hig h leve l  architectiu- e o f  thi s syste m i s presente d i n 
Figur e 3 .  Th e agen t  architectur e i s embedde d i n th e 

Long-Ur m Mftmor y 
•D̂daio n makin g 

Workin g Msmer y 

m 

••• 
Outpui  Command* 

Nauni  Nalwort u • 

P>'c«plu » An.lyil a • 

DIS Nalwor k 

F igur e 3 .  Visua l  attentio n fo r  helicopte r  agen t 
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Modula r  Semi-automate d Force s ( M o d S A F )  simulator ,  a 
syste m use d b y th e militar y fo r  trainin g an d research . 
M o d S AF i s elaborate d o n i n sectio n 2 ,  "Methodology" . 
The agent' s intelligenc e i s modele d i n Soa r  (Rosenbloo m e t 
al ,  1993 ;  Newell ,  1990) .  A s a  mode l  o f  natura l  intelligence , 
th e Soa r  softwar e architectur e combine s th e abilitie s t o 
reac t  immediatel y t o situations ,  us e knowledg e i n 
deliberativ e decisio n making ,  ste p bac k from  th e inmiediat e 
situatio n t o perfor m variou s form s o f  proble m solvin g an d 
planning ,  an d lear n from  experience .  A s a n indicato r  o f  th e 
maturit y an d sophisticatio n o f  Soar-base d agents ,  th e 
syste m ha s bee n use d successfull y a s th e productio n mode l 
i n a  numbe r  o f  large-scal e militar y exercise s (Hil l  e t  al , 
1997 ;  Jone s e t  al ,  1999 ;  Nielse n e t  al ,  2000) . 

The input s t o th e neura l  networic s develope d fo r  thi s 
applicatio n consis t  o f  entit y dat a (e.g. ,  call-sign ,  sim-time , 
position ,  velocity ,  etc. )  an d abstracte d terrai n informatio n 
german e t o bot h "on-roads "  an d "cross-country "  trave l  an d 
correlate d t o th e entity' s visua l  fiel d (hill ,  road ,  lake ,  etc) . 
Al l  together ,  th e inpu t  vecto r  consist s o f  19 6 field s an d th e 
outpu t  vecto r  consist s o f  1 5 outpu t  fields  correspondin g t o 
discretize d change s i n headin g rangin g from  -35 °  t o 35° . 
The selecte d headin g change ,  couple d wit h a n assume d 
constan t  spee d an d "delta "  tim e sinc e las t  prediction ,  ca n b e 
use d t o predic t  th e entity' s expecte d locatio n a t  som e time , 
t .  Wit h thi s prediction ,  th e virtua l  helicopte r  pilo t  i s  abl e t o 
loo k awa y from  th e groun d entit y fo r  u p t o 7  seconds , 
withi n som e erro r  threshold . 

Methodology 

Thi s pape r  seek s t o compar e th e performanc e o f  a  neural -
networ k base d mode l  wit h th e dead-reckonin g model .  Lik e 
bot h system s describe d i n section s o n dead-reckonin g an d 
neura l  network s fo r  trajector y estimation ,  thi s experimen t  i s 
implemente d i n M o d S A F ,  a  trainin g an d researc h syste m 
develope d b y th e Army' s Simulation ,  Training ,  an d 
Instrumentatio n C o m m a nd ( S T R I C O M ) .  M o d S A F 
provide s a  se t  o f  softwar e module s fo r  constructin g 
computer-generate d forc e behavior s a t  th e compan y leve l 
and below .  Typically ,  M o d S A F model s ar e enq)loye d t o 
represen t  individua l  soldier s o r  vehicle s an d thei r 
coordinatio n int o orderiy-movin g squad s an d platoons ;  but , 
thei r  tactica l  action s a s unit s ar e planne d an d execute d b y a 
human controller .  Th e huma n behavior s represente d i n 
M o d S AF includ e move ,  shoot ,  sense ,  communicate ,  tactics , 
and situatio n awareness .  Th e authoritativ e source s o f  thes e 
behavior s ar e subjec t  matte r  expert s an d doctrin e provide d 
by th e A r m y Trainin g an d Doctrin e C o m m a nd ( T R A D O C ) . 
M o d S AF use s stat e transitio n construct s inspire d b y finite 
stat e machine s (FSMs )  t o represen t  th e behavio r  an d 
functionalit y o f  a  proces s fo r  a  pre-define d numbe r  o f 
states . 

The scenari o use d fo r  th e compariso n wa s a  road-marc h 
fo r  a  tan k entit y 45-segmen t  rout e show n i n Figur e 4  I t  i s 

approximatel y 7  kilometer s lon g an d take s a  tan k entit y 
abou t  1 5 minute s o f  simulatio n tim e t o trave l  a t  a  Marc h 
Orde r  spee d o f  8  m/s .  Fro m tiiis  1 5 minut e period ,  a  tota l 
of  1376 0 movemen t  update s wer e performed ,  generate d a t  a 
rat e o f  1 5 H Z . 

y 

Figur e 4 .  Rout e Use d fo r  Experimen t 

For this application, a feed-forward architecture 
develope d wit h back-propagatio n trainin g wa s use d t o 
develo p th e neura l  networks .  O n e o f  thes e network s 
predict s th e chang e i n a n entity' s spee d an d A e secon d 
networ k predict s tli e chang e i n th e entity' s heading .  Eac h 
networ k use d a  sigmoi d functio n a t  th e hidde n node s an d a 
linea r  transformatio n a t  th e outpu t  nodes .  Th e 
configuratio n o f  th e network s i n eac h o f  th e model s m a y b e 
see n i n Tabl e 1 

Table 1. Neural Network Architecture 

Model 

Speed 

Headin g 

Arc h 

8-20-5- 1 

7-20-5- 1 

Predictor s 

Rs,.t.HRab,_t.HRbc,.i.Hz,. t 

Ra,.i.Rb,.,.Rc,.t,Rp,.i , 
Rs,.i.HRab,_,.HRbc,. t 

Resp 

AS, 

AO, 

wher e th e input s wer e normalize d accordin g t o equation s 2 
-  1 9 below .  Fundamentally ,  th e input s fo r  eac h o f  th e 
network s wer e a  functio n o f  th e entity' s stat e a t  th e las t 
simulatio n cloc k an d h o w thi s stat e relate d t o th e roa d 
characteristic s (width ,  heading ,  lengt h o f  segment ,  etc )  an d 
Marc h Orde r  parameter s (speed ,  end-point ,  etc) .  Th e 
specifi c  predictor s ar e expresse d i n 4  -  10 ,  an d th e 
parameter s makin g u p thos e input s ar e explaine d i n 1 1 -  19 . 

5,  =5,.,+AS , 
wher e A5 ,  =/fl?a,_,,̂ 6,_,,/{c,_,./?p,., , 

Rs,  i.HRab ,  ̂ .HRbc,.i.Hz ,  ̂ ) 

(2 ) 
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wher e Ae ,  =  ma,.x.Rb,.uRc,.̂ Rp,-x -

(3 ) 

Ra,=S,/{Da,+M ) 

Rb,=S,/(Db,+M ) 

Rc,=S,/{Dc,+A4 ) 

Rp,=S,P,/ M 

R s , = S , / M 

HRab,=Hab,y.Hxy , 

HRbc,  =Hbc^xHxy , 

S,  =  entit y spee d a t  t 

Da,  =  distanc e t o prryiou s waypoi M 

Db,  B  dislanc t  t o cwrvi r  waypoin i 

Dc,  =  distanc e 1 0 nex t  waypoin t 

M =  marc h orde r  spee d 

P,  =  perpindicula r  distanc e t o roa d 

Hab,  -  directio n o f  roa d segmen t  a b 

Hbc,  =  directio n o f  roa d segmen t  b e 

Hxy,  =  entit y orientatio n 

Of  fljese,  86 0 example s wer e use d fo r  trainin g th e spee d 
network ,  86 0 exan^le s fo r  trainin g th e headin g network , 
and 85 9 example s wer e use d fo r  validatin g th e trainin g o f 
bot h o f  thes e networks .  Th e trainin g rat e wa s selecte d a s 
0.0 1 an d th e initia l  momentu m paramete r  wa s .9 .  Th e 
momentum paramete r  wa s periodicall y adjuste d t o spee d 
di e rat e o f  descen t  alon g th e erro r  surface .  Th e trainin g an d 
validatio n result s fo r  eac h o f  th e network s ma y b e see n i n 
Tabl e 2 . 

Tmble 2. Training and Validation Errors 

(4 ) 

(5 ) 

(6 ) 

(7 ) 

(8 ) 

(9 ) 

(10 ) 

(II ) 

(12 ) 

(13 ) 

(14 ) 

(15 ) 

(16 ) 

(17 ) 

(18 ) 

(19 ) 

Trainin g 

Validatio n 

Delt a Spee d 
A5 

Error(ni/i ) 

0.259977±2.0455 8 

0.206374±0.8253 2 

Delt a Headin g 
Ad 

Error(rads ) 

0.0O4578±0.0078 1 

0.01422 1 ±0.0676 6 

Exper imenta l  Result s 

The neura l  networ k model s wer e implemente d i n suc h a 
way tha t  thei r  performanc e fo r  predictin g entit y locatio n 
coul d b e compare d wit h th e dead-reckonin g model .  Thi s 
implementatio n i s presente d i n Figur e 5 . 

Ther e ar e tw o way s o f  generatin g a n erro r  i n ou r  system . 
Th e firs t  i s  accordin g t o th e enity' s location .  Thi s erro r  i s 
measure d i n term s o f  comparin g th e entity' s dead-reckone d 
X Y Z wit h th e entity' s tru e X Y Z an d i s  proportione d 
accordin g t o th e widt h o f  di e entit y alon g it s X ,  Y ,  an d Z 
axes .  Fo r  example ,  a n M 1 A 2 tan k i s  3.56 m i n widt h 
(define d alon g X-axi s o f  tank) ,  7.34 m i n lengt h (define d 
alon g Y-axi s o f  tank) ,  an d 2.33 m i n heigh t  (define d alon g 

Z-axi s o f  tank) .  A  typica l  threshol d fo r  dead-reckonin g 
erro r  toleranc e i n DI S i s 1 0 % o f  th e vehicle' s dimensions . 
I n thi s cas e then ,  th e erro r  toleranc e fo r  thi s entity' s 
locatio n woul d translat e int o .356 m alon g th e X-axis , 
.734 m alon g th e Y-axi s o f  th e tank ,  an d .233 m alon g th e Z -
axisofthetank . 

Mods A  F 

NN M(x)c l  Updftl E 

Las t  f| » 
ESPDU 

ModSAF Entit y 

§ 

lli n 

NN US-
Model 

NN Welgh U 

NN Engin e 

I  Inpi m 
ModSAF Environmenu l  Variable i 

i brnttuuuptt m 
nSNMWodl 

Figur e 5 .  Neura l  Networ k Implementatio n use d fo r 
Experiment s i n M o d S A F 

The second way of determining an update threshold is with 
respec t  t o th e orientatio n o f  th e vehicle .  I n thi s case ,  th e 
component s o f  th e dead-reckone d eule r  angle s ar e 
compare d wit h th e component s o f  th e entity' s tru e 
orientation .  Fo r  tracke d groun d entitie s i n M o d S A F ,  thi s 
measur e i s  defaulte d a t  3° .  Tha t  is ,  i f  th e dead-reckone d 
predictio n i s  mor e tha n 3 °  of f  abou t  X-axis ,  Y-axis ,  o r  Z -
axis ,  a n erro r  i s  generated .  Overall ,  a t  thes e erro r 
tolerances ,  th e numbe r  o f  update s (ESPDUs )  require d b y 
th e dead-reckonin g mode l  wa s 351 .  Usin g thes e sam e erro r 
thresholds ,  th e neura l  networ k model s require d 26 3 
updates .  Thus ,  th e neura l  network s require d 2 5 % fewe r 
update s tha n th e dead-reckonin g models .  Thi s informatio n 
i s presente d i n Figur e 6  accordin g t o typ e o f  update .  I n th e 
OR case ,  a  smal l  numbe r  o f  th e require d update s occurre d 
simultaneousl y betwee n locatio n an d rotation . 
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Figur e 6 :  N u m b e r  o f  Update s Require d b y D R Mode l 
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Althoug h th e neura l  networ k base d mode l  wa s abl e t o 
predic t  th e entity' s pat h wit h mor e accuracy ,  a s evidence d 
i n Tabl e 3 ,  thi s increas e i n predictiv e utilit y  come s a t  a  cos t 
i n processin g time . 

Table 3. Execution Time Using Neural Networks and 
Dead-Reckonin g Equation s 

MiD 

Mean 

Max 

Processin g Tim e (i n 10' '  seconds ) 

NN 
Speed 

6.8902 9 

7.7769 2 

20.599 3 

NN 
Headin g 

6.1988 8 

7.4700 8 

29.799 9 

Tota l 
NN 

13.0898 1 

15.2470 0 

50.399 2 

DR 

2.288 8 

2.797 4 

6.3598 1 

Usin g th e U N I X "gettimeofday "  function ,  th e processin g 
spee d wa s calculate d o n a  Pentiu m III ,  50 0 M h z machine , 
runnin g RedHa t  Linu x 6.2 .  A s show n i n Tabl e 3 ,  th e neura l 
networ k base d mode l  required ,  o n average ,  abou t  6  time s 
more processin g tim e tha n di d th e dead-reckonin g base d 
model .  A s state d i n Sectio n 2 ,  th e simulatio n tim e wa s 
approximatel y I S minutes .  O n averag e then ,  th e dea d 
reckonin g mode l  produce d abou t  2 3 update s pe r  minut e o r 
rather ,  1  updat e ever y 2. 5 second s (a t  a  threshol d o f  .356 m 
i n th e X  directio n an d .734 m i n th e Y  direction) . 
Alternatively ,  th e neura l  networ k base d mode l  require d 
abou t  1 7 update s pe r  minute ,  o r  approximatel y 1  updat e 
ever y 3. 5 second s (a t  th e sam e thresholds) .  Couplin g thi s 
informatio n wit h th e informatio n o n processin g tim e 
tradeoffs ,  i t  become s clea r  tha t  fo r  application s wher e 
processin g tim e i s a t  a  premium ,  th e us e o f  dea d reckoning -
model s ma y b e preferred ,  i n spit e o f  thei r  poore r  predictiv e 
performance . 

To furthe r  examin e th e relationshi p betwee n th e 
predictiv e powe r  o f  th e dead-reckonin g model s an d thi s se t 
of  neura l  networ k models ,  w e conducte d experiment s ove r  a 
rang e o f  erro r  tolerances .  So ,  wherea s th e initia l  results , 
reporte d i n Figur e 6 ,  wer e measure d accordin g t o DI S 
defaul t  value s fo r  a  tan k entit y  (i.e. ,  .356m ,  .734m ,  an d 3°) , 
follow-o n test s incremente d thes e erro r  threshold s b y thos e 
exac t  amounts .  Result s ar e presente d i n Tabl e 4  an d 
reporte d onl y b y tota l  numbe r  o f  require d updates . 

Table 4. Updates Required Over Increasing Error 
Threshold s 

•5 

1 
2 
3 
4 

Erro r  Threshol d 

X-axi s 
(m) 

.35 6 

.71 2 
1.06 8 
1.42 4 

Y-axi s 
(m) 

.73 4 
1.46 8 
2.20 2 
2.93 6 

All -
axe s 
(deg ) 

3 
6 
9 

12 

Update s Require d 

NN 

263 
193 
157 
138 

DR 

351 
237 
188 
156 

5 
7 
9 

11 
13 
15 
20 
25 
30 

1.7 8 
2.49 2 
3.20 4 
3.91 6 
4.62 8 

5.3 4 
7.1 2 

8. 9 
10.6 8 

3.6 7 
5.13 8 
6.60 6 
8.07 4 
9.54 2 
11.0 1 
14.6 8 
18.3 5 
22.0 2 

15 
21 
27 
33 
39 
45 
60 
75 
90 

119 
98 
88 
70 
69 
62 
51 
48 
44 

137 
109 
92 
79 
75 
73 
60 
55 
48 

As evidence d i n Tabl e 4 ,  a s th e erro r  toleranc e increases , 
th e predictiv e advantag e tha t  neura l  network s hav e ove r 
dead -  reckonin g model s become s les s significan t  fo r  thi s 
modelin g task . 

Summary and Conclusions 

As on e migh t  expect ,  th e choic e o f  too l  mus t  b e drive n b y 
th e modelin g constraints .  Th e result s reporte d abov e 
sugges t  heuristic s fo r  whe n t o appl y whic h modelin g 
technique .  Fo r  example ,  i n a n applicatio n wher e processin g 
tim e i s no t  th e primar y constrain t  e.g. ,  multi-agen t  system s 
communicatin g ove r  a  wireles s network ,  the n th e increase d 
processin g cost s incurre d from  usin g a  neura l  networ k m a y 
be defendable .  Alternatively ,  i n a n applicatio n wher e 
processin g tim e i s a  limitin g factor ,  the n dead-reckonin g 
model s ma y b e th e mor e pruden t  approach .  I t  i s  interestin g 
t o note ,  also ,  tha t  th e difference s i n predictiv e utilit y  o f  th e 
tw o modelin g approache s become s les s prominen t  a s th e 
erro r  threshol d i s increased .  Thi s speak s t o th e powe r  o f 
dead-reckonin g model s t o generaliz e an d scale . 

I t  i s  importan t  t o recognize ,  o f  course ,  tha t  th e modelin g 
tas k i n thi s researc h i s limite d i n scope .  Also ,  a  differen t 
neura l  networ k coul d hav e yielde d differen t  results .  W e 
can no t  clai m tha t  thi s i s th e bes t  networ k architectur e o r 
configuratio n fo r  thi s specifi c  modelin g task .  W e ca n onl y 
clai m tha t  i t  wa s on e o f  th e mor e promisin g configuration s 
wit h whic h w e experimented .  Othe r  configuration s ma y b e 
better .  On e approac h Heiminge r  e t  a l  (1999 )  foun d 
particularl y effectiv e i n improvin g th e neura l  networ k base d 
model' s performanc e wa s t o wor k wit h modularize d 
models .  Thi s approac h ha s bee n advocate d i n th e contro l 
literatur e (Murray-Smit h an d Johansen ,  1997 ;  Narendr a e t 
al ,  1995 )  an d robotic s literatur e (Brooks ,  1986) ,  an d w e 
hav e starte d explorin g thi s approach .  On e o f  th e benefit s o f 
adoptin g thi s approac h i s th e abilit y  t o mi x differen t 
modelin g technique s a s the y bes t  appl y t o th e proble m 
locally .  Fo r  example ,  combination s o f  architecture s and/o r 
algorithm s tha t  ca n b e applie d t o individua l  sub-problems , 
make i t  possibl e t o exploi t  specialis t  capabilities .  I n th e 
proble m discusse d i n thi s paper ,  on e interestin g tes t  woul d 
be t o us e dead-reckonin g algorithm s i n straigh t  part s o f  th e 
roa d dat a bas e an d the n us e neura l  network s t o guid e th e 
turn ,  a s thi s appear s t o b e wher e th e majorit y o f  update s ar e 
required . 
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Abstrac t 

An aptitude for the detection of bilateral symmetry 
i s a  fairl y  prominen t  aspec t  o f  th e huma n visua l  sys -
tem.  Knowledg e o f  th e reason s behin d thi s facilit y 
i s  no t  s o wel l  established ,  however .  Som e o f  th e be -
haviora l  dat a indicate s tha t  processin g o f  symmet -
ri c an d non-symmetri c stimul i  i s  undertake n i n tw o 
wholl y differen t  manner s (i.e .  seria l  versu s parallet) . 
However ,  th e interpretatio n o f  thi s a s bein g du e t o 
hig h leve l  cognitiv e preference s doe ^  no t  exhaus t  th e 
lis t  o f  possibl e explanations .  Usin g a  spUt-neura l 
networ k model ,  w e sho w tha t  instea d o f  cognitiv e 
preferences ,  gros s morphologica l  factor s ma y pla y a 
larg e rol e i n underwritin g th e abiUt y t o detec t  sym -
metr y 3 3 a  specia l  cas e o f  shap e perception .  Th e 
earlie r  mode l  i s  consisten t  wit h behaviora l  data ,  bu t 
Occam' s razo r  suggest s tha t  w e migh t  prefe r  th e 
newer  morphologicei l  explanation . 

Figur e 1 :  A  familia r  optica l  illusio n whos e interpre -
tatio n m a y depen d o n th e part-decompositio n facil -
itate d b y symmetry . 

I n t r o d u c t i o n 

Bi-latera l  symmetr y i s ubiquitou s i n nature .  Suc h 
symmetr y i s relate d t o biologica l  morphology ,  fit-
ness ,  an d behavio r  throughou t  th e anima d kingdo m 
(Daki n an d Herbert ,  1998) .  Thu s i t  i s  no t  surpris -
in g tha t  i t  ha s als o bee n show n t o b e a  highl y salien t 
propert y o f  th e huma n visua l  system ,  implicate d i n 
many phenomena . 

Symmetr y i s bot h a  morphologica l  charaicteristi c 
and a  perceptua l  benchmark .  Fro m recognitio n o f  a 
suitabl e mat e t o apprehensio n o f  a  possibl e predator , 
symmetr y play s a n importan t  role ,  bein g a  "non -
accidental "  property .  Tha t  is ,  i t  i s  unlikel y tha t 
symmetr y inhere s i n a n imag e b y chance ,  o r  whe n 
th e actua l  imag e sourc e i s  asymmetric .  A n d ad -
thoug h increasingl y ther e i s th e vie w tha t  symme -
tr y detectio n i s no t  onl y universcil ,  bu t  als o funda -
mental ,  emergin g fro m ver y lo w leve l  simpl e pro -
cesse s (Daki n an d Herbert ,  1998 ;  Sall y &  Gurnsey , 
2001) ,  ther e i s no t  ye t  consensu s abou t  th e mecha ^ 
nism s tha t  underli e th e facility .  O n th e on e hand ,  i t 
seems tha t  symmetr y detectio n i s a  bottom-u p effec t 
of  low-leve l  filtering  i n eai\ y stage s o f  th e visua l  pro -
cess .  O n th e other ,  i t  appeeir s t o b e a  top-dow n pref -
erenc e fo r  imag e distillatio n base d o n it s exploitabil -
it y  fo r  segmentatio n an d pju t  decompositio n (Bayli s 
k Driver ,  1994 ;  Lateck i  &  Lakamper ,  1999) .  It s util -
it y  i n segmentatio n application s ha s cause d som e t o 

comment  tha t  "th e lin k betwee n symmetr y an d seg -
mentatio n curiousl y seem s t o b e mor e tha n a  coin -
cidence "  (ve n Tonde r  &  Ejima ,  2000) . 

Indeed ,  th e benefi t  o f  S)mimetr y detectio n fo r  seg -
mentatio n help s promot e th e vie w tha t  i t  i s a  worth -
whil e thin g t o b e goo d at ,  fo r  segmentatio n i s linke d 
t o part-decomposition ,  whic h i n tur n coul d b e ke y 
t o figur e groun d separation ,  eve n aiding ,  fo r  exam -
ple ,  th e interchang e foregroun d an d backgroun d i n 
a ver y c o m m o n visua l  illusio n (Figur e 1) . 

Thi s pape r  deal s wit h th e specifi c  are a o f  contou r 
symmetry ,  an d it s effect s o n h u m a n visua l  process -
ing ,  b y lookin g a t  a  computationa l  mode l  o f  a  spe -
cifi c  behaviora l  stud y b y Bayli s an d Drive r  (1994) . 
Th e field  o f  behaviora l  studie s o n symmetr y i s \aige ; 
i t  ofte n concern s no t  onl y contou r  s)rmmetry ,  bu t 
interna l  symmetr y (Hick s &  Monaghan ,  2001 )  an d 
th e effect s o f  variou s filtering  processes .  Fo r  th e pur -
pose s o f  thi s paper ,  however ,  w e focu s o n providin g a 
computationa l  explanatio n fo r  th e difference s whic h 
aris e i n processin g symmetri c an d repeate d shapes , 
as see n i n Figur e 2 . 

Behav io ra l  Studie s 

Part-decompositio n offer s a  motivatio n fo r  th e "sym -
metr y i s  special "  theory ,  bu t  alon e i t  say s littl e 
abou t  th e mechanism s involved .  Bayli s an d Drive r 
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Figur e 2 :  Stimuli :  symmetri c (left )  an d repeate d 
(right )  contours ,  bot h showin g 8  discontinuitie s 
(steps )  alon g th e sides . 

performe d tw o experiment s linkin g th e perceptio n 
of  differen t  shap e type s t o distinction s i n cognitiv e 
processes .  I n particular ,  th e experiment s aime d t o 
elucidat e th e relationshi p betwee n th e perceptio n o f 
symmetr y an d th e clas s o f  cognitiv e processe s tha t 
ar e terme d "parallel. "  I n thi s case ,  "p£irallel "  woul d 
mean tha t  i n th e detectio n o f  symmetr y i n a  two -
dimensiona l  figiu«,  th e subjec t  doe s no t  engag e i n 
anythin g aki n t o a  seria l  point-by-poin t  compariso n 
alon g th e shape' s contour .  BayU s an d Drive r  use d 
a selectio n o f  perfectl y symmetri c shape s intermin -
gle d wit h shape s whos e contour s containe d "errors " 
whic h mean t  a  deviatio n from  th e trul y symmet -
ri c for m alon g 2 5 % o f  th e contour .  Subject s mad e 
symmetr y judgement s whil e th e experimenter s var -
ie d th e numbe r  o f  step s alon g th e sid e o f  th e shape , 
betwee n 4 ,  8  an d 16 .  Th e experimenter s wante d t o 
kno w whethe r  th e reactio n tim e an d erro r  rat e wer e 
significantl y dependen t  o n thi s variation . 

I t  wa s foun d tha t  symmetr y wa s generall y mor e 
quickl y identifie d tha n asymmetry .  Thi s indicate d 
directl y tha t  subject s wer e no t  involve d i n point-by -
poin t  search ,  whic h woul d alway s terminat e earlie r 
wit h erroneou s excimple s o f  symmetry .  Furthermore , 
effect s o f  ste p numbe r  o n subjec t  performanc e wer e 
slight ,  an d remaine d wel l  withi n th e accepte d lim -
it s tha t  defin e a  proces s t o b e parallel. ^  Thus ,  th e 
hypothesi s tha t  detectio n o f  symmetr y i s governe d 
by a  proces s imperviou s t o increase s i n complexit y 
brough t  abou t  b y a  greate r  numbe r  o f  step s seem s 
supported . 

But  wha t  i f  th e effect s o f  th e symmetri c shape s 
wer e merel y a n effec t  o f  thei r  potentiall y constrjune d 
nature ? I t  migh t  no t  b e symmetr y specifically ,  bu t 
redundanc y i n genera l  tha t  account s fo r  thi s sem -
blanc e o f  paralle l  processing .  B y conductin g a n anal -
ogou s experiment ,  usin g repetitiv e shape s (Fig .  2 , 
righ t  side) ,  i t  shoul d b e possibl e t o confir m o r  dis -
mis s thi s confound .  Afte r  all ,  repetitiv e shape s ar e 
as redundzin t  a s thei r  symmetri c counterpjurts ,  whil e 
exhibitin g tha t  redundanc y vi a translatio n instea d 
of  reflection . 

^Th e exceptio n t o thi s wa s whe n th e shape s wer e ori -
ente d horizontally ,  wher e ther e wa s a  sligh t  effec t  o f  ste p 
number  fo r  symmetri c shapes .  W e touc h o n thi s briefl y 
i n th e discussio n o f  ou r  ow n model . 

Thi s secon d experimen t  foun d a  significan t  effec t 
fo r  numbe r  o f  steps ,  consisten t  wit h th e hypothesi s 
tha t  whateve r  proces s i s use d t o judg e repetition , 
i t  i s  effecte d b y ste p count ,  a a thoug h i t  wer e a  se -
ria l  process .  Thi s suggest s tha t  th e mai n differenc e 
betwee n th e tw o type s o f  shape s i s tha t  i n th e pro -
cessin g o f  symmetr y th e numbe r  o f  discontinuitie s 
alon g th e contou r  i s no t  a  significan t  factor ,  whil e 
fo r  repeate d shape s i t  certainl y is . 

Give n tha t  repetitio n an d symmetr y ar e equall y 
redund£mt ,  i t  i s  clea r  tha t  ther e mus t  b e a  quali -
tativ e differenc e betwee n them .  Th e ste p numbe r 
effec t  indicate s a  point-by-poin t  comparison— a se -
ria l  search — i n th e detectio n o f  repetition ,  whic h i s 
absen t  fro m symmetr y detection .  Bu t  a  ne w ques -
tio n arises :  wha t  i s i t  tha t  promote s thi s fast-trac k 
rout e fo r  th e detectio n o f  symmetry ? Beneat h th e 
'higher-level '  concept s o f  paralle l  an d seria l  process -
ing ,  i s ther e a  mor e fundamenta l  explanatio n fo r  th e 
fac t  tha t  symmetr y appear s t o rende r  insignifican t 
th e relativ e complexit y o f  a  shape ? 

Modeling 

Thi s pape r  aim s t o sho w tha t  thi s ma y b e th e cas e 
and ,  furthermore ,  tha t  thi s coul d jus t  a s equall y b e 
th e resul t  o f  gros s morphologica l  aspect s o f  anatom y 
as o f  high-leve l  cognitiv e preferences .  Mor e pre -
cisely ,  th e origina l  assessmen t  o f  th e behaviora l  dat a 
say s littl e abou t  th e hypothesi s tha t  wha t  i s paralle l 
abou t  symmetr y perceptio n i s actuall y th e 'ready -
state '  o f  th e huma n processo r  t o accommodat e ver -
tica l  symmetry . 

To sho w thi s w e emplo y a  spU t  neura l  network , 
whic h ha s previousl y bee n use d a s a  roug h correlat e 
of  th e spli t  i n huma n visua l  processing ,  modelin g 
readin g (Shillcoc k &  Monaghan ,  2001 )  a s wel l  a s th e 
apprehensio n o f  th e effect s o f  symmetr y i n word -
base d stimul i  (Hick s &  Monaghan ,  2001) . 

Variation s i n th e typica l  architectur e o f  neura l 
net s ofte n involv e addin g on e o r  a  numbe r  o f  hidde n 
layers ,  verticall y (Elman ,  1993) ,  o r  th e insertio n o f 
recurren t  connections .  Ou r  mode l  employ s a  specifi c 
manipulatio n o f  networ k architectur e tha t  i s  no t  s o 
common.  Instea d o f  devotin g th e entir e hidde n laye r 
t o th e whol e tas k upo n whic h th e networ k i s bein g 
trained ,  th e hidde n laye r  ca n b e spU t  laterally ,  wit h 
eac h resultin g hal f  bein g priv y t o onl y hai i  o f  th e 
inpu t  (Shillcoc k e t  al ,  2001) .  Thi s sph t  affect s net -
wor k performance ,  a s show n i n othe r  modelin g work . 
Her e w e appl y i t  t o th e detectio n o f  symmetr y i n 
pseudo-random-bloc k shapes . 

Materials and Methods 

A serie s o f  simulate d neura l  networks ,  employin g a 
back-propagatio n learnin g algorithm ,  wer e traine d 
usin g set s o f  two-dimensiona l  pseudo-ramdo m bloc k 
shape s represente d b y pattern s o f  activation .  Th e 
shape s wer e presente d t o th e network s throug h a 
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Figur e 3 :  T h e spli t  architectur e networ k reproduce s 
th e fo r m presente d a t  th e input ,  whic h m a y appea r 
anywher e acros s th e t w o visua l  hemi-fields . 

shif t  invarian t  identit y m a p p i n g (SI IM )  task ,  main -
tainin g th e predetermine d 2 D block-shap e o f  th e 
stimuU ,  whil e m o v i n g i t  sequentiall y  alon g th e inpu t 
w i n d o w (Figur e 3 ) .  Inpu t  node s tha t  fal l  outsid e 
th e locatio n o f  th e bloc k hav e activatio n zero .  T h e 
vertica l  spli t  i n th e inpu t  reflect s tha t  o f  th e fove a 
an d thus ,  a s a  bloc k i s repeatedl y presente d t o th e 
networ k from  al l  possibl e position s acros s th e input , 
i t  crosse s from  on e "visuji l  hemifield "  t o th e other , 
activatio n bein g redirecte d t o th e associate d hidde n 
laye r  accordingly .  T h e networ k i s traine d t o recog -
niz e (represent )  th e shap e i t  i s  bein g traine d on . 

E a c h stimulu s se t  containe d 6 0 pseudo- rando m 
bloc k shapes ,  o f  on e shape-typ e eithe r  al l  s y m m e t -
ri c o r  al l  repetitive .  Fo r  eac h shap e type ,  ther e wer e 
thre e stimulu s sets ,  wit h shape s havin g 4 ,  8  o r  1 6 dis -
continuitie s alon g th e contou r  (shape s wit h 8  discon -
tinuitie s ar e s h o w n i n figure  2 ) .  A  thir d clas s o f  stim -
ulus ,  consistin g o f  m ixe d sets ,  wher e th e n u m b e r  o f 
discontinuitie s w a s h o m o g e n e o u s ,  bu t  bot h s)Tnmet -
ri c an d repetitiv e shape s wer e represente d equally , 
w as als o use d i n tredning .  D u e t o th e presentatio n 
of  eac h patter n i n al l  visua l  inpu t  positions ,  eac h 
stimulu s account s fo r  1 7 event s i n th e tota l  train -
in g set ,  fo r  a  tota l  o f  102 0 presentation-recognitio n 
event s pe r  epoch . 

Afte r  trainin g t o a  predetermine d n u m b e r  o f  net -
wor k epochs ,  eac h ne t  w a s teste d wit h nove l  stimuli . 
T h e tes t  se t  w e focu s o n fo r  th e purpose s o f  thi s 
pape r  conteiine d nove l  block s tha t  wer e neithe r  s y m -
metric ,  no r  repetitive .  W e wer e intereste d i n see -
in g h o w th e network s tende d toward s reproducin g 
th e typ e o f  shap e the y wer e traiine d o n w h e n bein g 
presente d wit h thes e " r a n d o m "  stimuli .  T h e metri c 
use d fo r  gaugin g networ k performanc e o n thes e tes t 

Ncnrarl i 

Number  o f  Discontinuitie s o n Contou r 

Figur e 4 :  Th e compare d "form "  produce d b y traine d 
networks ,  a s a  functio n o f  ste p number ,  unde r  th e 
rando m stimulus . 

set s i s discusse d i n th e nex t  section . 
For  al l  simulation s th e PDP+-f -  Neura l  Net s soft -

war e fro m C M U wa s used ,  runnin g o n a n Ultr a 5 
workstation . 

Results 

I n examinin g networ k performanc e o n th e tw o di -
mensiona l  stimuli ,  w e wan t  a  wa y o f  gaugin g th e 
degre e t o whic h th e activatio n a t  th e network' s out -
put  tend s generall y towar d a  give n typ e o f  shape . 
Fortunately ,  th e stimul i  wer e strictl y  formal ,  i n th e 
sens e tha t  the y ca n b e define d i n term s o f  a  simpl e 
additiv e exempla r  base d function .  A  measur e fo r 
symmetr y measur e i s base d o n cancellatio n £iroun d 
th e propose d axi s o f  symmetry ,  whil e tha t  fo r  repe -
titio n measur e bu t  require s tha t  activatio n aA d t o a 
constan t  alon g 2irray s orthogona l  t o th e axi s o f  rep -
etitio n (th e bar s tha t  constitut e th e repetitiv e pat -
tern s ar e o f  constan t  length) .  W e adop t  a  metho d 
of  summin g activation s a t  th e outpu t  s o tha t  th e 
close r  w e ge t  t o th e ideals ,  th e smalle r  thi s quantit y 
i s  (i.e .  perfec t  symmetry ,  lik e perfec t  repetition ,  i n 
th e outpu t  ha s a  for m measm- e o f  zero) . 

M e a s u r i n g f o r m a t  th e o u t p u t 

A for m measur e i s thu s availabl e fo r  eac h tes t  shap e 
presente d t o th e network .  I.e. ,  fo r  th e ne t  traine d o n 
symmetr y an d th e tes t  se t  o f  rando m (neithe r  sym -
metri c no r  repetitive )  shapes ,  ther e wer e 2 0 differen t 
weigh t  set s fo r  th e traine d net ,  an d 2 0 shape s t o test , 
givin g 40 0 shape-weigh t  combinations .  Fo r  eac h w e 
ca n measur e bot h th e symmetr y an d th e repetitio n 
of  th e shap e generate d b y th e net' s output .  Not e 
tha t  w e ar e no t  concerne d wit h th e actua l  erro r  in -
volved ,  bu t  wit h thes e measure s tha t  ar e base d o n 
th e activatio n level s a t  th e output . 

Thu s th e ''on-form "  measur e fo r  a  ne t  show s th e 
tendenc y o f  it s outpu t  t o resembl e th e genera l  shap e 
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t yp e wi t h wh i c h i t  w a s trained, ^  wi t h smalle r  q u a n -
titie s indicatin g greate r  affinit y fo r  tha t  s h a p e type . 
"Off-form "  measu re s ar e als o availabl e ( s y m m e t r y i n 
th e ne t  traine d o n repetition ,  repetitio n i n th e ne t 
traine d o n s y m m e t r y )  a n d wer e surprisingl y impor -
tant . 

"On-Porm" Measure 

Th e genera l  effec t  obtaine d i n th e mode l  i s strik -
ing .  Fo r  th e analysi s describe d above ,  w e fin d a 
significan t  interactio n betwee n shap e typ e an d ste p 
coun t  whe n lookin g a t  th e network s wit h respec t  t o 
th e typ e o f  stimulu s use d fo r  training .  Thi s interac -
tio n cj m easil y b e perceive d i n th e graph s throug h 
th e muc h highe r  varianc e i n th e cas e o f  network s 
traine d o n repeate d shape s (fille d bars) .  Figur e 4 
shows th e "on-form "  analysi s fo r  th e rando m tes t 
stimuh ,  comparin g th e degre e o f  symmetr y presen t 
i n th e symmetri c nets ,  wit h th e degre e o f  repetitio n 
i n th e repetitiv e net .  T h e interactio n i s  highl y sig -
nificant :  F ( S ,  114 )  =  52.253 ,  p  <  .001) . 

Thi s significan t  interactio n betwee n shap e typ e 
and numbe r  o f  step s whe n w e ar e usin g th e mea -
sur e appropriat e fo r  e&c h networ k tell s  u s on e o f 
tw o things .  Eithe r  th e networks ,  otherwis e identi -
cal ,  hav e bee n differentiall y  sensitize d t o ste p num -
ber  b y virtu e o f  th e typ e o f  shap e the y wer e tradne d 
on ,  o r  th e manne r  i n whic h activatio n i s mea -
sure d dictate s tha t  th e quantit y "tendency-toward -
repetition "  presen t  i n th e outpu t  o f  th e ne t  wil l 
var y mor e tha n th e th e quantit y "tendency-toward -
symmetry, "  unde r  th e regim e chose n t o gaug e it . 

"Off-Form" Measure 

We ca n clzuif y whic h o f  thes e i s correc t  b y examinin g 
th e "off-form "  measures .  B y lookin g a t  th e outpu t  o f 
th e symmetricjdl y traine d ne t  wit h "repetitio n gog -
gles "  an d repetitivel y trzdne d ne t  wit h "symmetr y 
goggles ,  "  hopefull y w e ca n rul e ou t  th e confoun d o f 
thi s bein g a  measuremen t  effect . 

I n figure 5  a  significan t  effec t  doe s obtai n fo r 
th e "off-form "  measure s o f  th e rando m tes t  stim -
ul i  (F(2,114 )  =  9.417, p <  .001) .  However ,  onc e 
mor e thi s i s i n th e directio n o f  repetitiv e net s show -
in g mor e varianc e (b y a  facto r  o f  2 ,  upo n examina -
tio n o f  means) .  I f  th e varianc e wa s du e t o th e mea -
suremen t  o f  "tendency-to-repetition ,  "  thu s leadin g 
t o a  Typ e I  error ,  w e woul d no w expec t  t o se e tha t 
varianc e i n th e symmetri c whe n w e ar e measurin g 
i t  fo r  it s  "tendency-to-repetition .  "  Fo r  th e ne t 
traine d o n repetition ,  th e "off-form "  measur e show s 
ho w symmetri c  it s outpu t  is .  Th e sustaine d effec t  i n 
th e ne t  suggest s a  genera l  sensitivit y t o ste p number , 

Comparin g "off-form "  Performanc e 
Ths Rjuido m Stimuli u 

Natwnk Tiita d «  SynmMy 
Nanmt  Mmd o n lUiMililoi i 

'i.e .  synimetri c fo r  th e networ k traine d o n s y m m e -
tr y aui d repetitio n fo r  th e networ k traine d o n repeate d 
shape s 

16 8  4 
Number  o f  Discontinuitie s o n Contou r 

Figur e 5 :  Th e compare d "off-form "  measure s pro -
duce d b y traine d networks ,  a s a  functio n o f  ste p 
number ,  unde r  th e rando m stimulus . 

presen t  eve n whe n w e ar e examinin g ho w symmetri c 
it s outpu t  is . 

Discussion 

Th e finding s o f  th e behaviora l  experimen t  wer e thre e 
fold ,  viz . 

• the processing of shapes by the humam observer 
varie s qualitativel y i n accordanc e wit h th e char -
acteristic s o f  shape' s contours . 

• the processing of symmetric shapes is carried 
out  i n parallel ,  whil e th e processin g o f  repetitiv e 
shape s remain s a  seria l  task ,  wit h poin t  b y poin t 
comparison s 

• this is ecologically consistent with a cognitive far 
ciUt y tha t  maximize d correc t  figure  groun d segre -
gatio n i n a  tw o dimensiona l  imag e 

The second of these points was behind the suscep-
tibilit y  t o chjmge s i n ste p numbe r  o n th e contour s 
of  repetitiv e shape s only .  Thei r  dat a wa s consis -
ten t  wit h th e hypothesis ,  tha t  processin g o f  repeti -
tiv e shape s i s affecte d b y th e cognitiv e cost s associ -
ate d wit h seria l  processing ,  unlik e th e processin g o f 
synunetri c shapes . 

I n ou r  model ,  ther e i s a  simila r  distinctio n i n th e 
way th e networ k handle s thes e tw o classe s o f  stimuli . 
I n paui;icular ,  whe n considerin g th e degre e t o whic h 
th e specifi c  regularit y  o f  shape-typ e i s learne d i n th e 
network ,  w e find  generall y bette r  performanc e o n 
symmetries ,  i n contras t  wit h repeate d shapes .  I n ad -
dition ,  th e performanc e o f  th e net s traine d o n repeti -
tiv e stimu h show s tha t  the y ai e affecte d b y th e num -
ber  o f  discontinuitie s alon g th e sid e o f  th e pseudo -
rando m bloc k shapes .  Thi s i s tru e fo r  nove l  stimu h 
of  th e sjmi e typ e a s wel l  a s fo r  non-symmetric ,  non -
repetitiv e bloc k stimuli . 
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Interpretations :  S t e p N u m b e r 

The main effect that we would like to address here 
i s th e differentia l  processin g o f  symmetr y an d repe -
titio n b y bot h h u m a n subject s an d th e spli t  archi -
tecture. '  Th e centra l  findin g wa s tha t  ther e wa s a 
stron g interactio n betwee n shap e typ e an d ste p num -
ber ,  wit h th e repetitiv e shape s talkin g th e brun t  o f 
th e effect ,  fa r  outstrippin g th e varianc e induce d b y 
ste p numbe r  i n thei r  symmetri c counterparts . 

I t  certainl y seem s plausibl e tha t  tha t  differenc e i s 
base d o n fixed  anatomica l  features ;  lookin g fo r  th e 
th e feature s hel d i n c o m m o n b y bot h th e mode l  an d 
th e h u m a n subjects ,  th e genera l  spli t  i n th e archi -
tectur e o f  th e processo r  i s th e obviou s front-runner . 
Thi s cuiatomicci l  consideratio n i n particula r  suggest s 
ho w th e differentiatio n o f  symmetr y an d repetitio n 
m ay b e linke d t o th e distinctio n betwee n paralle l 
and aeria l  processin g throug h th e ver y structur e o f 
th e processor . 

Th e formalizatio n o f  wha t  constitute s repetitio n 
and symmetr y i n th e block-shapes ,  activatio n acros s 
th e vertica l  acces s summin g t o a  constan t  i n th e 
forme r  an d havin g a  ne t  differenc e o f  zer o i n th e 
latter ,  wa s crucia l  t o th e analysi s presente d here . 
But  i t  goe s further :  i t  implie s tha t  fo r  a  sph t  pro -
cessor ,  symmetr y i s a s simpl e a s cross-checkin g (o r 
cross-generating ,  i n th e cas e o f  thi s task )  th e outpu t 
fro m eac h hidde n layer .  Repetition ,  o n th e othe r 
hand ,  involve s a  cumbersom e re-cedibration ,  fo r  ev -
er y segmen t  o f  th e repeate d pattern ,  becaus e th e 
cross-imag e portio n o f  th e outpu t  i s no t  a  simpl e 
reflection . 

N ow i f  thi s differenc e i s tha t  symmetrica l  shape s 
ca n b e checke d b y a  pau-alle l  system ,  the n i t  i s  con -
ceivabl e tha t  tha t  syste m i s roote d i n th e recognize d 
imag e bein g spli t  centraJl y alon g it s axi s o f  symme -
tr y an d eac h hal f  bein g presente d t o eac h visua l  cor -
tex ,  whic h i n tur n provide s a  massivel y paralle l  "can -
cellation "  styl e verificatio n o f  th e image .  Wer e w e 
t o assum e homotopi c an d inhibitor y commissures , 
symmetr y woul d b e exactl y th e reciproca l  cancel -
latio n o f  activit y acros s th e tw o side s o f  th e visua l 
cortex ,  a n ide a tha t  finds  littl e favo r  i n som e circle s 
(Dakin ,  1998) ,  bu t  whic h a  simpl e mode l  suc h a s th e 
one her e migh t  hel p t o refine . 

But  ho w doe s thi s explanatio n diffe r  fro m tha t 
draw n i n th e origina l  experiment ? Bayli s an d Drive r 
identifie d a n aspec t  o f  shap e processin g i n whic h 
symmetr y wa s distinguishe d fro m repetitio n b y ren -
derin g nul l  th e processin g cost s o f  increase d shap e 
complexity .  Thi s wa s elaborate d a s bein g a  cas e o f 
pajcdle l  versu s serie d processing ,  i n whic h complex -
ity ,  whic h i s directl y proportiona l  t o ste p numbe r 
alon g th e contour ,  onl y retarde d th e seric d process , 

'Thoug h beyon d th e limit s o f  thi s paper ,  i t  i s  wort h 
notin g tha t  a n effec t  o f  orientatio n foun d i n th e behav -
iora l  study ,  marke d generall y b y poore r  performanc e (R T 
and error) ,  als o fail s  ou t  o f  th e split-networ k model . 

leavin g th e paralle l  proces s (th e detectio n o f  s y m m e -
try )  unhindered .  Thus ,  th e proces s o f  recognitio n i s 
essentiall y  on e tha t  involve s th e compariso n o f  th e 
segment  end-point s tha t  mak e u p th e shape ,  an d i n 
th e cas e o f  symmetr y thes e comparison s tak e plac e 
simultaneously . 

I n som e sense ,  th e mode l  i s no t  incompatibl e wit h 
th e tak e o n th e behaviora l  data .  Indeed ,  th e hu -
m an stud y leave s ope n th e questio n o f  wha t  th e fa r 
cilitatin g mechanis m i s fo r  th e paralle l  treatmen t  o f 
symmetry ,  an d th e mode l  provide s on e suc h possibil -
ity .  Nevertheless ,  ther e i s a n importan t  contrast .  A s 
discusse d below ,  th e notio n o f  wha t  constitute s com -
plexit y  i s no t  fixed.  Fo r  Bayli s an d Driver ,  complex -
it y increase d wit h ste p number ,  an d paralle l  process -
in g wa s wher e suc h a n increas e wa s insignificant .  Fo r 
th e mode l  however ,  i t  woul d b e quit e a n assumptio n 
t o simpl y associat e increase d ste p numbe r  wit h in -
crease d complexity ,  fo r  point-by-poin t  comparison s 
of  th e stimul i  hav e httl e mesinin g i n a  mode l  lackin g 
a tempora l  dimension .  However ,  th e differenc e be -
twee n th e symmetri c an d repetitiv e shape s i s jus t  a s 
marked .  I n th e absenc e o f  an y sequentia l  process -
ing ,  thi s indicate s tha t  symmetr y i s specia l  no t  i n 
avoidin g th e narro w vie w o f  complexity-as-quantity , 
but  i n generall y "playing-down "  an y dependenc e o n 
contou r  variations .  Sinc e parallelis m an d seri«dit y 
hav e n o tempora l  meanin g i n th e mode l  ther e mus t 
be a  mor e fundamentz d retrea t  from  complexit y tha t 
symmetr y offers . 

Complexity 

Above ,  w e allude d t o th e unfixe d natur e o f  complex -
ity .  A  potentia l  shortcomin g i n th e modelin g resul t 
i s  tha t  th e effec t  o f  ste p numbe r  seem s t o mani -
fes t  i n th e revers e direction .  Tha t  is ,  a n increas e 
i n th e numbe r  o f  step s i n th e stimul i  presente d t o 
net s traine d o n repetitiv e shape s mean t  a n increas e 
i n ho w wel l  tha t  net s outpu t  staye d t o for m (for m 
i n thi s cas e bein g repetitive) .  W e woul d expec t  thi s 
"accuracy "  t o decrease ,  give n tha t  mor e step s pre -
sumabl y mean s greate r  complexit y an d therefor e a 
hMder  tas k (an d on e fo r  which ,  i n th e origina l  exper -
iment ,  th e author s sa w a  nee d fo r  mor e "coimting " 
time) .  I f  anything ,  th e result s o f  th e mode l  distur b 
th e clea r  relatio n obtainin g betwee n th e origina l  in -
terpretatio n o f  seria l  versu s paralle l  am d ho w eac h 
accommodate s effectiv e increase s i n complexity . 

Of  course ,  ther e i s n o clai m tha t  th e mode l  at -
tempt s t o perfor m eithe r  serial ,  o r  parjJle l  process -
ing ,  i n th e sens e tha t  Ba y U s an d Drive r  us e thos e 
terms .  A n d i t  i s  hope d tha t  th e previou s sectio n 
went  som e wa y t o reducin g th e high-leve l  cogni -
tiv e connotation s o f  thes e term s t o mor e concrete , 
amatomicall y base d concerns .  T h e network s lear n t o 
perfor m a n identificatio n task ,  an d i n doin g s o the y 
pic k u p th e genera l  trend s eUcite d b y th e stimul i  set s 
use d fo r  training .  I t  i s  i n thi s sens e the n tha t  pro -
cessin g o f  shap e typ e differs :  i t  wil l  depen d o n h o w 
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th e tas k wa s learne d i n th e first  place . 
I n thi s contex t  le t  u s as k wha t  complexit y is .  Fo r 

thoug h a n increas e i n complexit y ca n b e equated 
wit h a n increas e i n ste p number ;  fo r  ou r  mode l  i t 
won' t  be .  Again ,  complexit y i n term s o f  th e numbe r 
of  sequentia l  operation s performe d (i.e .  countin g th e 
steps )  ha s n o meanin g i n th e contex t  o f  th e network . 
So ho w coul d a  contou r  wit h 1 6 step s appea r  easie r 
t o process ,  o r  b e i n genera l  mor e likel y t o encourag e 
goo d "on-form "  output ,  tha n on e wit h onl y 8  o r  4 
discontinuities ? 

Th e answe r  t o thi s involve s reviewin g th e natur e 
of  th e task ,  fro m th e network' s perspective :  t o repro -
duc e accuratel y a  contou r  o f  maxima l  discontinuity , 
which ,  i n th e cas e o f  thi s model ,  i s  on e wit h 1 6 steps , 
th e ne t  a t  leas t  ha s th e advantag e o f  avoidin g an y 
cross-ro w constraints .  Tha t  is ,  give n tha t  th e grai n 
of  th e imag e an d th e grai n o f  th e shap e i n questio n 
match ,  n o additiona l  proviso s aur e require d i n orde r 
fo r  th e ne t  t o attemp t  reproductio n o f  th e inpu t  a t 
th e output.  Thu s th e tas k i s relativel y unencum -
bered ,  an d th e resul t  i s  a  mor e stabl e versio n o f  th e 
for m learne d durin g training .  Bu t  reduc e th e num -
ber  o f  step s alon g th e contou r  an d th e complexit y 
of  th e tas k th e ne t  ha s t o solv e i s actuall y increase d 
by virtu e o f  th e adde d constrziint s o f  alignin g row s 
of  "pixels "  a t  th e output. 

I t  isn' t  tha t  thi s i n itsel f  disrupt s th e measur e o f 
for m a t  th e output ,  fo r  tha t  i s  alway s measure d a t 
th e grai n o f  th e model ,  bu t  tha t  suc h additiona l  con -
straint s diver t  th e resource s tha t  th e ne t  ha s devote d 
t o producin g well-forme d images .  Th e resul t  i s  a 
dro p i n th e for m a t  th e output ,  but ,  an d thi s i s th e 
ke y point ,  thi s whol e story ,  i n whic h complexit y fo r 
th e networ k i s reveale d t o b e th e opposit e o f  wha t 
one woul d expect ,  onl y eflfect s repetitiv e shapes . 

Summary 
Th e describe d mode l  present s interestin g analogue s 
t o som e o f  th e mad n effect s uncovere d i n behaviora l 
studies .  I n particula r  w e hav e th e preferenc e fo r  th e 
processin g o f  symmetri c shapes ,  whic h i s muc h les s 
susceptibl e t o variation s alon g th e contou r  tha n i s 
th e processin g o f  repetitiv e shapes . 

As alread y noted ,  symmetr y m a y initiall y  see m 
mor e comple x a  phenomenon ,  i n term s o f  th e op -
eration s require d t o generat e symmetri c contoiur s 
(translatio n Jin d reflection) .  However ,  fro m a n 
anatomica l  perspectiv e i t  m a y fac t  b e simpler ,  es -
peciall y aroun d th e vertica l  axis .  Thi s relate s t o 
th e vie w tha t  homotopicalit y betwee n th e visua l 
cortice s promote s th e recognitio n o f  verticall y  ori -
ente d symmetry—becaus e information ,  instea d o f 
bein g quemtize d an d stored ,  ca n b e "mirrore d an d 
checked "  directly . 

Bayli s am d Drive r  presen t  a  plausibl e argumen t  fo r 
symmetr y preference s i n term s o f  paradle l  an d seria l 
processing ,  i n th e cognitiv e sense .  However ,  mor e 
parsimoniou s explanation s m a y b e available .  Usin g 

a spli t  architectur e neura l  net ,  w e hav e suggeste d 
tha t  th e symmetr y preferenc e ma y aris e fro m gros s 
anatomica l  aspect s o f  th e processor .  I f  thi s i s so , 
the n th e applicatio n o f  Occam' s Razo r  suggest s tha t 
ther e i s a  simple r  stor y o n symmetry . 
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Abstrac t 

This paper reports a perspective-taking strategy that 
assiste d younge r  writer s i n representin g th e 
descriptiv e need s o f  thei r  readers .  Ther e wer e 15 4 
writer s (7 8 S-̂ grader s an d 7 6 9"̂ -graders )  an d 5 2 9*" -
grad e reader s tha t  partkhpate d i n th e study .  Thre e 
condition s wer e contrasted :  a  feedbac k onl y 
condition ,  a  "ratin g other "  conditior v an d a  "reading ^ 
as-the-reader "  conditioii .  Readers '  correc t 
descriptiorvto-tangra m matche s m a d e fo r  eac h o f 
thre e session s serve d a s th e dependen t  measure . 
Repeate d measure s analysi s reveale d bot h th e 9'' ^  arv i 
th e St^grad e writer s showe d cor\sisten t  sigrufican t 
improvemen t  unde r  th e "read-as-the-reader " 
conditio n whe n revisin g thei r  essay s an d whe n 
draftin g anew .  Th e result s sugges t  tha t  whe n youn g 
writer s engag e i n a  proces s tha t  mirror s thei r  readers ' 
experiences ,  the y ca n mor e accuratel y revis e thei r 
descriptiv e writin g t o mee t  thei r  readers ' 
informationa l  needs . 

Theoretical perspective 

Writing is simultaneously an individual struggle and a 
socia l  undertakin g (Dyso n &  Freedman ,  1991 ; 
Fitzgerald ,  1992 ;  Florio ,  1979 ;  Flower ,  1994) .  Writer s 
fac e th e individua l  cognitiv e tas k o f  selectin g wha t 
informatio n t o communicat e an d h o w the y wil l 
communicat e it .  Inseparably ,  writer s conside r  w h o thei r 
reader s wil l  b e an d th e contex t  o f  thei r  reading .  Writin g 
scholar s (Traxle r  &  Gemsbacher ,  1992 ,  1993 ; 
Fitzgerald ,  1992 )  theoriz e tha t  t o mee t  th e informationa l 
need s o f  readers ,  a  write r  mus t  coordinat e a t  leas t  thre e 
interactin g menta l  representations :  a  representatio n o f 
persona l  communicativ e inten t  (wha t  d o I  wan t  t o say?) , 
a representatio n o f  th e tex t  produce d (wha t  hav e 1 
written?) ,  an d a  representatio n o f  th e reader' s 
perspectiv e (ho w wil l  th e reade r  interpre t  m y writing?) . 

Establishin g reciprocit y betwee n reader ,  writer ,  an d 
tex t  i s  th e hallmM k o f  experience d writin g (Witte , 
1992 ;  Olson ,  1994) .  Considerabl e researc h (e.g. , 
Bereite r  &  Scardamalia ,  1987 ;  Beal ,  1996 )  ha s 
demonstrate d tha t  youn g writer s ar e particularl y 
challenge d i n teamin g thi s writer-reader-tex t 
reciprocity .  Specifi c  instructiona l  condition s tha t  foste r 
"comprehensio n monitoring "  (Beal ,  1996 ;  Fitzgeral d & 

Markham,  1987 )  an d 'Tmowledge-transforming " 
(Bereite r  &  Scardamalia ,  1987 )  ca n hel p youn g writer s 
discriminat e thei r  intende d messag e f^o m th e actua l 
tex t  the y hav e composed ,  thu s influencin g th e textua l 
qualit y o f  thei r  writing .  Fewe r  studies ,  however ,  hav e 
outline d condition s tha t  m a y hel p improv e younge r 
writers '  awarenes s o f  thei r  readers '  possibl e 
interpretations .  Fo r  example ,  Fran k (1992 )  foun d tha t 
subtl e manipulatio n o f  "audienc e specification "  i n 
writin g prompt s le d fifth-grad e writer s to  compos e 
thei r  newspape r  advertisement s differentl y fo r  tw o 
separat e audiences .  Th e researc h literatur e (e.g. ,  Bonk , 
1990 )  remain s imclea r  abou t  instructiona l  condition s 
tha t  ca n hel p youn g writer s vie w thei r  text  fro m th e 
perspectiv e o f  thei r  readers ,  an d thu s improv e th e 
communicativ e qualit y o f  thei r  writing . 

To investigat e ho w olde r  student s migh t  becom e mor e 
sensitiv e t o thei r  reader s needs ,  Traxle r  an d Gemsbache r 
(1992 ,  1993 )  aske d colleg e student s t o compos e an d 
revis e description s o f  tangram s fo r  anonymou s readers . 
The readers '  tas k wa s t o rea d eac h descriptio n an d the n 
selec t  th e matchin g tangra m firo m a  grou p o f  similar -
lookin g tangrams .  Th e writer s w h o wen t  throug h a 
revisio n proces s identica l  t o tha t  o f  thei r  reader s 
consistentl y wrot e th e mos t  effectiv e texts.  Traxle r  an d 
Gemsbacher  (1993 )  conclude d tha t  th e reciprocit y 
betwee n readers '  needs ,  text ,  an d write r  coul d b e 
successfijll y  accomplishe d whe n writer s read-as-their -
readers ,  tha t  is ,  whe n writer s lear n t o tak e th e 
informationa l  perspectiv e o f  thei r  readers .  I f 
consideratio n o f  th e readers '  need s i s critica l  t o "goo d 
thinkin g durin g composition "  (Fitzgerald ,  1992 ,  p .  345) , 
the n "reading-as-the-reader "  m a y enabl e youn g writer s 
t o conside r  th e descriptiv e need s o f  thei r  readers . 
Reading-as-the-reade r  m a y b e on e strateg y whereb y 
youn g writer s ca n coordinat e "wha t  d o I  wan t  t o say? " 
and "wha t  hav e I  written? "  wit h "ho w wil l  th e reade r 
interpre t  m y writing? " 

Thi s pape r  report s on-goin g researc h (Holliway ,  2000 ; 
Holliwa y &  McCutchen ,  i n press )  tha t  suggest s 
"reading-as-the-reader "  ca n improv e fifth -  an d ninth -
grad e writers '  abilit y  t o compos e descriptiv e writin g 
consisten t  wit h thei r  readers '  informationa l  needs .  Thre e 
question s guid e th e presen t  paper :  1 )  Ca n "reading-as -
flje-reader"  assis t  youn g writer s i n composin g an d 
revisin g descriptiv e writin g tha t  meet s thei r  readers ' 
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informationa l  needs ? 2 )  Wha t  d o th e writers *  post -
experimen t  reflection s revea l  abou t  thre e contrastin g 
perspective-takin g conditions ? 3 )  H o w ar e th e "readers ' 
informationa l  needs "  reflecte d i n th e descriptiv e 
strategie s use d b y thes e writers? ? 

Methods 

Participant s 

Al l  participant s cam e fro m fou r  elementar y school s an d 
thre e hig h school s locate d i n a  larg e metropolita n area . 
Ther e wer e 15 4 writer s (7 8 5th-grader s an d 7 6 9th -
graders )  tha t  cam e fro m regula r  languag e art s classes . 
The reader s wer e a  separat e grou p o f  5 2 9th-grad e 
reader s i n advance d placemen t  Englis h classes . 
Desig n 

A writte n referentia l  communicativ e paradig m wa s 
adapte d fro m Traxle r  an d Gemsbache r  (1993) .  Th e 
write r  communicate d th e detail s o f  Tangra m t o a  reade r 
w ho chos e th e "target-gram "  fro m a  grou p o f  similar -
lookin g tangrams .  Ther e wer e thre e writin g session s 
eac h sqiarate d b y one-wee k intervals .  Eac h writin g 
sessio n wz s followe d o n a  separat e da y o f  th e sam e wee k 
by a  readin g session . 

Materials 

The tangram s tha t  th e writer s describe d cam e from  a 
collectio n o f  7 2 figure s (simila r  t o thos e use d b y Traxle r 
and Getnsbacher ,  1992 ,  1993 ;  Clar k an d Wilke s -Gibbs , 
1986) .  Tangram s wer e counterbalance d acros s session s 
and conditions . 

Procedures for Writers 

Sessio n on e 
Al l  writer s wer e give n a  noteboo k wit h thre e tangra m 
figure s t o b e described .  Writer s ha d 3 0 - 3 5 minute s t o 
complet e thei r  descriptions . 

Sesion two 
Writer s i n eac h classroo m wer e randoml y assigne d t o 
on e o f  thre e perspective-takin g conditions .  Th e thre e 
condition s differe d i n h o w closel y th e writers '  tas k 
mirrore d tha t  o f  thei r  readers . 

Feedback-onl y conditio n 
Writer s receive d a  sentenc e fo r  eac h descriptio n 
indicatin g whethe r  thei r  reade r  ha d successftill y  matche d 
th e descriptio n wit h th e associate d target-gram .  Writer s 
the n revise d thei r  origina l  descriptions . 

Feedbac k +  rating-othe r  conditio n 
Writer s receive d a  feedbac k sentenc e fo r  eac h 
descriptio n indicatin g whethe r  thei r  reade r  ha d 
successfiill y  matche d th e descriptio n wit h th e associate d 
target-gram ,  plu s thre e description s writte n b y anothe r 
student .  Writer s rate d th e description s b y considerin g th e 
informationa l  adequac y o f  eac h descriptio n (e.g. ,  whic h 

descriptio n create s a  cleare r  pictur e i n you r  mind?) .  Afte r 
finishin g the y revise d thei r  origina l  descriptions . 

Feedbac k +  reading-as-the-reade r  conditio n 
Writer s receive d a  feedbac k sentenc e fo r  eac h 
descriptio n indicatin g whethe r  thei r  reade r  ha d 
successfull y matche d th e descriptio n wit h th e associate d 
targe t  -gram ,  plu s thre e description s writte n b y anothe r 
student ,  an d the n the y matche d eac h descriptio n wit h 
tangrams ,  exactl y a s thei r  reader s ha d done .  Afte r  the y 
fmishe d thei r  matching ,  the y revise d thei r  origina l 
descriptions . 

Session three 
Afle r  finishin g thei r  task-specifi c  activity ,  al l  writer s 
receive d a  n e w se t  o f  thre e tangram s t o describe . 

Procedures for Readers 

The reader s receive d a  noteboo k tha t  containe d type d 
version s o f  th e tangra m descriptions ,  an d a  scorebook 
wherei n the y mad e thei r  description-to-targetgra m 
matches .  Fo r  th e entiret y o f  th e experiment ,  th e sam e 
reade r  score d th e sam e thre e writers ,  eac h write r 
representin g on e o f  th e thre e experimenta l  conditions . 

Results 
Quantitativ e analysi s 
Th e dependen t  measur e fo r  th e 2  (grades )  x  3  (tasks )  x  3 
(sessions )  repeate d measure s analysi s wa s th e numbe r  o f 
correc t  description-to-'target-gram "  matche s tha t  eac h 
reade r  mad e fo r  eac h descriptio n the y rea d (Fo r  M e a n 
difference s se e Tabl e 1  below) . 

Table 1: Means and standard deviations by 
Session ,  condition ,  an d grade . 

CoodMoo 
Feedbac k 

Sj-grwJ e 
^-grad e 

Rat»Olhe r 
^-grad e 
^-gnd e 

Read-as-th e 
Reader 

S''-grad e 
S'-grad e 

Seiiioii l 
N M S D 

18 2.1 7 .9 2 
25 1.8 0 .7 6 

26 2.2 3 .7 7 
30 1.8 7 1.0 4 

32 17 5 .8 8 
23 1J 7 .5 9 

Scuion l 
N M 

18 2J 9 
25 22 0 

26 14 2 
30 2.0 0 

32 2.2 5 
23 2.1 3 

SD 

.85 

.76 

.76 

.95 

.84 
1.0 1 

SdrioB S 
N M 

18 2.2 8 
25 1.6 8 

26 2.4 2 
30 2.2 7 

32 2.4 7 
23 2.2 6 

^̂^ ^ 
SD 

.96 

.95 

.70 

.87 

.67 
.69 

Th e betwee n subjec t  effec t  reveale d a  mai n effec t  o f 
Writer ,  F (  1,148) = 11.00 ,  p=.001 .  O n average ,  th e ninth -
grader s score d highe r  tha n th e fifth-grader s throughou t 
al l  session s an d i n al l  tasks .  Th e withi n subject s effect s 
reveale d a  significan t  mai n effec t  o f  Session , 
F(2,296)=8.76 ,  p<.001 ,  wit h sessio n 1  ( M =  1.88 ,  S D = 
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86 )  yieldin g fewe r  matche s tha n sessio n 2  ( M -  2.22 , 
S D =  .87 )  an d sessio n 3  ( M »  2.24 ,  S D -  .83) .  However , 
th e sessio n mai n effec t  wa s compromise d b y a 
significan t  interactio n betwee n sessio n an d condition ,  F 
(4,296 )  =  2.96 ,  p  =  .019 .  Pos t  ho c analyse s (Tukey' s 
Honestl y Significan t  Differenc e ( H S D )  approach ) 
establishe d tha t  difference s betwee n sessio n 1  an d 
session s 2  an d 3  wer e significan t  onl y fo r  th e read-as -
ihe-Feade r  grou p (critica l  valu e =  .375 ,  p  =  .05) .  N o othe r 
interaction s reache d significanc e ( F <1) .  Thes e result s 
sugges t  tha t  reading-as-the-reade r  helpe d bot h th e ff ^ 
and th e 9*-grader s i n meetin g thei r  readers ' 
informationa l  need s mor e tha n th e othe r  tw o conditions . 

Qualitative analysis 
A n analysi s o f  th e writers '  open-ende d free-writes  abou t 
thei r  "reading-as-the-reader "  experience s reveale d tha t 
th e tas k wa s ver y usefu l  fo r  thes e writers .  Student s 
portraye d thei r  writin g e}q>erience s o n a  variet y o f  levels , 
usuall y characterizin g th e tas k i n som e wa y a s fii n o r 
boring ,  insightfu l  o r  uninspiring .  Th e studen t  free-write 
response s wer e use d t o generat e a  genera l  codin g schem e 
tha t  categorize d thei r  experience s a s positiv e o r  negative , 
usefu l  o r  no t  useful . 

Base d o n th e codin g scheme ,  th e percentag e o f 
student s i n eac h conditio n w h o characterize d thei r 
writin g experienc e positivel y wa s calculated .  No t  al l 
student s provide d a  free-write.  Tabl e 2  present s th e 
number  o f  student s respondin g i n eac h condition ,  a s wel l 
as th e percentage .  Th e percentag e o f  positiv e response s 
from  student s i n th e Feedbac k conditio n wa s compare d 
t o thos e i n th e Rate-Othe r  an d th e Read-as-Reade r 
conditions .  Student s i n th e Feedbac k conditio n wer e 
significantl y les s likel y t o characteriz e thei r  writin g 
experience s a s positive ,  compare d wit h student s i n th e 
othe r  tw o group s (Fisher' s Exac t  =  6.787 ,  p  =.005) . 

thei r  comment s abou t  wha t  the y neede d from  thei r 
writer s reveale d tha t  a  globa l  conceptua l  imag e create d 
by a n analog y wit h a  balanc e o f  loca l  shap e an d spatia l 
elaboration s helpe d the m discriminat e an d chos e th e 
"target-gram "  from  th e grou p o f  similar-lookin g 
tangram s Fo r  example ,  on e reade r  commented :  "Th e 
description s tha t  wer e th e bes t  wer e ver y detaile d i n th e 
shape s an d wha t  th e figure  look s lik e it' s  doing. "  Th e 
readers '  profil e reveale d tha t  th e readers '  informationa l 
need s wer e me t  mor e efficientl y b y writer s w h o 
elaborate d o n th e analogica l  referen t  wit h a  balanc e o f 
sh^) e name s (e.g. ,  triangle ,  parallelogram ,  square) , 
geometrica l  qualification s (e.g. ,  zigzaggy ,  diagonal , 
pointy )  an d locatio n descriptor s (e.g. ,  t o th e right,  o n it s 
left ,  th e lef t  one) . 

A tex t  analysi s o f  th e description s reveale d tha t  m a n y 
writers ,  regardles s o f  conditio n an d grade ,  bega n thei r 
description s wit h analogie s (e.g. ,  "I t  look s lik e a  ruimin g 
fox, "  "Thi s tangra m look s lik e a  ghos t  flying.")  Thes e 
"spontaneou s analogies "  (English ,  1997 ,  p .  15 )  m a y b e 
on e w a y writer s ar e attemptin g t o establis h a  c o m m o n 
perceptua l  groun d wit h thei r  readers .  Writer s varied , 
however ,  i n th e w a y the y elaborate d o n th e spatia l  an d 
geometri c qualitie s o f  th e tangram s the y described . 
M a ny writer s use d a n "objec t  centered "  strateg y tha t 
focuse d o n th e intrinsi c detail s o f  eac h tangram .  Fo r 
exampl e thi s writer' s descriptio n represent s a  c o m m o n 
strategy :  "I t  look s lik e a  goose .  I t  ha s a  lon g zigzaggin g 
neck .  I t  ha s a  smal l  hea d an d a  pointe d beak .  It s bod y i s 
kind a [sic ]  lon g an d i t  ha s tw o fee t  o n to p o f  eac h other. " 
At  thi s poin t  i n th e analya s i t  i s  no t  eas y t o identif y 
change s i n writin g strategie s an d textua l  feature s du e t o 
enhance d reade r  perspective .  Initia l  tex t  analyse s o f  th e 
descriptiv e essay s generate d i n thi s stud y revea l  fe w 
structura l  difference s tha t  ca n b e associate d wit h 
condition . 

Tabl e 2 :  Actua l  numbe r  an d percentag e o f  student s w h o 
responde d positivel y t o thei r  experimenta l  condition . 

Feedbac k 

Rate-Othe r 

Rod-s -
Rnder 

Positiv e Respons e 
# Reapoodin g 
i r  "iKt l  T?''1i*i ^ 

% Who responded 
from  eac h conditio o 

20 4 6 3 % 

38 67.9 % 

39 70.9 % 

T o investigat e th e "readers '  needs "  a  profil e wa s 
cotî ile d base d o n th e readers '  open-ende d comment s 
made a t  th e en d o f  eac h readin g session .  A n analysi s o f 

Discussio n 

Theoretica l  Implication s 
Al l  thre e group s o f  writer s receive d feedbac k indicatin g 
th e accurac y o f  thei r  reader' s choice .  Th e rate-othe r 
grou p als o rea d an d evaluate d descriptiv e tangra m text s 
writte n b y othe r  students .  However ,  onl y th e read-as-the -
reade r  grou p wa s aske d t o tak e thei r  readers '  perspectiv e 
i n th e actua l  tas k o f  matchin g description s t o tangrams . 
Althoug h th e m e a n score s improve d significantl y from 
sessio n 1  t o sessio n 2 ,  th e cognitiv e potenc y o f  th e read -
as-the-reade r  conditio n emerge d mos t  strikingl y i n th e 
"transfe r  comparison "  betwee n session s 1  an d 3 .  I t  m a y 
be th e cas e tha t  th e interventio n duraio n wa s no t 
sufficien t  i n th e secon d sessio n t o sho w a  significan t 
revisio n i n th e origina l  descriptions .  Periiap s mor e tha n 
on e experienc e wit h reading-as-the-reade r  i s necessar y 
fo r  younge r  writer s t o sho w th e benefits . 
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A n alternativ e explanatio n involve s th e natur e o f  th e 
writin g tas k i n sessio n 3  compare d t o sessio n 2 .  I n th e 
secon d sessio n (revisio n session) ,  writer s m a y hav e bee n 
unde r  th e influenc e o f  th e tex t  the y ha d alread y created ; 
th e actua l  physica l  tex t  tha t  the y compose d i n th e firs t 
sessio n m a y hav e constraine d th e creatio n o f  a  n e w tex t 
fres h wit h detail .  Bereite r  an d Scardamali a (1987 ) 
suggest ,  "th e origina l  versio n o f  text ,  becaus e i t  i s 
perceptuall y presen t  [emphasi s added] ,  ha s a  direc t 
clai m o n consciou s attention .  Unles s th e write r  ca n 
deliberatel y brin g alternative s t o mind ,  th e origina l  tex t 
wil l  wi n fo r  lac k o f  competition "  (p .  87) .  Th e reading-as -
the-reade r  conditio n ha d th e greates t  impac t  whe n 
student s wer e give n a  chanc e t o appl y an d 
recontextualiz c wha t  the y ha d learne d fro m impos in g 
on e se t  o f  text s t o th e compositio n o f  a  similar ,  bu t  n e w 
texts .  Tha t  is ,  w h e n writer s drafte d ane w i n th e thir d 
session ,  unconstraine d b y a n existin g less-effectiv e text , 
the y wer e abl e t o demonstrat e wha t  the y ha d learne d 
firom  "reading-as-the-reader. " 

Th e positiv e responses  tha t  student s m a d e suggest s 
tha t  "reading-as-the-reader "  gav e thes e writer s a 
perspectiv e o n th e effect s o f  thei r  writin g tha t  the y 
otherwis e migh t  no t  hav e considered .  O n e write r 
reflected  " I  lik e t o rea d othe r  kids '  description s becaus e 
sometime s i f  I  rea d odie r  kid s [sic ]  description s I  ca n ge t 
mor e idea s .  .  becaus e w h e n I  loo k bac k int o th e 
picture s I  can' t  se e th e picture s the y see. "  Th e analysi s 
o f  th e writer' s comment s fro m th e read-as-the-reade r 
grou p stiggest s tha t  actuall y doin g th e tas k thei r  reader s 
di d reveale d t o the m th e necessar y informatio n the y 
neede d t o includ e an d th e uimecessai y informatio n the y 
neede d t o exclud e i n thei r  descriptions . 

Furthe r  research  migh t  "directl y prob e th e way s i n 
whic h individual s cop e wit h th e item s o r  task ,  i n a n 
effor t  t o illuminat e th e processe s tha t  underla y ite m 
respons e an d tas k performance "  (Messick ,  1989 ,  p .  6) . 
B y conductin g protoco l  analysi s students '  thought s coul d 
be assesse d t o reveal  th e kind s o f  decision s tha t  writer s 
m a ke an d th e kind s o f  informatio n the y chos e t o includ e 
an d exclude ,  an d ultimately ,  th e kind s o f  discours e 
strategie s tha t  the y chos e t o us e i n a n attemp t  t o mee t 
Aei r  readers '  informationa l  needs .  Thi s i s on e approac h 
we migh t  tak e t o bette r  understan d h o w reading-as-the -
reade r  ca n assis t  yotmge r  writer s i n accomplishin g th e 
writer-reader-tex t  reciprocity . 

Educational Implicationt 
Thi s researc h contribute s t o a  bod y o f  literatur e (e.g. , 
Bcal ,  1996 ;  Cameron ,  Hunt ,  &  Linton ,  1996 ;  Frank , 
1992 ;  Oliver ,  1995 )  tha t  clarifie s som e o f  th e 
instrtictiona l  condition s tha t  ca n hel p youn g writer s 
envisio n h o w thei r  readers '  interpre t  th e tex t  the y hav e 
written .  Specifically ,  i t  contribute s t o ou r  understandin g 
o f  h o w younge r  writer s ca n lear n o f  th e reciprocit y 
betwee n writing ,  reading ,  an d tex t  (se e Wittc ,  1992) .  Th e 

stud y offer s empirica l  suppor t  fo r  th e widesprea d 
classroo m practic e o f  pee r  editin g an d pee r  response. 
Thi s shid y suggests ,  however ,  tha t  pee r  respons e m a y b e 
mor e effectiv e w h e n peer s actuall y us e th e tex t  i n som e 
way ,  becaus e the y ar e force d t o confron t  th e text' s 
sti-ength s an d weaknesse s i n a  concret e context ,  rathe r 
tha n th e mor e absti-ac t  contex t  o f  givin g literar y 
feedback . 

Althoug h th e "referentia l  communicatio n design " 
has bee n traditionall y associate d wit h experimenta l 
psycholog y an d spoke n communication ,  simila r 
activitie s an d communicativ e processe s ar e foun d i n 
writin g instructio n literature .  Fo r  example ,  a n adaptatio n 
of  th e writing/readin g exercis e "reading-as-the-reader " 
migh t  b e adde d t o a  teacher' s repertoir e o f  "optima l 
environmenta l  activities "  (Daniles ,  1990 ,  pp .  118-121) . 
Danile s suggests ,  "lesson s abou t  effectiv e descriptiv e 
writin g emerg e fro m experiencin g sO^tegie s i n use "  (p . 
119) .  "Readin g a s th e reader "  i s a  perspective-takin g 
strateg y experience d whe n th e write r  attempt s t o creat e a 
specifi c  descriptio n thei r  reader s ca n "see. " 

Anothe r  applicatio n o f  "readin g a s th e reader" 
woul d b e a  perspective-takin g strateg y tha t  ca n b e adde d 
t o a  "writer' s too l  box "  (Harper ,  1997) .  Harpe r  describe s 
five  revision  tool s tha t  sh e suggest s hav e worke d fo r  he r 
as a  practicin g middl e schoo l  writin g teacher .  O n e suc h 
tool  i s  th e "snapshot. "  Student s compos e writte n 
snapshot s simila r  t o a  detaile d photographi c sna{>shot . 
Snapshot s ar e writin g activitie s tha t  compe l  student s t o 
concentrat e o n th e physica l  propertie s an d descriptiv e 
qualitie s o f  variou s "objects. "  "Reading-as-the-reader " 
coul d b e a n instructiona l  too l  tha t  writin g teacher s 
incorporat e int o his/he r  repertoir e o f  classroo m activitie s 
t o hel p student s becom e mor e efficien t  descriptiv e 
writers . 

Finally ,  "reading-as-the-reader "  m a y hel p student s 
t o m a k e detail s explid t  an d assis t  student s i n recognizin g 
othe r  tex t  creatin g approache s tha t  coul d b e use d wit h 
othe r  function s o f  writing .  Con^)osin g concret e poem s 
and descriptiv e essay s an d the n "readin g a s th e reader " 
ar e classroo m experience s tha t  m a y facilitat e student s 
goin g beyon d thei r  immediat e persona l  an d socia l 
circumstanc e (Cameron ,  Hunt ,  &  Linton ,  1996 ; 
Elasasse r  &  John-Steiner ,  1977 ;  Florio ,  1979) .  I f 
"reading-as-the-reader "  i s a  learnin g strateg y tha t 
worice d fo r  younge r  writer s i n helpin g the m develo p a 
readers '  perspectiv e i n transactiona l  writing ,  i t  migh t 
als o b e a  strateg y transferabl e t o othe r  writin g purposes . 
Not  onl y doe s "reading-as-the-reader "  assis t  writer s i n 
asking ,  "wha t  d o I  wan t  t o write? "  an d "wha t  hav e I 
written? "  ,  mor e in^ortantiy ,  i t  m a y assis t  i n addressin g 
th e mor e challengin g tas k of ,  " H o w wil l  th e reade r 
interpre t  m y writing? " 
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Abstrac t 

How do people control interactive search? One type of 
decisio n tha t  i s  mad e whe n perfoimin g a  tas k suc h a s 
searchin g th e we b i s whethe r  t o continu e t o explor e 
unattractiv e bu t  imntediatel y availabl e link s o r  t o backu p 
t o previousl y experience d links .  I t  ha s recentl y bee n 
suggeste d tha t  thi s choic e ma y b e governe d b y a  prese t 
threshold .  W e repor t  empirica l  evidenc e tha t  i n fac t  th e 
choic e i s governe d b y memor y fo r  th e qualit y o f  th e 
onselecte d alternative s o n previou s pages .  Further ,  w e 
rcpo n a  con^utatioiu d mode l  tha t  combine s a n instance -
base d memor y fo r  previou s evaluation s wit h display -
drive n actio n t o contro l  interactiv e search . 

Introduction 

Taslc s suc h a s w e b browsin g an d m e n u searc h ar e 
example s o f  wha t  w e cal l  interactiv e searc h tasks . 
The y diffe r  from  othe r  proble m solvin g task s i n tha t  th e 
effec t  o f  a n operato r  i s u n k n o w n unti l  th e operato r  ha s 
bee n implemente d i n th e world .  I n thes e circumstance s 
a proble m solve r  caimo t  us e menta l  lookahea d i n orde r 
t o constrai n search ,  rathe r  searc h i s constraine d b y tw o 
mutuall y dependen t  cognitiv e activities . 

First ,  peopl e estimat e th e relativ e likelihood s tha t 
operator s wil l  lea d t o th e goa l  an d trad e thes e of f 
agains t  estimate s o f  cos t  (PiroU i  an d Card ,  1999) .  I n 
interactiv e search ,  estimate s o f  likelihoo d ar e typicall y 
base d o n a n interpretatio n o f  th e relationshi p betwee n 
th e goa l  an d th e semantic s o f  th e word(s )  an d icon(s ) 
tise d t o represen t  th e operator .  Estimate s o f  cos t  ar e 
ofte n base d o n th e tim e tha t  operator s ar e expecte d t o 
tak e t o implemen t  i n th e world . 

Second ,  th e proces s o f  likelihoo d estimatio n mus t  b e 
embedded withi n a  strateg y fo r  controllin g search .  A 
strateg y typicall y define s policie s fo r  determinin g 
whic h operator s ar e include d i n th e se t  o f  thos e 
considere d an d policie s fo r  reducin g o r  eliminatin g th e 
probabilit y  tha t  operator s tha t  hav e bee n trie d befor e ar e 
redundantl y reselected .  Typicall y a  strateg y fo r 
interactiv e searc h wil l  b e supporte d b y m e m o r y fo r 
whic h operator s hav e alread y bee n trie d o n th e curren t 
searc h (s o tha t  reselectio n ca n b e avoided )  an d b y 
m e m o ry fo r  informatio n abou t  whic h operator s lea d t o 
succes s o r  failur e o n previou s trial s (Howes ,  1994) . 

H o w es an d Payn e (2001 )  hav e argue d tha t  thes e need s 
ar e no t  easil y capture d b y curren t  architectura l  theorie s 
of  h u m a n cognition . 

A searc h strateg y i s require d i n additio n t o a n abilit y 
t o follo w labe l  semantic s becaus e i n rea l  menu s an d o n 
rea l  w e b pages ,  labe l  semantic s (an d therefor e estimate s 
of  likelihood )  ar e rarel y sufficien t  t o guarante e tha t 
user s wil l  navigat e directl y t o th e locatio n o f  a  goa l 
withou t  som e firuitles s exploratio n o f  othe r  part s o f  th e 
searc h space .  A n understandin g o f  th e proces s b y 
whic h peopl e ran k orde r  operator s mus t  b e 
complemente d b y a  mode l  o f  whic h the y consider ,  h o w 
the y remembe r  whic h the y hav e tried ,  an d h o w the y 
remember  wher e t o fin d them . 

Previou s researc h o n th e strategie s tha t  peopl e us e t o 
contro l  exploratio n i n thes e circumstance s ha s 
emphasise d tha t  performanc e i s  ofte n display-based . 
I.e .  proble m solvin g i s  constraine d b y th e se t  o f 
operator s currentl y availabl e o n th e displa y o f  th e 
devic e (Howe s an d Young ,  1996) .  Th e devic e displa y 
impose s constraint s o n th e proble m solvin g proces s tha t 
limi t  th e cognitiv e cost s o f  devic e use .  Othe r  researc h 
has indicate d tha t  judgement s o f  wha t  choice s hav e 
bee n take n befor e ar e sometime s mad e o n th e basi s o f 
long-ter m representation s o f  familiarit y (Payne , 
Richardson ,  Howes ,  2000) . 

Othe r  researc h ha s directl y addresse d th e questio n o f 
w h en user s choos e t o 'backup '  fro m a  choic e point .  A 
'backup '  operato r  i s  a  specia l  kin d o f  operato r  i n 
interactiv e searc h i n tha t  th e use r  know s tha t  it s effec t  i s 
t o retur n th e use r  t o th e previous ,  higher ,  nod e i n th e 
tre e (althoug h th e use r  m a y no t  k n o w th e conten t  o f  thi s 
node) .  Ther e ar e a  numbe r  o f  type s o f  backu p i n w e b 
browsing .  Th e 'Back '  butto n o n a  browse r  take s th e 
use r  t o th e previou s pag e i n th e recen t  histor y stack .  A 
lin k labelle d 'back '  o n a  w e b pag e wil l  typicall y tak e a 
use r  t o a  pag e on e leve l  highe r  i n th e sit e hierarch y 
(thoug h thi s i s  no t  guaranteed) .  Th e difference s 
betwee n thes e operation s ar e potentiall y  interestin g bu t 
fo r  her e w e conside r  a  generi c backu p wher e th e tw o 
definition s ar e aligned . 

O ne answe r  t o th e questio n o f  whe n user s choos e t o 
backu p i s tha t  backup s ar e selecte d whe n evaluation s o f 
al l  availabl e forwar d move s fal l  belo w som e threshol d 
(Mille r  an d Remington ,  2001) .  I n thei r  model ,  Mille r 
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and Remingto n assume d tha t  user s selecte d a  lin k 
wheneve r  th e perceive d likelihoo d o f  succes s exceede d 
some predetermine d threshold .  The y poin t  ou t  tha t  a 
featur e o f  thi s mode l  i s tha t  i t  place s littl e deman d o n 
memory.  Searc h i s controlle d withou t  a  memor y fo r 
previou s alternative s t o th e curren t  searc h path .  Mille r 
and Remingto n als o describ e a n elaboratio n o f  thei r 
threshol d mode l  i n whic h "improbabl e link s a t  a  lowe r 
tier "  ar e selecte d opportunistically .  Thi s i s achieve d b y 
temporaril y  reducin g th e threshol d fo r  selection .  Thei r 
model  wa s motivate d b y examinatio n o f  w e b usag e log s 
whic h suggeste d tha t  user s selecte d les s probabl e link s 
befor e backtrackin g t o othe r  possibilities . 

An alternativ e mode l  i s tha t  peopl e moderat e thei r 
willingnes s t o backu p according ,  i n part ,  t o thei r 
memory fo r  th e qualit y o f  previousl y unselecte d 
operator s a t  highe r  level s i n th e m e n u tree .  I n thi s 
model  a  singl e fixe d threshol d woul d no t  b e used ,  rathe r 
backu p woul d b e selecte d accordin g t o a  computatio n 
of  th e relativ e value s o f  a n extende d se t  o f  operator s 
tha t  included ,  bu t  wa s no t  limite d to ,  thos e derive d from 
th e currentl y displaye d labels .  I t  i s  possibl e tha t  peopl e 
backu p i f  th e previou s labe l  wa s significantl y bette r 
tha n th e curren t  labels ,  o r  perhap s onl y i f  bot h th e 
curren t  label s wer e belo w som e threshol d (a s i n Mille r 
and Remington' s model )  an d th e previou s labe l  wa s 
abov e som e othe r  threshold . 

I n additio n i t  seem s likel y tha t  th e perceive d tim e cos t 
of  successfull y returnin g t o a  remembere d optio n wil l 
moderat e people' s willingnes s t o selec t  a  backu p 
option .  Suc h behaviou r  woul d b e consisten t  wit h recen t 
fmding s i n Human-Compute r  Interactio n (Gra y &  Fu , 
2001 )  an d wit h th e conflic t  resolutio n mechanis m o f 
A C T - R (Anderso n an d Lebiere ,  1998) . 

I n thi s pape r  w e firs t  repor t  a n experimen t  designe d 
t o tes t  th e hypothesi s tha t  whe n engage d i n interactiv e 
searc h task s peopl e tak e int o accoun t  th e valu e an d cos t 
of  option s othe r  tha n thos e tha t  ar e immediatel y 
availabl e o n th e compute r  display .  W e als o repor t  a 
model  o f  interactiv e search ,  tha t  i s  consisten t  wit h th e 
result s o f  th e experiment ,  an d whic h i s base d o n a n 
instance-base d framewor k o f  memor y fo r  proble m 
solving .  Th e mode l  wa s develope d i n respons e t o th e 
curren t  findings  an d i n par t  t o ou r  previou s wor k o n 

interactiv e searc h (Payne ,  Richardso n an d Howes , 
2000 ;  H o w e s an d Payne ,  2001) . 

Experiment 

The ai m o f  th e experimen t  wa s t o tes t  th e hypothesi s 
tha t  peopl e tak e memor y fo r  th e valu e an d cos t  o f 
unselecte d m e n u option s from  previou s choic e point s 
int o accoun t  whe n decidin g whethe r  t o backup . 
Participant s wer e aske d t o searc h fo r  a  differen t  targe t 
i n eac h o f  a  serie s o f  identicall y structure d binar y m e n u 
trees .  Selectio n o f  a n optio n resulte d i n th e displaye d 
menu bein g replace d b y a  submenu .  Th e tree s differe d 
i n thre e respects :  (a )  th e qtialit y  o f  th e weake r  optio n a t 
th e to p leve l  choice-poin t  i n th e men u (eithe r  a  good , 
averag e o r  ba d choice) ;  (b )  th e qualit y o f  th e tw o 
option s a t  th e lowe r  level ,  o r  critica l  choice-poin t 
(eithe r  bot h ba d o r  bot h ver y ba d choice s fo r  th e goal) ; 
(c )  th e cos t  o f  backup . 

The qualit y o f  label s wa s determine d b y previou s 
studie s i n whic h participant s wer e aske d t o fill  i n a 
questionnair e indicatin g th e likelihoo d tha t  the y woul d 
selec t  a  labe l  fo r  a  particula r  goal .  Fo r  example ,  the y 
wer e aske d t o rat e "Cowbo y movies "  an d "Fact s an d 
Figures "  fo r  th e goal ,  "fin d whe n Joh n W a y n e died. " 
Answer s wer e give n o n a  five  poin t  scale ,  from 1  (ver y 
likely) ,  t o 5  (ver y unlikely) ,  th e level s o f  whic h ar e 
referre d t o i n thi s pape r  a s ver y good ,  good ,  average , 
bad ,  an d ver y bad . 

I n accordanc e wit h (a )  an d (b )  above ,  a t  th e to p leve l 
of  th e men u tre e ther e wa s alway s on e ver y goo d optio n 
and on e tha t  wa s eithe r  good ,  averag e o r  bad .  O n th e 
m e nu underneat h th e to p leve l  ver y goo d optio n ther e 
was a  nod e wit h label s tha t  ha d bot h bee n rate d ba d o r 
bot h ver y bad .  (O f  thei r  o w n volition ,  participant s wer e 
expecte d t o mostl y selec t  th e bes t  choic e a t  th e to p 
level. ) 

The numbe r  o f  time s tha t  participant s chos e t o backu p 
as th e first  mov e mad e from  th e critica l  choice-poin t 
was recorded .  Th e desig n o f  th e experimen t  allowe d u s 
t o determin e whethe r  th e numbe r  o f  backup s wa s 
dependen t  onl y o n th e qualit y o f  th e label s a t  th e critica l 
choice-poin t  (ba d vs .  ver y bad )  o r  als o o n th e qualit y o f 
remembere d bu t  untrie d label s a t  highe r  level s o f  th e 
tre e (goo d vs .  averag e vs .  bad )  and/o r  o n th e cos t  o f 
backup . 

A "giv e up "  optio n wa s availabl e s o tha t  participant s 
di d no t  nee d t o follo w path s unde r  ba d o r  ver y ba d 
option s i n orde r  t o find  th e goal .  Thi s woul d otherwis e 
be th e cas e i n th e men u tree s wher e th e alternativ e 
optio n a t  th e first  choice-poin t  wa s a  labe l  tha t  ha d bee n 
rate d a s bad .  Thi s wa s designe d t o ensur e tha t 
participant s experience d minima l  positiv e feedbac k fo r 
th e ba d m e n u labels . 
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M e t h o d 

Participants .  Thirty-si x undergraduat e student s (3 0 
female s an d 6  males )  participate d i n thi s stud y fo r 
cours e credits .  Th e mea n ag e o f  participant s wa s 1 9 
year s 1 1 months . 

Materials .  Twenty-seve n binar y men u tree s wer e 
used .  Participant s wer e require d t o find  a  singl e goa l  i n 
eac h o f  th e men u trees .  Th e goal s wer e al l  t o find 
genera l  informatio n o n differen t  topics . 

The twenty-seve n men u tree s consiste d o f  eightee n 
tes t  men u tree s an d nin e filler  trees .  I n eac h tre e th e 
first  choic e wa s betwee n a  labe l  tha t  ha d previousl y 
been rate d a s a  ver y goo d labe l  fo r  th e goal ,  an d on e 
tha t  ha d bee n rate d a s eithe r  good ,  averag e o r  bad .  Th e 
ver y goo d choic e le d t o a  choice-poin t  wher e th e tw o 
label s ha d bee n rate d a s eithe r  bot h ba d o r  bot h ver y 
bad. 

Nin e differen t  topic s wer e use d fo r  th e tes t  trees ,  wit h 
eac h topi c occurrin g twice .  Eac h topi c wa s use d fo r  a 
menu tre e wit h a  ver y ba d critica l  choice-poin t  an d fo r  a 
menu tre e wit h a  ba d critica l  choice-poin t  givin g nin e o f 
eac h i n total .  Withi n eac h o f  thes e set s o f  nin e men u 
trees ,  thre e ha d a  goo d alternativ e optio n a t  th e first 
choice-point ,  thre e ha d a n averag e optio n an d thre e ha d 
a ba d option .  Acros s participants ,  eac h topi c wa s 
presente d equall y ofte n a s eac h o f  th e si x differen t  type s 
of  tes t  menu . 

Ther e wer e tw o location s fo r  th e goa l  i n eac h o f  th e 
tes t  men u trees .  Th e goa l  informatio n coul d b e foun d 
eidie r  b y movin g forward s ftt»m  th e critica l  choice -
point ,  o r  b y backin g u p fhi m i t  an d searchin g th e othe r 
hal f  o f  th e structure . 

Procedure .  Al l  participant s carrie d ou t  a  simpl e men u 
searc h trainin g task s befor e takin g par t  i n thi s 
experimen t  Afte r  readin g th e instructions ,  participant s 
worke d throug h thre e practic e searc h task s an d the n 
throug h th e twenty-seve n men u searc h task s presente d 
i n a  differen t  partially-randomise d orde r  fo r  eac h 
participant .  Presentatio n o f  task s wa s self-pace d i n tha t 
participant s ha d t o find  th e goa l  (o r  giv e up )  befor e th e 
nex t  tas k coul d b e started .  Selection s wer e 
automaticall y recorde d b y th e program . 

Participant s wer e randoml y assigne d t o eithe r  a  low -
cost ,  immediat e backu p grou p o r  t o a  high-cost ,  slo w 
backu p group .  Participant s i n th e high-cos t  grou p ha d 
t o carr y ou t  tw o intermediat e step s betwee n clickin g o n 
backu p an d gettin g t o th e previou s choice-point .  Bot h 
of  thes e step s require d participant s t o clic k button s i n 
window s t o confir m tha t  the y wante d t o backup .  A s 
before ,  participant s i n thes e tw o group s wer e matche d 
fo r  fi-equency  an d lengt h o f  Interne t  use . 

Results and Discusssion 

The tendenc y t o selec t  th e give-u p optio n rathe r  tha n 
continuin g imti l  th e goa l  wa s foun d wa s ver y low .  I t 

was use d o n onl y S % o f  task s o n average .  A s expected , 
i t  wa s use d mos t  ofte n o n thos e task s wher e th e untrie d 
optio n a t  th e first  choice-poin t  wa s ba d rathe r  tha n goo d 
or  average . 

The mea n percentag e o f  backup s mad e a s th e first 
move fi'om  th e tw o type s o f  critica l  choice-poin t  (ba d 
and ver y bad )  i n eac h o f  th e thre e type s o f  men u tre e 
(good ,  averag e o r  ba d untrie d previou s option )  wa s 
calculate d fo r  eac h participant .  Thes e dat a ar e 
summarise d i n Tabl e I  an d wer e subjecte d t o a n Anov a 
t o tes t  fo r  effect s o f  critica l  choice-poin t  type ,  precedin g 
untrie d optio n typ e an d cos t  o f  backup . 

Critica l 
choice -
poin t 

Ver y ba d 
Ver y ba d 
Ver y ba d 
Bad 
Bad 
Bad 

Previou s 
untrie d 
optio n 

Good 
Averag e 
Bad 
Good 
Averag e 
Bad 

Fast  backup s 

M 

73% 
61% 
50% 
70% 
52% 
44% 

5,D . 

31% 
26% 
26% 
28% 
38% 
30% 

Slo w 
backup s 

M S J I 

5 5 % 3 7 % 
5 2 % 2 5 % 
5 0 % 3 0 % 
6 1 % 2 6 % 
4 5 % 2 2 % 
4 4 % 2 5 % 

Tabl e 1 .  Th e mea n backup s mad e a s th e first  mov e 
fro m th e critica l  choice-point s i n eac h men u type . 

There was a significant effect of the goodness of the 
precedin g untrie d optio n o n th e numbe r  o f  backup s 
made,  F(2 ,  68 )  =  8.45 ,  p  <  0.01 .  Significantl y mor e 
backup s wer e mad e fix) m th e critica l  choice-poin t  whe n 
th e precedin g untrie d optio n wa s goo d tha n whe n i t  wa s 
bad o r  average .  Ther e wa s n o mai n effec t  o f  th e qualit y 
of  label s a t  th e critica l  choice-point ,  F(l ,  34 )  =  1 .  14 ,  p  = 
0.29 .  Equa l  number s o f  backup s wer e mad e whethe r 
th e option s wer e ba d o r  ver y bad .  Thi s wa s no t  du e t o 
floor  o r  ceilin g performance :  th e averag e percentag e o f 
backup s mad e fro m th e critica l  choice-point s wa s 55% . 

Ther e wa s no t  a  significan t  mai n effec t  o f  cos t  o f 
backup ,  F(l ,  34 )  =  1.77 ,  p  =  0.19 ,  no r  wer e ther e an y 
significan t  interactions . 

Finally ,  ther e ar e tw o way s o f  lookin g a t  thi s data , 
eithe r  i n term s o f  th e assessmen t  o f  th e precedin g 
untrie d optio n (a s above) ,  o r  i n term s o f  th e differenc e 
betwee n th e untrie d optio n an d th e option s a t  th e 
curren t  choice-point .  However ,  i t  i s  har d t o quantif y 
difference s i n assessments .  Th e fac t  tha t  ther e wa s n o 
significan t  differenc e betwee n ba d an d ver y ba d critica l 
choice-point s i s evidenc e agains t  th e differenc e i n 
assessment s bein g a  factor . 

An instance based model 

The mode l  i s a  computationall y implemente d mode l 
of  th e strateg y underlyin g th e directio n o f  th e effect s 
observe d i n th e experiment .  I t  consist s o f  a n algorith m 
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implemente d i n a  simpl e bu t  nove l  productio n syste m 
framewor k develope d b y th e authors .  A  brie f 
descriptio n o f  th e framewor k i s given  befor e th e detail s 
of  th e strategy . 

Framework 

The basi c assumption s i n th e framewor k (thoug h no t 
th e model )  wer e motivate d b y previou s researc h rathe r 
tha n b y th e curren t  findings .  Th e primar y motivatio n 
was th e proble m o f  discriminatin g whic h tria l  a 
memory wa s from ,  an d i n particula r  whethe r  a  m e m o r y 
was fro m th e curren t  tria l  o r  fro m a  previou s trial . 
H o w es an d Payn e (2001 )  hav e argue d tha t  th e w a y i n 
whic h informatio n i s represente d i n ACT-R ' s 
declarativ e m e m o r y (Anderso n an d Lebiere ,  1998 ) 
makes i t  difficul t  t o mode l  th e contro l  o f  searc h ove r 
multipl e trial s withi n th e sam e searc h space .  O n e 
proble m i s tha t  th e combinatio n o f  frequenc y an d 
recenc y informatio n i n bas e leve l  activatio n make s i t 
difficul t  t o distinguis h whethe r  a n activatio n i s hig h 
becaus e a  representatio n wa s use d o n th e curren t  tria l 
(recency) ,  o r  hig h becaus e i t  ha s bee n use d m a n y time s 
befor e (frequency) .  Whil e A C T - R model s ar e 
sometime s buil t  s o tha t  the y d o encod e episodi c chunks , 
i t  i s  no t  clea r  fro m th e theor y whe n a  n e w chun k shoul d 
be encode d an d whe n th e activatio n o f  a n ol d chun k 
shoul d b e increased . 

The instance-base d framewor k tha t  w e describ e her e 
i s a  respons e t o thes e problems .  Wher e i n A C T - R , 
repeate d exposur e t o a  goa l  o r  aspec t  o f  th e 
environmen t  result s i n a n incrementa l  increas e i n th e 
base-leve l  activatio n o f  th e chunk ,  i n th e framewor k 
describe d here ,  repeate d exposur e t o pattern s result s i n 
th e encodin g o f  separat e instance s (wher e a n instanc e i s 
a structur e consistin g o f  a  collectio n o f  attribue/valu e 
pairs) .  Effect s o f  frequenc y ca n b e capture d i n th e 
framewor k b y a  rac e betwee n instance s tha t  matc h t o 
th e curren t  goa l  an d sUte .  Th e approac h ha s bee n 
inspire d b y Logan' s (1988 )  instance-mode l  o f  practic e 
and b y Altman n an d John' s (1999 )  episodi c accoun t  o f 
h o w peopl e contro l  searc h durin g progra m 
comprehension . 

I n brief ,  th e mai n assumption s behin d th e framewor k 
ar e give n below .  M a n y o f  th e assumption s ar e derive d 
fro m A C T - R an d Soa r  bu t  th e framewor k differ s 
substantiall y  fro m bot h i n th e structur e o f  it s 
declarative/workin g memory .  Whil e w e believ e tha t 
thes e assumption s hav e th e potentia l  t o offe r  a  nove l 
approac h t o modelin g th e contro l  o f  cognitiv e behavior , 
the y shoul d no t  b e take n i n thei r  curren t  for m a s a 
competito r  t o th e establishe d architectures .  A C T - R fo r 
exampl e consist s o f  a  sophisticate d se t  o f  mechanism s 
tha t  hav e bee n show n t o b e usefu l  i n modelin g a  broa d 
rang e o f  behavior .  I n contrast ,  w e hav e focuse d o n jus t 
thos e mechanism s require d t o captur e a  handfu l  o f 

experiment s o n a  specifi c  bu t  importan t  issue .  T h e 
assumption s are : 
1.  Th e framewor k include s tw o type s o f  dat a structure : 

(1 )  productio n rules ,  an d (2 )  instanc e structures . 
Productio n rule s matc h t o instanc e structure s t o 
produc e mor e instance s and/o r  action . 

2.  Instanc e structure s consis t  o f  (Identifier ,  Attribute , 
Value )  triples .  S o fo r  example ,  (ol ,  isa , 
operator),(ol ,  name ,  press),(ol ,  target ,  "tools"),(ol , 
state ,  si )  represent s a n operato r  o l  wit h fou r 
features .  Similarly ,  (si ,  isa ,  state )  migh t  b e par t  o f 
th e representatio n o f  th e stat e t o whic h o  1  ha s bee n 
applied .  A n instanc e canno t  b e modifie d o r  deleted . 
N e w instance s m a y refe r  bac k t o ol d instances . 

3.  Th e identifie r  o f  th e mos t  recen t  instanc e i s hel d i n a 
buffer .  Anothe r  buffe r  hold s a  specificatio n o f  th e 
inpu t  (informatio n from  perception) . 

4.  Wheneve r  a  productio n rul e fires  i t  add s n e w 
instance s t o instanc e memory .  S o fo r  example ,  i f 
th e productio n tha t  create d o l  wa s t o fire  agai n i t 
migh t  ad d th e triples ,  (o2 ,  isa ,  operator),(o2 ,  name , 
press),(o2 ,  target ,  "tools") ,  (o2 ,  state ,  s5) .  Bot h o l 
and o 2 woul d the n b e i n instanc e memory ,  bu t  not e 
tha t  onl y o 2 woul d b e linke d t o sS . 

5.  Conflic t  resolution .  Seria l  contro l  i s  impose d a t  th e 
leve l  o f  productio n firing. A  productio n onl y fires 
onc e o n th e sam e data .  Productio n matche s ar e 
selecte d a t  random ,  thoug h behavio r  m a y b e 
moderate d b y hig h frequency  matches . 

6.  Production s propos e operators .  Operator s ca n carr y 
preferences ,  e.g .  "high" ,  bu t  ar e otherwis e selecte d 
at  rando m afte r  a  certai n numbe r  o f  cycle s hav e 
passe d sinc e th e previou s choice . 

Unlik e i n A C T - R ,  frequency  an d recenc y informatio n 
ar e no t  merge d an d i t  i s  no t  therefor e difficul t  t o 
distinguis h th e curren t  tria l  from  previou s trials .  Th e 
framework  i s suitabl e fo r  modelin g th e findings  o f 
H o w es an d Payn e (2001) .  I t  i s  als o suitabl e fo r 
modelin g th e result s o f  th e experimen t  reporte d here . 

Strategy 

Th e result s o f  th e experimen t  indicat e tha t  m u c h o f 
th e tim e participant s preferre d highe r  valu e operator s 
regardles s o f  whethe r  the y wer e availabl e o n th e curren t 
menu.  Th e strateg y fo r  th e mode l  therefor e considere d 
not  onl y choice s availabl e o n th e curren t  displa y (i.e . 
thos e tha t  ar e cue d b y th e environment )  bu t  als o choice s 
tha t  i t  ha d previousl y experienced .  Th e strateg y wa s 
encode d i n th e instance-base d framewor k i n term s o f  a 
set  o f  productio n rules .  Thes e rule s propose d operator s 
determine d b y th e currentl y displaye d m e n u item s an d 
by instance-base d m e m o r y fo r  previousl y displaye d 
untrie d operators .  Importantly ,  a s w e wil l  see ,  th e 
model  di d no t  nee d t o remembe r  th e previou s label , 
merel y th e fac t  tha t  ther e wa s a  previou s highl y rate d 
choice . 
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Th e experimen t  wa s als o suggestiv e o f  som e effec t  o f 
th e cos t  o f  backu p o n participants '  decisio n making . 
Whil e thi s effec t  wa s no t  significant ,  i t  woul d b e 
surprisin g an d counte r  t o m u c h previou s wor k i f  peopl e 
di d no t  tak e cos t  int o accoun t  i n thi s kin d o f  decisio n 
and w e hav e therefor e chose n t o includ e a  sensitivit y t o 
th e cos t  o f  backu p i n th e model . 

Eve n fo r  thi s simpl e experimenta l  task ,  th e productio n 
rule s als o nee d t o b e sensitiv e t o whethe r  a  m e m o r y wa s 
fro m th e curren t  tria l  o r  from a  previou s trial . 
Participant s i n th e experimen t  experience d a  whol e 
sequenc e o f  tasks ,  an d woul d hav e ha d t o b e abl e t o 
detramin e w h e ^ e r  a  m e m o r y for a  previous ,  highl y 
rate d m e n u optio n w a s fo r  th e curren t  task .  Thi s i s 
achieve d b y takin g advantag e o f  th e discriminatio n 
n u d e availabl e b y th e instance-base d encoding . 

Behavior of the model 
T o ilhutrat e th e behavio r  w e offe r  a  trac e fo r  a  typica l 

experimenta l  scenario .  Th e mode l  wa s give n th e goa l 
o f  findin g th e targe t  "Joh n Wayne" .  T h e firs t  choic e 
was betwee n "Films' *  an d "Celebrities "  fo r  bot h o f 
whic h th e mode l  ha d bee n give n a  "high "  likelihoo d 
ratin g (base d o n a  collectio n o f  h u m a n ratings) .  Th e 
model  retrieve d thes e rating s (line s 2  an d 4 )  an d als o 
asserte d dia t  neithe r  labe l  ha d bee n recognize d a s trie d 
fo r  thi s tria l  (line s 1  an d 3) .  O n th e basi s o f  th e 
gadiere d evidenc e th e mode l  the n propose d th e 
selectio n o f  eac h butto n (line s S  an d 6 )  an d the n 
selecte d "Celebrities "  a t  rando m Gin e 8) .  (  not e tha t 
"... "  indicate s wher e ther e wa s a  sequenc e o f  "wait " 
operator s (e.g .  lin e 7). ) 

1. rocogniM no i13 labal^'RIms' 
Z r«tr1«v«_ykelihoo d 11 4 labeN'Fnmc *  valu««hig h 
3.  racogniM.n o 11 5 label''Celat>rit)es ' 
4.  re»1«v«_Bke<ihoo d i1 6 lab«l>*C6let>iities '  value=his h 
5.  propoM.fonMT d 11 7 MMl^'Fllms '  pref̂ hig h 
6.  propO M forwar d i1 6 lab«l>'C«lebntiM '  pref̂ hlg h 
7.  .. . 
8.  Selec t  11 8 
9.  appty.ferwar d 12 4 ACTIO N (prNS'Calabrlttes' ) 

The model was then presented with a choice between 
" C o m e d y Films "  an d "Companies "  bot h o f  whic h ha d 
bee n give n a  "low "  ratin g Oine s 1 0 an d 13) .  T w o "low " 
rate d forwar d operator s wer e the n propose d o n th e basi s 
o f  th e gathere d evidenc e (line s 1 6 an d 17) .  I n addition , 
a "high "  rate d alternativ e wa s retrieve d (lin e 11) .  Thi s 
retrieva l  wa s m a d e fro m a  previousl y encode d instanc e 
of  a  highl y rate d pn-oposal ,  bu t  in^rtantly ,  retrieva l  fo r 
th e actua l  labe l  wa s no t  required .  Th e retrieva l  lea d t o 
th e pnqxMa l  o f  a  "med ium "  rate d backu p operato r  (lin e 
12) .  Th e mode l  chos e th e backu p operato r  (lin e 19 ) 
ove r  A c "low "  rate d forwar d operators .  N B .  backu p 
w as (Mil y give n a  "med ium "  ratin g i n thi s circumstanc e 
becaus e o f  th e additiona l  cos t  t o b e expecte d prio r  t o 

th e selectio n o f  th e forwar d m o v e t o whic h th e mode l 
was returning . 

10. ratr1«v«_llk«llhood 130 labal-'Comedy Films' value-low 
11.  retrtava.altemaUv e 13 1 taro«H1 7 pref>hlg h 
12.  propos«_backu p 13 2 label-backu p target-11 7 

pr«t"m»dlu m 
13.  retrlev«_llkellhoo d 13 3 label-"Compar>l»» "  valu»«lo w 
14.  recognl8«_n o 13 4 l«bel«'Comed y Films " 
16.  recognlse_n o 13 5 labal-'Companiea ' 
16.  propoM.forwar d 13 6 lab»l""Comed y Films "  pret»lo w 
17.  propoae.fbrwar d 13 7 label-'Companlet '  pref-k> w 
16.  propos«_backu p 13 8 label-backu p targat-11 7 

pr8f > mediu m 
19.  Select :  13 8 
20.  apply.backu p 14 0 ACTIO N (pres s backup ) 
At this stage the model has returned to the top-level 
choic e poin t  an d immediatel y recognize d tha t  i t  ha s 
trie d th e "Celebrities "  labe l  befor e o n thi s tria l  (lin e 21) . 
However ,  a s "Films "  i s no t  recognize d a s trie d an d i s 
highl y rate d i t  select s i t  (lin e 27) . 

21. recognls«_yes 146 label-"CelebrmM" 
22.  retrleve.likelihoo d 14 7 label="Fllms '  value=hlg h 
23.  recognlse.n o 14 8 label="Fllm» " 
24.  propose.fbrwar d 14 9 labeN'FHms '  pref-hig h 
25.  retrteve.likellhoo d 15 0 labek'Celebrlties '  value=hig h 
26.  .. . 
27.  Select :  14 9 
28.  apply_«bcvwr d 15 6 ACTIO N (press'Films" ) 
The model is now given a choice between two "low" 
rate d labels .  Thi s time ,  n o retrieva l  o f  a  previou s an d 
highl y rate d operato r  occur s s o on e o f  th e "low " 
operator s i s selected .  (Th e S % o f  trial s o n whic h 
participant s chos e t o "giv e up "  th e searc h a t  point s lik e 
thi s ar e no t  modeled. ) 

29. retiieve.llkellhood 162 labels "Careers' value=k>w 
30.  racogniae.n o 16 3 label -  'Educatk>n ' 
31.  retrievejikellhoo d 16 4 label-'EducatkHi '  value-to w 
32.  propose_forwar d 16 5 label = "Education "  pref-lo w 
33.  recognl9e_n o 16 6 label -  "Careers " 
34.  propoaejorwar d 16 7 label -  "Careers "  preHo w 
35.  .. . 
36.  Select :  16 5 
37.  apply.forwar d 17 2 ACTIO N (pres s "Education' ) 
In addition, to the above, the model was run on the 
rang e o f  labe l  ratin g combination s use d i n th e 
experimen t  an d produce d behavio r  consisten t  wit h th e 
finding s i n eac h circumstance .  W e hav e no t  reporte d 
aggregate d statistic s o f  th e model s performanc e here ,  a s 
th e participan t  response s t o whic h suc h a n analysi s 
woul d b e compare d wer e probabl y dependen t  o n fine r 
grai n labe l  rating s tha n wer e provide d t o th e model . 
W h at  i s importan t  fo r  ou r  cmrcn t  purpose s i s tha t  th e 
model  capture s th e qualitativ e distinction s observe d i n 
th e experiment . 
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Discuss io n 

We hav e presente d a n integrate d mode l  o f  interactiv e 
searc h tha t  i s base d o n a n instance-base d accoun t  o f 
human memory .  Th e mode l  capture s findings from  a n 
experimen t  reporte d i n th e curren t  pape r  an d i s 
consisten t  wit h previou s findings  (Howe s an d Payne , 
2001) .  Specifically ,  whil e operato r  proposa l  i s 
primaril y display-based ,  operator s ar e als o propose d o n 
th e basi s o f  memor y fo r  previou s untrie d same-tria l 
operators .  W e hav e claime d tha t  thi s instance-base d 
approac h provide s th e fine  discriminatio n fo r  th e sourc e 
of  memorie s tha t  i s require d i n orde r  t o mode l  th e data . 

Whil e w e hav e empiricall y demonstrate d tha t  peopl e 
moderat e thei r  willingnes s t o selec t  backu p operator s o n 
th e basi s o f  memor y fo r  previou s unselecte d 
alternatives ,  a  threshol d accoun t  m a y stil l  relevan t  t o 
performance .  Fo r  example ,  a  threshol d ma y b e require d 
t o determin e "giv e up *  decisions ,  an d als o t o determine , 
at  th e first  choic e point ,  whethe r  t o selec t  a n ite m o r 
sca n fo r  another .  H o w thi s threshol d i s determine d i s 
an issu e tha t  require s furthe r  research . 

Ther e ar e man y aspect s o f  th e interactiv e searc h dat a 
tha t  w e hav e no t  attempte d t o capture .  Mille r  an d 
Remingto n (2001) ,  fo r  example ,  describ e a  thoroug h 
analysi s o f  h o w thei r  mode l  capmre s aspect s o f  th e 
dcpth^readt h trade-of f  i n huma n performanc e wit h 
menu systems .  I t  i s  possibl e tha t  ou r  mode l  i s 
consisten t  wit h Mille r  an d Remington' s threshol d 
model  i n thi s respec t  bu t  th e analysi s remain s t o b e 
done . 

The mode l  tha t  w e hav e describe d ca n b e contraste d 
t o a  metho d o f  searc h contro l  know n a s operato r 
subgoalin g (Laird ,  Newel l  an d Rosenbloom ,  1987) . 
Wit h operato r  subgoaling ,  th e bes t  operato r  tha t  ha s 
bee n propose d i s selecte d eve n thoug h i t  canno t  b e 
implemente d directl y i n th e curren t  state .  Th e operato r 
i s poste d o n th e goa l  stac k an d th e precondition s fo r 
operato r  applicatio n ar e poste d a s th e curren t  goal .  I n 
contrast ,  th e searc h strateg y tha t  w e hav e describe d her e 
i s relativel y lea n i n th e demand s tha t  i t  place s o n 
memory.  W h e n a  decisio n wa s mad e tha t  ther e wa s a n 
attractive ,  previousl y experience d operator ,  thi s 
operato r  wa s no t  poste d a s th e goal ,  rathe r  th e proble m 
solve r  chos e th e singl e operato r  require d t o achiev e th e 
require d preconditions .  Onc e thes e hav e bee n met ,  th e 
choice s o n th e ne w men u ar e considere d afres h an d a 
choic e made .  I n general ,  i t  i s possible ,  tha t  th e greate r 
power  o f  th e operato r  subgoalin g mechanis m i s 
require d t o mode l  huma n interactiv e search .  I t  i s ofte n 
th e case ,  fo r  example ,  tha t  establishin g th e 
precondition s fo r  a n operato r  require s mor e tha n on e 
step .  I n thi s circumstanc e operato r  selectio n need s t o 
be guide d b y a  consisten t  focu s o n th e desire d 
preconditions .  W e se e n o reaso n w h y th e instance -

base d framework  tha t  w e hav e describe d shoul d no t  b e 
capabl e o f  supportin g thi s mor e sophisticate d strategy . 

Lastly ,  i t  i s  wort h considerin g th e fac t  tha t  w e hav e 
not  chose n t o includ e mechanism s o f  deca y an d 
interferenc e i n th e mode l  reporte d here .  Th e reaso n fo r 
thi s i s tha t  thes e mechanism s wer e no t  require d t o 
captur e th e findings  o f  th e experiment .  Howeve r  contro l 
strategie s ofte n d o no t  degrad e gracefiill y  a s m e m o r y 
becomes unreliable .  Implausibl e perseveratio n is ,  fo r 
example ,  a  frequent  consequenc e o f  th e los s o f  critica l 
informatio n from  th e memor y o f  a  model .  I t  i s  likel y 
therefor e tha t  thi s issu e wil l  nee d t o b e revisited . 
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Abstrac t 

The ability of members on a team to reason about 
each others '  capabilitie s an d workloa d i s  impor -
tan t  fo r  effectiv e teamwork .  Thi s i s require d fo r 
prope r  tas k allocatio n an d loa d balancing ,  a s wel l 
as man y othe r  tea m processe s suc h a s adaptive -
ness ,  proactiv e assistance ,  an d backing-u p behavior . 
The presen t  wor k propose s t o incorporat e capabilit y 
reasonin g int o intelligen t  agent s t o produc e bette r 
teeimwor k simulations ,  t o wor k bette r  wit h human s 
as virtua l  tea m members ,  an d t o facilitat e tea m 
training .  However ,  classica l  model s o f  capabiUtie s 
i n computationa l  system s an d intelligen t  agent s ar e 
inadequat e fo r  representin g th e mor e comple x as -
pect s o f  huma n performance ,  suc h a s th e abilit y 
t o perfor m multipl e task s i n parallel ,  interferenc e 
among thes e tasks ,  effect s o f  limit s o n attentio n an d 
othe r  cognitiv e resources ,  an d th e abilit y  o f  human s 
t o dynamicall y adjus t  thei r  leve l  o f  effor t  o n tasks . 
I n thi s paper ,  w e presen t  a  forma l  mathematica l 
model  o f  capabilitie s tha t  account s fo r  thes e effects . 
The mode l  posit s finite  pool s o f  interna l  resources , 
fo r  whic h task s compete ;  qualit y  o f  performanc e de -
}end s o n th e amoun t  o f  resource s jJlocated .  Capa -
>ilitie s ar e define d accordin g t o whethe r  a  feasibl e 

schedul e ca n b e foun d tha t  allow s a  se t  o f  task s t o b e 
complete d withi n give n constraint s (e.g .  deadlines ) 
whil e no t  exceedin g th e capacit y  o f  an y interna l  re -
source .  A n extensio n o f  th e mode l  i s the n propose d 
t o incorporat e multipl e resources . 

I n t r o d u c t i o n 

Mtin y studie s hav e suggeste d tha t  th e abilit y  t o dis -
tribut e task s appropriatel y an d t o adaptivel y bad -
anc e th e workloa d withi n team s i s essentia l  fo r  pro -
ducin g effiectiv e teamwor k (Kleinma n e t  al. ,  1992 ; 
Kozlowski ,  1997) .  I n orde r  t o d o this ,  tea m mem-
ber s mus t  b e abl e t o reaso n abou t  thei r  ow n an d eac h 
others '  capabilities .  Fo r  example ,  the y mus t  b e abl e 
t o kno w whe n t o accep t  o r  rejec t  ne w tasks ,  base d 
on ho w the y migh t  interfer e wit h curren t  on-goin g 
tasks ,  t o delegat e sub-task s t o th e (best )  tea m m e m-
ber s wh o ar e no t  overloaded ,  an d t o offe r  assistanc e 
t o thos e wh o are .  Eve n i n intra-tea m communica -
tio n an d coordination ,  assessmen t  o f  capabilitie s an d 
workloa d hav e a n impaw:t ;  i n on e study ,  i t  wa s foun d 
tha t  communication s amon g tea m member s i n th e 
best-performin g tetun s actuall y decrecise d i n high -
temp o situation s (Serfat y e t  al. ,  1997) ,  presumabl y 

due t o a  recognitio n tha t  excessiv e communicatio n 
activitie s plac e a  deman d fo r  attentio n o n bot h th e 
sende r  an d receive r  tha t  compete s wit h processin g o f 
intens e taskwork .  Therefor e reasonin g abou t  capa r 
bilities ,  includin g knowledg e o f  tas k demands ,  skil l 
level s o f  individua l  tea m members ,  an d momentar y 
workloa d acros s th e tea m i n a  give n situation ,  mus t 
be considere d a n essentia l  componen t  o f  tea m cog -
nition . 

Recentl y ther e ha s bee n a  ris e o f  interes t  i n in -
corporatin g intelligen t  agent s int o automate d team -
trainin g system s (Ricke l  an d Johnson ,  1997) .  Thes e 
agent s coul d b e use d i n a  variet y o f  ways ,  from  au -
tomate d assistant s (decisio n aids) ,  t o virtua l  rol e 
players ,  t o coaches .  I n orde r  fo r  agent s t o moni -
tor ,  understand ,  critique ,  o r  participat e i n teamwor k 
wit h huma n trainees ,  th e agent s mus t  als o b e en -
dowed wit h th e abiht y t o reaso n abou t  capabilitie s 
cin d workloa d o f  individual s o n th e team .  Agent s 
i n th e simulatio n mus t  b e abl e t o asses s th e work -
loa d o f  human s wit h w h o m the y interac t  i n orde r 
t o mak e decision s abou t  whe n an d ho w t o inter -
act  i n a  wa y tha t  i s  no t  disruptiv e o r  unnatural . 
(Thi s i s a n additiona l  constrain t  tha t  purel y agent -
base d system s d o no t  hav e t o b e concerne d with. ) 
However ,  mos t  existin g forma l  model s o f  capabilit y 
reasonin g i n agent s d o no t  adequatel y addres s th e 
kin d o f  reasonin g tha t  i s  require d i n thes e agent -
base d team-trainin g systems .  Typically ,  thes e prio r 
model s trea t  capabilitie s a s a  simpl e associatio n be -
twee n actor s (agent s o r  humans )  an d "executable " 
actions ,  thoug h th e actor s mus t  als o b e awar e tha t 
the y ca n d o thes e things ,  i.e .  hav e suflScien t  "know -
how' ^  (Moore ,  1985 ;  Singh ,  1991 ;  va n de r  Hoe k e t  al. , 
1994) . 

Thes e computationa l  model s allo w agent-base d 
system s t o b e designe d wher e th e agent s ca n rea -
son abou t  eac h others '  capabilities ,  an d eve n per -
for m tas k distributio n jm d loa d badancing .  However , 
thes e model s generall y assum e tas k completio n i s  bi -
nar y (succes s o r  failure )  an d d o no t  tak e int o accoun t 
grade d sense s o f  capability ,  whic h ar e mor e mean -
ingfu l  t o huma n performance .  Human s ca n ofte n 
achiev e bette r  result s b y workin g "harder "  (apply -
in g mor e effor t  o r  attention) ,  the y ca n dynamicall y 
reduc e thei r  effor t  o n on e tas k t o accomodat e per -
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formin g othe r  task s i n parallel ,  an d the y ar e ofte n 
hmite d b y pragmati c upper-bound s o n performanc e 
(e.g .  du e t o finit e skill s  o r  attention) .  W h a t  i s neede d 
i s a  formii l  syste m tha t  wil l  enabl e a n agen t  t o un -
derstam d whe n a  huma n i s to o bus y doin g certai n ac -
tivitie s (e.g .  flying  a n aircraf t  i n comba t  o r  engagin g 
an enemy )  t o d o othe r  thing s (e.g .  monito r  fo r  ne w 
visua l  contacts ,  liste n t o backgroun d radi o traflic) . 
The agen t  need s t o b e abl e t o comput e th e relativ e 
impac t  o f  ne w task s o n th e accurac y o f  performin g 
existin g tasks ,  an d th e potentia l  fo r  dela y i n com -
pletio n o f  individua l  task s b y thei r  deadlines .  Thi s 
i s differen t  fro m jus t  askin g whethe r  a n operato r  i s 
capabl e o f  doin g th e additiona l  task s "i n principle. " 

Humans ar e capabl e o f  performin g multipl e task s 
i n parallel ,  an d ther e i s a  grea t  dea l  o f  literatur e o n 
analyzin g time-sharin g performanc e (Wicken s an d 
Holland ,  2000) .  Ye t  human s ultimatel y hav e limit s 
on thei r  processin g capacity ,  exemplifie d b y th e no -
tio n o f  finite  limit s o n attention ,  whic h ha s bee n rig -
orousl y documented .  Furthermore ,  ther e i s clea r  ev -
idenc e tha t  som e tas k combination s ar e time-shMe d 
mor e efficientl y tha n others ,  suc h a s th e differenc e 
betwee n drawin g a  sketc h whil e listenin g t o th e rai -
di o versu s readin g whil e listenin g t o th e radio .  Som e 
models ,  suc h a s th e multiple-resourc e mode l  (e.g. , 
Wickens ,  1984 )  hav e postulate d distinc t  an d sepa -
rat e cognitiv e resource s fo r  differen t  type s o f  cog -
nitiv e processin g t o expliii n th e wid e rang e o f  ob -
serve d tas k interactions .  Anothe r  importjin t  issu e 
tha t  make s huma n capabilitie s difficul t  t o reaso n 
abou t  i s tha t  performanc e i s no t  a  binar y quantity , 
but  rathe r  a  grade d valu e (e.g .  accuracy ,  reactio n 
time) ,  an d humams ca n intentionall y adjus t  tas k per -
formanc e i n a  numbe r  o f  controllabl e ways ,  suc h a s 
increasin g qualit y b y focusin g attentio n an d apply -
in g mor e cognitiv e "effort, "  o r  b y reducin g effor t  b y 
spreadin g th e tas k processin g ou t  ove r  a  longe r  in -
terva l  o f  tim e (Hend y e t  al. ,  1997) ,  suc h a s multiply -
in g multi-digi t  number s togethe r  i n one' s hea d mor e 
slowl y fo r  greate r  ciccuracy .  Therefore ,  whethe r  o r 
not  a  huma n member  o f  a  tea m i s "capable "  o f  doin g 
somethin g depend s o n a  grea t  man y things ,  includ -
in g wha t  othe r  task s h e o r  sh e i s doin g (thei r  curren t 
workload) ,  th e degre e t o whic h th e ne w tas k migh t 
interfer e wit h them ,  th e individual' s skil l  level(s) , 
attentio n managemen t  skil l  (Gopher ,  1993) ,  an d th e 
adaptabilit y  o f  th e tas k performanc e wit h respec t 
t o th e tightnes s o f  th e constraint s o n completio n 
(e.g .  deadlines ,  qualit y  criteria) .  Thi s i s a  mor e 
situation-base d o r  context-dependen t  perspectiv e o n 
capability . 

Reasonin g abou t  capabilitie s a t  thi s quantitativ e 
leve l  i s  importan t  fo r  modelin g an d understandin g 
teamwork .  T o date ,  ver y littl e researc h ha s ad -
dresse d th e relationshi p betwee n individua l  cogni -
tio n an d qualit y o f  teamwork ,  thoug h th e connectio n 
i s discusse d i n (Hue y an d Wickens ,  1993) .  A n un -
derstandin g o f  individuals '  capabilitie s an d workloa d 

ar e clearl y importan t  t o th e efficien t  operatio n o f  a 
team ,  suc h a s fo r  distributin g task s t o th e mos t  ap -
propriate/skillfu l  members ,  balancin g th e loa d (t o 
maintai n flexibility),  an d proactivel y assistin g o r 
backin g eac h othe r  up .  Wit h regar d t o training , 
we hypothesiz e tha t  eac h tea m member  him/hersel f 
must  develo p enoug h reserv e capacit y o n to p o f  thei r 
individua l  taskwor k t o devot e som e attentio n t o par -
ticipatin g i n th e teamwork ,  suc h a s trackin g sta r 
tu s o r  progres s o f  tea m goals ,  sharin g informatio n 
relevan t  t o others ,  o r  buildin g distribute d situatio n 
awareness . 

I n thi s paper ,  w e presen t  a  formal ,  mathemati -
cal  mode l  fo r  reasonin g abou t  capabilities ,  especiall y 
fo r  agent s t o reaso n abou t  an d interaur t  wit h thei r 
h u m an teammates .  Th e approac h sythesize s idea s 
fro m a  numbe r  o f  previou s description s o f  work -
load ,  attention ,  an d performanc e int o a  computa -
tiona l  mode l  tha t  ca n b e concretel y implemente d a s 
a decision-makin g procedur e i n a  multi-agen t  sys -
tem .  Afte r  establishin g som e term s an d assump -
tions ,  a  definitio n o f  capabilit y  wil l  b e presente d i n 
term s o f  whethe r  a  himia n coul d adap t  hi s o r  he r  per -
formanc e (i.e .  t o find  a  schedul e an d selec t  effor t  lev -
els )  tha t  woul d accomodat e a  give n se t  o f  task s wit h 
a se t  o f  specifie d constraints .  W e conclud e b y dis -
cussin g th e implication s o f  thi s computationa l  mode l 
of  capabilitie s fo r  modelin g an d understandin g tea m 
performance ,  an d fo r  designin g ne w approache s t o 
tea m training . 

A Formal Model 
I n thi s section ,  w e presen t  a  quantitativ e mode l  fo r 
reasonin g abou t  capabilities .  Fo r  simplicity ,  w e stjul ; 
wit h descriptio n o f  a  single-resourc e mode l  a s a  bci -
sis .  Late r  w e exten d i t  t o sho w ho w i t  ca n accomo -
dat e th e assumptio n o f  multipl e cognitiv e resources . 

Single-Resource Foundation 

Preliminarily ,  assum e ther e i s a  singl e c o m m o n cog -
nitiv e resourc e fo r  whic h tcisk s compete .  Perhap s 
i t  migh t  b e labelle d genericall y a s "attentiona l  re -
sources. "  A t  an y give n time ,  a  perso n migh t  b e usin g 
some amoun t  o f  thi s resource ,  u(t) ,  bu t  th e resourc e 
i s bounded ,  V t  0  <  u(t )  <  Umax -  Sinc e th e scal e i s 
arbitrary ,  w e normaliz e resourc e utilizatio n s o tha t 
Umax =  1-0 ,  puttin g i t  o n a  unifor m scal e o f  0  t o 1 . 

We assum e thi s c o m m o n resourc e ca n b e allocate d 
to ,  o r  divide d among ,  severa l  concurren t  tasks .  Th e 
amount  o f  resourc e bein g applie d t o a  give n tas k i 
at  a  give n m o m e nt  t  i s  referre d t o a s "effort, "  an d i s 
denote d ei{t) .  W e vie w th e su m o f  resource s bein g 
applie d t o al l  task s a t  a  give n m o m e n t  a s a  reflectio n 
or  interna l  measur e o f  workload .  Le t  th e se t  o f  task s 
be calle d Ti...Ti .  Th e "workload "  i s define d as : 

w{t) = Ei ait) 

and it is constrained not to exceed the limit, 0 < 
W{t )  <  Umax -
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Figur e 1 :  Resourc e utilizatio n ove r  tim e (wit h limit) . 

Wherea s thi s notio n o f  effor t  i s  define d o n a 
moment-by-momen t  basis ,  th e tota l  effor t  expende d 
on a  task ,  o r  tota l  resource s applie d Ei ,  i s  th e su m 
of  th e effor t  allocate d t o tha t  tas k ove r  th e duratio n 
of  it s  performanc e (illustrate d i n Figur e 1) .  I n othe r 
words ,  i t  i s  th e sum ,  o r  integral ,  o f  th e moment-by -
moment  resource s utilize d i n performin g tha t  task : 

- £ 

t=end(i ) 
ait )  d t 

»tort(i ) 

Whil e th e amoun t  o f  resource s applie d t o a  tas k i s 
not  necessaril y  constant ,  w e assum e ther e i s a n av -
erag e effor t  valu e ?i ,  an d ou r  mode l  i s base d o n thi s 
approximation . 

T h e aimoun t  o f  resource s require d fo r  a n individ -
ual  t o perfor m a  give n tas k depend s o n a  numbe r 
of  interna l  an d externa l  determinants .  Externally , 
th e difficult y o f  th e task ,  a s wel l  a s constraint s o n 
accurac y o r  spee d (i.e .  deadlines) ,  ca n influenc e th e 
processin g resource s require d (e.g .  i t  i s  harde r  t o d o 
a tas k bette r  o r  faster ,  an d som e task s hav e param -
eter s relate d t o difficulty ,  suc h a s numbe r  o f  item s 
t o remember ,  an d s o on) .  Internally ,  a  specifi c  indi -
vidual' s respons e t o tas k d e m a n d ca m b e aiffecte d b y 
thei r  innat e abilit y an d executiv e managemen t  skill , 
prio r  training ,  degre e o f  automation ,  etc .  W e quan -
tif y th e relationshi p betwee n amoun t  o f  resource s 
applie d t o a  tas k an d qucilit y  o f  performanc e usin g a 
functio n fo r  quality-effor t  trjideoff :  q i  =  f{Ei )  (als o 
k n o w n a s a  Performanc e Resourc e Functio n (Nor -
m an an d Bobrow ,  1976) ;  se e Figur e 2). ^  Qualit y 
ca n represen t  cin y numbe r  o f  performanc e measure s 
specifi c t o th e task ,  suc h a s accuracy ,  invers e o f  reac -
tio n time ,  etc .  W e d o no t  plac e m a n y restriction s o n 
th e for m o f  thi s function ,  bu t  typically ,  w e assum e 
i t  i s  monotonic :  increasin g effor t  o n mos t  task s in -
crease s qualit y (Wickens ,  1984) .  (Often ,  the y reac h 
a platea u wher e greate r  effor t  doe s no t  improv e qual -
ity ,  i n whic h cas e the y ar e sai d t o b e "data-limited." ) 

^Qualit y o f  performanc e migh t  als o depen d o n som e 
measur e o f  tas k difficulty ,  whic h ca n b e treate d eithe r  b y 
addin g a n argumen t  fo r  whateve r  variabl e parameterize s 
th e degre e o f  difficulty ,  o r  b y simpl y viewin g the m a s 
separat e tasks . 

I 

effor t  o r  resourc e utilizatio n 

Figure 2: Illustration of a Performance Resource 
Function . 

H u m i ms ca n appl y th e sam e amoun t  o f  tota l  effor t 
t o a  tas k i n a  ramg e o f  differen t  ways .  I n particular , 
the y migh t  choos e t o wor k a s har d a s possibl e o n 
th e task ,  completin g i t  i n a  shor t  amoun t  o f  time , 
or  the y migh t  decid e t o sprea d th e processin g ou t 
ove r  time ,  reducin g th e moment -by-momen t  effort , 
fo r  exampl e t o hav e som e reserv e capacit y lef t  ove r  t o 
appl y t o othe r  task s i n parallel .  Give n tha t  w e mode l 
effor t  applie d a s th e integra l  o f  resourc e utilizatio n 
ove r  time ,  an d w e assum e ther e i s a n averag e leve l 
of  effor t  dedicate d t o a  task ,  th e relationshi p a m o n g 
momenta r y effort ,  tota l  effor t  applied ,  an d duratio n 
m ay b e expresse d a s a  simpl e formula : 

Ei = ei- di 

where dj = end{i) - start{i) is the duration of the 
task .  Therefore ,  th e effort-duratio n tradeof f  m a y 
be represente d a s a  (presumably )  hjrperboli c func -
tion ,  an d differen t  level s o f  tota l  effor t  appea r  a s 
iso-curve s (se e Figur e 3) .  Eac h poin t  o n a  give n 
curv e bound s a  bo x o f  constan t  area ,  representin g 
th e c o m m o n degre e o f  tote d effort .  Harde r  version s 
of  th e sam e tcis k correspon d t o curve s farthe r  ou t 
(dashe d lin e i n Figur e 3) ,  an d improvement s i n abil -
ity ,  e.g .  du e t o training ,  appea r  a s curve s close r  t o 
th e origin . 

We assum e ther e ar e rang e bound s o n bot h du -
ratio n an d effort .  O f  course ,  a  tas k ca n utiliz e n o 
mor e tha n 1 0 0 % o f  a  resource ,  an d thi s put s a  boun d 
o n th e m i n i m u m executio n tim e (speed) ,  a s a  resul t 
of  th e hyperboli c function .  SimiWly ,  w e assum e 
ther e i s a  m i n i m u m amoim t  o f  resourc e required , 
an d a  correspondin g limi t  o n th e slowes t  effectiv e 
rat e o f  performance .  W e represen t  thes e range s a s 
(di,Tntn,d<,moi )  an d (Ui,min,tii,max) -

T h e performance-resourc e functio n i s no t  onl y a 
functio n o f  task ,  bu t  als o o f  th e individual .  W e 
model  th e differenc e a m o n g individual s b y assumin g 
th e for m o f  th e equatio n i s th e sjune ,  an d applyin g a 
multiplie r  tha t  represent s thei r  degre e o f  skil l  s  o f  in -
dividua l  j  (relativ e t o th e averag e o f  th e population , 
fo r  whic h w e se t  s  =  1) : 

1j,i = fiEi) • sj,i 
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Figiire 3: Effort iso-curves. 

Hence th e greate r  th e skill ,  th e greate r  th e qualit y 
of  performanc e fo r  a  fixed  amoun t  o f  effor t  (ca n b e 
visucilize d a s highe r  curve s i n Figur e 2) .  Thi s allow s 
us t o mode l  th e difference s betwee n novice s an d ex -
pert s i n a  simpl e way . 

Capability Assessment as Scheduling 

Give n thi s quantitativ e mode l  o f  tas k performance , 
we ca n no w offe r  a n initia l  forma l  definitio n o f  "ca -
pability. "  Recal l  tha t  w e ar e intereste d no t  jus t  i n 
whethe r  a n individua l  i s capabl e o f  doin g somethin g 
"i n principle, "  bu t  als o whethe r  i t  ca n b e carrie d ou t 
effectivel y i n th e tim e allotte d £in d t o th e leve l  o f 
quedit y o r  sw;curac y required ,  al l  withi n th e contex t 
of  othe r  on-goin g activities .  W e vie w thi s a s a  kin d 
of  "scheduling "  problem ,  wher e capabilit y  i s  deter -
mine d b y whethe r  o r  no t  th e individua l  ca n find  a n 
arrangemen t  o f  processin g s o tha t  al l  th e task s ca n 
be complete d withou t  violatin g jin y internsi l  capac -
it y limitations . 

Definition 1: A schedule for a set of 
task s Ti...T „  bein g processe d o r  execute d b y 
an individua l  i s  a  se t  o f  paramete r  vector s 
{{start{i),end{i)yei) }  definin g th e star t  am d 
end time s o f  eac h task ,  alon g wit h planne d av -
erag e resourc e utilizatio n t o b e applie d t o each . 

Definition 2: An individual; who is currently 
performin g a  se t  o f  task s ri...r„ ,  wit h qualit y 
constraint s qi...q n an d deadline s dli...dl n i s sai d 
t o b e capabl e o f  performin g a  ne w tas k r„+ i 
(wit h constraint s qn+ i  £in d d„+i) ,  i f  ther e ex -
ist s a  schedul e S  ove r  n  ...To+ i  definin g th e star t 
and en d time s alon g wit h averag e resourc e uti -
lizatio n o f  eac h tas k {start{i),end{i),ei) ,  suc h 
tha t  al l  constraint s remai n satisfied .  Specifi -
cally : 

1-  «7i < MEi) = m • {end{i) - start(i))), 
2.  end(i )  <  dli ,  an d 

1 

•»2 

3 

o 

\ / 
\  f 

taskT l 

i z 
\ 

T3 

T4 

u 
max 

tim e 

Figure 4: Example of task schedule. 

3.  V f  w{t )  =  E j  C j  <  Umax ,  wher e th e su m run s 
ove r  £il l  task s i  s.t .  start{i )  < t  <  end{i) . 

We note that, among the existing tasks, some may 
currentl y b e bein g processed ,  whil e other s m a y b e 
schedule d t o star t  afte r  som e dela y (i.e .  pendin g 
tasks) .  K  processin g o f  certjd n currentl y executin g 
task s i s considere d uninterruptible ,  the n w e requir e 
start{i )  =  tno w fo r  thos e task s i n th e revise d sched -
ul e t o maintai n continuit y (thoug h th e effor t  leve l 
m ay b e modified) .  Figur e 4  show s a n exampl e o f  a 
tas k schedule ,  wit h selecte d effor t  level s an d dura r 
tions ,  an d som e representativ e constraints . 

Th e poin t  o f  thi s definitio n o f  capabilitie s i s tha t 
determinatio n o f  capabilit y  i n contex t  mus t  b e don e 
flexibly,  sinc e ther e ar e a  wid e variet y o f  way s i n 
whic h performanc e o f  task s ca n b e rearremge d t o 
accomodat e multipl e on-goin g activities .  On e pri -
mar y mechanis m i s delayin g processin g o f  task s tha t 
ar e no t  a s time-critical .  Thi s naturall y lead s t o a 
schedulin g metapho r  (Tulg a an d Sheridan ,  1980) . 
Variou s schedulin g algorithm s c£i n b e draw n from 
othe r  fields,  suc h a s real-tim e systems .  Whil e ex -
act  solution s t o thes e problem s ar e ofte n provabl y 
intractable ,  reasonabl y eflScien t  approximatio n algo -
rithm s ofte n exis t  (e.g .  greedy ,  ezu'lies t  deadlin e first , 
most-difficul t  tas k first,  etc.) .  A  majo r  ope n ques -
tio n is :  whic h approximation s see m t o correspon d t o 
th e kind s o f  heuristic s human s us e i n decidin g ho w t o 
carr y ou t  multipl e task s i n comple x environments ? 

One uniqu e characteristi c o f  thi s applicatio n o f 
schedulin g i s that ,  i n additio n t o mjmipulatin g stai t 
and en d times ,  anothe r  dimensio n take n int o eiccoun t 
i s th e leve l  o f  effort .  I n othe r  words ,  individual s hav e 
th e optio n o f  reducin g o r  increasin g thei r  resource s 
allocate d t o a  give n task ,  whic h ca n resul t  i n a  cor -
repondin g increas e o r  decreas e i n duratio n require d 
t o produc e equivalen t  performance .  Hence ,  on e m a y 
decid e t o defe r  processin g o f  a  ne w tas k unti l  th e 
existin g one s ar e complete ,  or ,  i f  ther e i s insufiBcien t 
time ,  ma y decid e t o begi n processin g th e ne w tas k 
righ t  awa y b y shiftin g som e o f  thei r  emphasi s o r  at -
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tentio n awa y fro m th e curren t  tasks ,  a s lon g a s i t 
wil l  no t  threate n thei r  successfu l  completion . 

Usin g ou r  scheduling-base d definitio n o f  tas k per -
formanc e unde r  resourc e constraint s (bot h interna l 
an d external) ,  w e ca n implemen t  a  concrete ,  com -
putationa d metho d fo r  agent s t o estimat e workloa d 
of  human s an d us e i t  t o simulat e decision-makin g 
abou t  whe n the y ar e likel y t o accep t  o r  rejec t  ne w 
task s i n a  dynami c environment .  Specifically ,  th e 
model  woul d predic t  tas k acceptanc e i f  an d onl y i f 
a feasibl e schedul e ca n b e foun d (a t  leas t  b y a  rea -
sonabl y plausibl e heuristi c method )  tha t  woul d ac -
comodat e th e ne w tas k alon g wit h al l  existin g ones , 
wher e the y woul d aJ l  b e complete d i n tim e t o mee t 
thei r  respectiv e deadlines ,  an d th e effor t  require -
ment s (workload )  woul d no t  excee d th e limit s (max -
i m u m capacity )  o f  th e interna l  cognitiv e resource . 

A pragmati c issu e i n developin g suc h a  computa -
tiona J metho d i s tha t  th e performemc e characteris -
tic s fo r  eac h individua l  woul d nee d t o b e derived .  W e 
believ e tha t  thes e parameter s ca n b e inferre d fro m 
empirica d observation s unde r  variou s controlle d con -
dition s b y usin g data-minin g techniques ,  bu t  a  de -
taile d descriptio n o f  th e methodolog y i s outsid e th e 
scop e o f  thi s paper . 

Extension to Multiple Resources 

Th e proble m wit h th e mode l  a s w e hav e presente d 
up t o thi s poin t  i s  tha t  i t  i s  base d o n a  single -
resourc e assumption ;  thu s i t  canno t  accoun t  fo r  vari -
abl e degree s o f  interactio n amon g task s o f  differen t 
types .  T o exten d ou r  mode l  t o incorporat e mul -
tipl e resouces ,  w e star t  b y assumin g tha t  ther e i s 
a fixed  se t  o f  resourc e pools ,  ri...r„ .  Fo r  exam -
ple ,  thes e migh t  represen t  th e eigh t  component s i n 
Wickens '  (2000 )  model ,  wit h resource s for :  auditor y 
inpu t  processing ,  visua l  inpu t  processing ,  percep -
tual/centra l  processing ,  respons e processing ,  spatia l 
processing ,  verba l  processing ,  manua l  respons e pro -
cessing ,  an d speec h respons e processing .  Eac h o f 
thes e i s postulate d t o b e use d t o differen t  degree s 
(possibl y zero )  b y an y give n task . 

Thus ,  instea d o f  a  univariat e curv e fo r  th e 
performace-resourc e function ,  w e hav e i n principl e a 
functio n o f  n  dimensions ,  representin g allocatio n o f 
eac h resourc e independentl y (Tsan g an d Velasquez , 
1996) .  However ,  t o kee p th e mode l  manageabl e (an d 
fo r  parsimony) ,  w e instea d us e a  "profile "  fo r  eac h 
tas k t o represent ,  unde r  single-task ,  full-attentio n 
conditions ,  th e relativ e aunount s o f  eac h resourc e re -
quired :  (u(ri) ,  ...,u(r„) )  (a s illustrate d i n Figur e 5) . 
The n eac h resourc e leve l  i s  modifie d proportionall y 
base d o n wha t  bactio n o f  1 0 0 % attention ,  att{T) , 
i s  allocate d t o a  give n tas k r  i n a  specifi c  situ -
ation ,  effectivel y parameterizin g th e resourc e de -
mands.  Henc e th e tas k demand ,  distribute d ove r 
th e variou s resourc e components ,  becomes : 

{attir) • u(ri, t), ...,att{T) • u(r„, r)) 

u - a 

I I 

r l  r 2 r 3 r 4 r 5 r 6 r 7 r 8 

100 % 

Resourc e Type s 

Figure 5: Resource-demand profile for a hypothet-
ica l  task .  Th e ope n bar s represen t  th e relativ e 
amount  o f  deman d b y a  tais k o n eac h typ e o f  interna l 
(cognitive )  resourc e whe n i t  i s bein g give n ful l  atten -
tion .  Th e soli d bar s sho w resourc e allocatio n level s 
scale d dow n proportionall y fo r  a  cas e wher e a n in -
dividua l  i s  onl y abl e t o focu s hal f  o f  th e requisit e 
attentio n o n thi s particula r  task . 

Thi s approac h adlow s u s t o trea t  tas k performanc e 
as intrinsicall y multi-dimensional .  N o w th e res t  o f 
th e mode l  (includin g scheduling )  ca n b e applie d a s 
before ,  wit h th e conditio n that ,  regardles s o f  ho w 
th e task s combin e o r  overlap ,  n o individua l  resourc e 
m ay excee d it s capacit y a t  £in y poin t  i n time : 

V< Wk{t) = Si att{Ti,t) • u{rk,Ti) < Umo«(r*) 

for all resource pools k, where i is summed over all 
task s bein g execute d a t  tim e t .  Th e tas k difficult y 
and qualit y  (i.e .  accuracy )  requirement s se t  th e leve l 
of  effor t  require d fo r  th e individual ,  th e individua l 
choose s a  suitabl e duratio n an d correspondin g leve l 
of  averag e emphasi s t o apply ,  am d the n thi s i s use d 
t o comput e utilizatio n o f  eac h resourc e base d o n a 
scsde d versio n o f  th e single-tas k utilizatio n profile . 
To determin e whethe r  a n individua l  i s  capabl e o f 
acceptin g a  ne w tas k i n th e contex t  o f  existin g ones , 
a schedul e mus t  b e sough t  tha t  allow s al l  task s t o 
complet e withi n th e tim e an d qualit y constraints , 
whil e violatin g n o limit s o n interna l  resources . 

Th e primar y benefi t  o f  thi s multi-dimensiona l 
model  i s tha t  i t  ca n b e use d t o simulat e differen t  de -
gree s o f  interferenc e aonon g task s dependin g o n thei r 
type .  Fo r  example ,  eve n thoug h task s A ,  B ,  an d C 
ar e considere d equall y demanding ,  i t  migh t  b e mor e 
efficien t  t o proces s A  an d C  i n paralle l  tha n A  an d 
B.  Thi s effec t  coul d b e capture d b y sayin g tha t  th e 
profile s fo r  A  an d B  bot h shar e hig h demsm d fo r 
th e sam e underlyin g resource ,  whil e th e component s 
utilize d b y A  an d C  ar e relativel y distinct .  Th e phe -
nomenon o f  differentia l  interferenc e base d o n tas k 
typ e ha s bee n cadle d "structura l  similarity "  i n th e 
literatur e (Wicken s an d Holland ,  2000) .  Ou r  wor k 

486 



i s intende d t o for m a  preliminar y basi s fo r  theoreti -
cal  an d empirica l  modelin g o f  thi s effect . 

Discussion 

Capabilitie s an d workloa d ar e on e par t  o f  th e 
"share d menta l  model "  tha t  mus t  b e computed , 
alon g wit h others '  behefs ,  goals ,  situations ,  etc. ,  t o 
generat e believabl e simulation s o f  teamwork .  Thi s 
model  coul d b e applie d t o enhancin g th e simulatio n 
and generatio n o f  teamwor k b y influencin g rol e selec -
tion ,  delegation ,  negotiation ,  an d pro-activ e behav -
ior .  Fo r  example ,  responsibilitie s coul d b e re-define d 
t o tak e int o accoun t  th e degre e t o whic h on e i s ca -
pabl e o f  doin g something ,  delegatio n policie s an d 
tas k allocatio n strategie s coul d b e modifie d t o re -
flect  a n awarenes s o f  individuals '  workloa d (i.e .  t o 
selec t  a  member  fo r  w h o m i t  woul d leas t  interfere) , 
and agent s coul d adjus t  thei r  initiativ e i n offerin g t o 
hel p tea m member s wit h task s base d o n a n assess -
ment  o f  ho w over-loade d the y ar e versu s ho w muc h 
of  a  distractio n i t  woul d be . 

An importan t  applicatio n o f  thi s computationa l 
model  o f  capabilitie s coul d b e fo r  designin g intelli -
gent  agent s fo r  us e i n team-trainin g systems .  Specif -
ically ,  thi s mode l  woul d allo w agent s t o monitor ,  ex -
ercise ,  an d evaluat e individuals '  abilit y o n huma n 
team s t o appropriatel y an d effectivel y participat e i n 
th e teamwork ,  a s a  functio n o f  thei r  ow n skills ,  work -
loa d response ,  an d attentio n managemen t  strategies . 
The gosi l  woul d b e th e developmen t  o f  nove l  train -
in g intervention s tha t  coul d promot e th e bzdanc e o f 
th e cognitiv e demand s o f  taskwor k versu s tejimwor k 
(i.e. ,  spendin g tim e reasonin g abou t  eac h other) . 

Acknowledgments 

Thi s wor k wa s supporte d i n par t  b y MURI  gram X 
#F49620-00-1-032 6 fro m Do D an d AFOSR. 

References 

Gopher ,  D .  (1993) .  Th e skil l  o f  attentio n control : 
Acquisitio n an d executio n o f  attentio n strate -
gies .  I n Meyer ,  D .  an d Kornblum ,  S. ,  editors , 
Attentio n an d Performanc e XIV .  Cambridge , 
M A:  M I T Press . 

Hendy, K., Liao, K., and Milgram, P. (1997). Com-
binin g tim e an d intensit y effect s i n aissessin g 
operato r  information-processin g load .  H u m a n 
Factors ,  39:30^7 . 

Huey, M. and Wickens, C. (1993). Workload tran-
sition :  Implication s fo r  individua l  an d tea m 
performance .  Washington ,  D.C. :  Nationa l 
Academy Press . 

Kleinman, D., Luh, P., Pattipati, K., and Serfaty, 
D.  (1992) .  Mathematica l  model s o f  tea m per -
formance :  A  distribute d decision-makin g ap -
proach .  I n Sweezy ,  R .  jui d Salas ,  E. ,  editors , 

Teams:  Thei r  Trainin g an d Performance .  N e w 
York :  Ablex . 

Kozlowski, S. (1997). IVaining and development 
of  adaptiv e teams .  I n Cannon-Bowers ,  J . 
and Salas ,  E. ,  editors ,  Makin g Decision s Un -
der  Stress ,  page s 115-153 .  Washington ,  D.C. : 
America n Psychologica l  Association . 

Moore, R. (1985). A formal theory of knowledge and 
action .  I n Hobbs ,  J .  an d Moore ,  R. ,  editors . 
Forma l  Theorie s o f  th e Commonsens e World . 
Norwood ,  NJ ;  Ablex . 

Norman, D. and Bobrow, D. (1976). On the analysis 
of  performanc e operatin g characteristics .  Psy -
chologica l  Review ,  83:508-510 . 

Rickel, J. and Johnson, W. (1997). Intelligent tutor-
in g i n virtua l  reality :  A  preliminar y report .  I n 
Proc .  o f  th e Internationa l  Conferenc e o n Arti -
ficia l  Intelligenc e i n Education ,  page s 294-301 . 

Serfaty, D., Entin, E., and Johnston, J. (1997). 
Tea m coordinatio n training .  I n Cannon-Bowers , 
J.  an d Scilcis ,  E. ,  editors .  Makin g Decision s Un -
der  Stress ,  page s 221-245 .  Washington ,  D.C. : 
America n Psychologica l  Association . 

Singh, M. (1991). A logic of situated know-how. In 
Proceeding s o f  th e Nint h Nationa l  Conferenc e 
on Artificia l  Intelligence ,  page s 343-348 . 

Tsang, P. and Velasquez, V. (1996). Diagnosticity 
and multidimensiona l  subjectiv e workloa d rat -
ings .  Ergonomics ,  39:358-381 . 

Tulga, M. and Sheridan, T. (1980). Dynamic de-
cision s an d workloa d i n multitas k supervisor y 
control .  I E E E Transaction s o n Systems ,  Man , 
and Cybernetics ,  10(5):217-232 . 

van der Hoek, W., vem Linder, B., and Meyer, J. C. 
(1994) .  A  logi c o f  capabilities .  I n Lectur e Note s 
i n Compute r  Science ,  volum e 813 ,  page s 366 -
378 .  Springer-Verlag . 

Wickens, C. (1984). Processing resources in atten-
tion .  I n Pjirasuraman ,  R .  an d Davies ,  D. ,  ed -
itors ,  Varietie s o f  Attention .  N e w York :  Aca -
demi c Press . 

Wickens, C. and Holland, J. (2000). Attention, time-
sharing ,  an d workload .  I n Wickens ,  C .  an d Hol -
land ,  J. ,  editors ,  Engineerin g Psycholog y an d 
H u m an Performance ,  chapte r  11 .  Uppe r  Saddl e 
Reiver ,  NJ :  Prentic e Hall ,  3r d edition . 

487 



Self-Organizin g Recogni t io n a n d Classificatio n o f  Relationa l 

Structure s 

Briinesh J. Jain (bjjQcs.tu-berlin.de) 
Departmen t  o f  Compute r  Science ;  Technica l  Universit y Berli n 

Germany 

Frita Wysotzki (wysotzki@cs.tu-berlin.de) 
Departmen t  o f  Compute r  Science ;  Technica l  Universit y Berli n 

Germany 

Abstrac t 

We present a novel self-organiziM structure recog-
nitio n (SOS R networ k fo r  classincatio n an d recog -
nitio n o f  relationa l  structure s represente d b y 
graphs .  Th e syste m consist s o f  severa l  subnet s eac h 
comparin g a n inpu t  structur e wit h a  give n mode l 
structure .  Th e subnet s ar e indirectl y couple d vi a a 
winner-take-al l  ( W T A )  classifier .  Durin g classifica p 
tio n th e S O S R syste m deactivate s subnet s whic h in -
dicat e larg e dissimilaritie s betwee n th e inpu t  struc -
tur e an d th e correspondin g models .  Firs t  exper -
iment s sho w tha t  thi s mechanis m significantl y re -
duce s th e computationa l  effor t  i n compariso n t o tra -
ditiona l  classincatio n system s usin g a  comparativ e 
max imu m selecto r  a s a  classifier . I n t r o d u c t i o n 

We describ e a  hierarchica l  neura l  ne t  fo r  th e recog -
nitio n an d classificatio n o f  relationa l  structure s b y 
matchin g wit h clas s prototype s whic h wa s primaril y 
develope d from  a  theoretica l  poin t  o f  vie w an d fo r 
practica l  application s i n Artificij J  Intelligence .  Clas -
sificatio n b y mean s o f  prototype s i s wel l  know n i n 
th e psychologica l  literatur e (e.g .  Rxssch ,  1975 ;  Rosc h 
an d Lloyd ,  1978 )  bu t  usuall y i s modele d usin g fea -
tur e vector s a s descriptio n o f  object s an d prototypes , 
respectively .  I n th e contex t  o f  modelin g semanti c 
m e m o ry an d discussio n o f  th e bindin g proble m i n 
Cognitiv e Neuroscienc e relationa l  description s an d 
representation s o f  structure d object s pla y nowaday s 
a majo r  rol e (e.g .  Hinton ,  1994 ;  Taylor ,  1993 ;  Tay -
lor ,  1996 ;  Singer ,  2000) .  See n from  th e poin t  o f 
vie w o f  modelin g th e dynamic s o f  neura l  structure s 
i n connectio n wit h psychologicall y observe d behav -
io r  w e ar e no t  primaril y intereste d i n th e neura l 
(populatio n o r  assembly )  cod e o f  representin g rela r 
tion s (e.g .  Singer ,  2000 )  bu t  i n studyin g th e pro -
cessin g strategie s usin g symboli c description s o f  ob -
ject s an d prototype s b y graph s an d a  hierarchica l 
organize d mnner-takea-d l  ( W T A )  net .  Thi s ne t 
wil l  classif y object s b y competitiv e matchin g wit h 
a se t  o f  predefine d prototype s i n a  self-organizin g 
manner ,  i.e .  withou t  a  homuncvlu s actin g a s a  su -
pervisor .  Th e investigatio n o f  th e WTA-processin g 
strategie s migh t  als o she d Ugh t  o n principle s o f  func -
tionin g o f  th e Short-Term-Memor y (e.g .  Grossberg , 
1987a ;  Grossberg ,  1987b) ,  o n th e rol e o f  attentio n 

(Le e e t  al. ,  1999) ,  an d o n a  trade-of f  betwee n ac -
curac y vs .  spee d o f  recognitio n dependin g o n th e 
strengt h o f  inhibitio n a s show n i n ou r  first  exper -
imenta l  result s give n below . 

I n Artificia l  Intelligenc e an d Imag e Recognitio n 
graph s ar e a  wel l  suite d representatio n o f  relationa l 
structure s Uk e molecula r  structures ,  dat a structures , 
or  semanti c networks .  I n an y case ,  a  relationa l  struc -
tur e consist s o f  elementar y object s an d binar y rela r 
tion s betwee n thes e objects .  I n a  grap h o f  a  rela r 
tiona l  structur e th e elementar y object s ar e repre -
sente d b y vertice s an d thei r  relation s b y directe d o r 
undirecte d edges .  Fo r  example ,  i n chemistry ,  graph s 
model  molecula r  structure s wher e th e vertice s repre -
sen t  atom s an d th e edge s represen t  bonds .  I n C o m -
pute r  Visio n vertice s o f  a  grap h ar e object s withi n a 
scen e an d edge s ar e structura l  relationship s betwee n 
thos e objects . 

A fundamenta l  proble m i n m a n y applicatio n do -
main s o f  processin g relationa l  structure s i s th e iden -
tificatio n an d recognitio n o f  c o m m o n structura l 
part s betwee n tw o relationa l  structures .  Fo r  exam -
pl e i n classification ,  recognitio n o r  clusterin g tasks , 
informatio n abou t  structura l  overlap s betwee n tw o 
structure s i s require d i n orde r  t o determin e a  simi -
larit y o r  distanc e o f  thes e structures .  Her e w e cal l 
th e computatio n o f  a  similarit y o r  distanc e betwee n 
tw o relationa l  structiure s grap h matching . 

I n genera l  grap h matchin g problem s ar e well -
know n NP-complet e problem s (Gare y &  Johnson , 
1979) .  D u e t o th e hig h computationi d complexit y 
much effor t  ha s bee n directe d towar d devisin g effi -
cien t  heuristic s t o find  optima l  o r  approximat e so -
lution s fo r  grap h matchin g problems .  A m o n g othe r 
heuristic s artificia l  neura l  network s hav e bee n pro -
pose d a s a  promisin g mode l  o f  computatio n fo r  solv -
in g grap h matchin g problem s (SchMdle r  &  Wysotzki , 
1999) . 

Th e hig h computationa l  complexit y i s eve n mor e 
inconvenien t  i f  th e solutio n o f  a  proble m require s 
severa l  grap h matchin g procedures .  I n distance -
base d classificatio n usin g neura l  network s & n inpu t 
grap h G  i s matche d agains t  a  give n se t  o f  T V mode l 
graph s Ml, . . . ,  M n representin g prototype s o f  cate -
gor y Ci,... ,  Cjv ,  respectively .  T h e matchin g i s per -
forme d b y recurren t  neura l  network s Si,...,Sn .  I n 
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th e followin g w e wil l  cal l  thes e network s S » tubneti . 
One fundamenta l  approac h i n distance-baao d claa -

sificatio n o f  structure s i s th e classificatio n b y mean s 
of  a  discriminan t  functio n an d a  comparativ e maxi -
m um selecto r  ( C M S )  classifier .  A  classificatio n tas k 
i s solve d b y a  C M S approac h i n th e followin g chrono -
logica l  orde r  (Schadle r  &  Wysotzki ,  1999) :  (1 )  A 
featur e extracto r  compute s th e discriminant s g *  o f 
inpu t  G  an d eac h mode l  M/, -  Th e discriminan t  Qk 
i s compute d b y th e k-i h subne t  5 *  an d serve s a s a 
measur e fo r  th e similarit y betwee n G  an d M* .  (2 ) 
The discriminant s ar e passe d t o a  C M S classifier .  (3 ) 
The C M S classifie r  sequentiall y  compare s th e calcu -
late d discriminant s an d assign s th e inpu t  grap h t o 
th e categor y fo r  whic h th e correspondin g discrimi -
nant  i s  largest .  Thu s a  C M S classifie r  processe s it s 
incomin g dat a lik e a  supervisin g homunculus . 

I n th e traditiona l  C M S classifie r  approac h eac h 
matc h betwee n G  an d M *  ha s equa l  priorit y i n th e 
sense ,  tha t  eac h subne t  S k evolve s unti l  i t  ha s com -
pute d a  discriminan t  Qk fo r  G  an d Af* .  Thu s a  C M S 
classifie r  complete s th e evolutio n o f  al l  i V subnet s al -
thoug h th e interna l  state s o f  som e subnet s m a y indi -
cat e hig h dissimilarit y o f  th e graph s t o b e compare d 
at  a n earl y stag e durin g th e matchin g process . 

I n orde r  t o improv e th e computationa l  perfor -
mance o f  a  classifie r  fo r  relationa l  structure s an d t o 
investigat e th e effect s o f  self-organizatio n i n hierar -
chica l  network s w e presen t  a  self-organizin g struc -
tur e recognitio n (SOSR )  network .  T o accomplis h 
a bette r  computationa l  performanc e tha n th e C M S 
classifie r  th e S O S R mode l  identifie s dissimila r  pair s 
G an d M *  a t  a n earl y stag e o f  th e matchin g pro -
ces s an d abort s th e computatio n o f  th e correspond -
in g subnet s Sk -  Thu s th e S O S R networ k focuse s o n 
promisin g subnet s an d neglect s subnet s indicatin g 
hig h dissimilarit y betwee n th e inpu t  an d th e corre -
spondin g model .  Thi s mechanis m i s realize d b y re -
placin g th e C M S b y a n inhibitor y W T A networ k fo r 
th e m a x i m u m selectio n an d intertwinin g th e task s 
of  ste p (l)-(3) .  Rirthe r  improvement s t o reduc e th e 
computationa l  effor t  ca n b e mad e b y paralle l  pro -
cessin g whic h i s no t  possibl e wit h a  sequentia l  C M S 
classifier . 

Note ,  tha t  th e S O S R mode l  ha s muc h i n c o m m o n 
wit h th e competitiv e relationa l  min d mode l  propose d 
by Taylo r  (1996) .  Furthermore ,  Grossber g (1987a ) 
uses i n a  simila r  wa y a  networ k fo r  competitiv e le l̂m -
in g wit h a  rese t  mechanis m whic h deactivate s sub -
net s announcin g hig h dissimilarit y t o allo w the m t o 
rebuil d th e model ,  i.e .  th e expectation . 

The res t  o f  thi s pape r  i s organize d a s follows :  W e 
conclud e thi s introductor y sectio n wit h som e basi c 
notation s an d definitions .  I n th e nex t  Sectio n w e 
formulat e th e grap h matchin g proble m i n term s o f 
th e m a x i m u m cliqu e problem .  Subsequentl y w e de -
scrib e th e S O S R networ k eurchitecture .  I n a n empir-
ica l  stud y w e investigat e th e behavio r  o f  th e S O S R 
system .  Finally ,  th e las t  sectio n summarize s thi s 

contribution . 

Notationf l  an d Definitions :  A  grap h i s a  pai r  G  = 
{V ,  E )  consistin g o f  a  finite  se t  V  5 ^  0  o f  node s an d a 
binar y relatio n E  C  V ^  : = {(i ,  j )  |  i, j  e  V ,  i  ̂  j } . 
Th e element s (i,j )  e  E  ar e calle d edges .  A  subgrap h 
H =  {Vh ,Eh )  o f  G  i s a  grap h wit h V h Q  V  an d 
E h Q  V/ ^  n  E .  A n induce d subgrap h H  o i  G  i s a . 
subgrap h wit h E h =  V ^ n E .  A  grap h G  i s calle d 
complete ,  i t  E  =  V^ .  A  complet e subgrap h C  C  G 
i s calle d cliqu e o f  G .  A  m a x i m u m cliqu e C  C  G 
i s a  cliqu e wit h m a x i m u m numbe r  o f  vertices .  A 
maximc j  cliqu e i s a  cliqu e whic h i s no t  containe d i n 
any large r  clique .  Th e cliqu e numbe r  u {G )  o f  a  grap h 
G i s th e numbe r  o f  vertice s o f  a  m a x i m u m cUqu e i n 
G.  Th e siz e n y o f  a  grap h G  i s th e numbe r  |F |  o f 
it s  vertices . 

Graph Matching and Maximal 

Clique s 
Th e grap h matchin g proble m i s th e proble m t o find 
th e bes t  partia l  mappin g betwee n tw o graph s wher e 
th e qualit y o f  th e mappin g i s estimate d i n term s 
of  a  proble m dependen t  objectiv e function .  Ou r 
S O SR approeic h ca n als o b e applie d t o inexac t  grap h 
matchin g problem s o f  colore d graphs ,  wher e verte x 
color s represen t  elementar y object s an d edge s color s 
represen t  th e typ e o f  relatio n betwee n these s objects . 
But  fo r  convenienc e w e onl y conside r  th e connmo n 
m a x i m u m induce d subgrap h proble m whic h com -
prise s th e grap h isomorphis m an d subgrap h isomor -
phis m proble m a s specia l  cases . 

A c o m m o n approac h t o solv e thes e classe s o f  grap h 
matchin g problem s i s base d o n m a x i m u m cliqu e de -
tectio n i n a n associatio n grap h (Balleur d &  Brown , 
1982)) .  Th e associatio n grap h i s forme d b y creatin g 
vertice s i  from  eac h pai r  o f  vertice s (ii ,  12 )  €  V i  x  ̂ 2 
and insertin g edge s betwee n vertice s t  =  (ii,i2 )  an d 
3 =  U i , h )  i f  (ii,h )  an d (12,72 )  ar e edge s i n d  an d 
G i ,  respectively . 

By definitio n o f  a n associatio n grap h th e clique s o f 
A =  A{Gi ,  G2 )  ar e i n 1- 1 correspondenc e t o c o m m o n 
isomorphi c induce d subgraph s o f  G i  an d G 2 an d th e 
m a x i m u m clique s uniquel y correspon d t o th e com -
m on m a x i m u m induce d subgraph s o f  G i  an d G2 -
Thi s map s th e grap h matchin g proble m t o th e opti -
mizatio n proble m o f  findin g a  m a x i m u m cliqu e C  i n 
A wher e th e discriminan t  q{A )  i s a  functio n o n th e 
nimibe r  o f  vertice s o f  C . 
The SOSR Model 
I n th e followin g le t  A k =  {Vk,Ek)h e th e associatio n 
grap h o f  inpu t  G  an d mode l  M k { I  <  k  <  N ) ,  wher e 
Mk represent s categor y C* .  Wit h g k w e denot e th e 
discriminan t  o f  Ak -

Th e S O S R mode l  consist s o f  tw o intercoimecte d 
layers ,  a  featur e extracto r  laye r  an d a  classifie r  laye r 
(se e Figur e 1) .  Th e featur e laye r  contain s N  subnet s 
Sk eac h comparin g inpu t  G  wit h mode l  Mk -  Th e 
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classifie r  laye r  i s  a  competitiv e W T A networ k fo r  th e 
m a x i m u m selectio n consistin g o f  N  inhibitor y con -
necte d unit s wher e uni t  c ^  represent s categor y C* . 
Each subne t  S *  o f  th e featur e extracto r  i s coimecte d 
t o uni t  Ck o f  th e W T A classifie r  vi a a n inter-uni t  t* . 

claaslfla r  laye r 

•ubna t  S •ubna t  S , 1 - — — -  » 2 

faatura extractor layar 

aubna t  S , 

Figur e 1 :  Architectur e o f  a  S O S R network . 

During classification the subnets 5* evolve syn-
chronousl y iui d continuousl y pas s thei r  curren t  in -
terna l  state s t o th e inter-unit s t* .  Th e inter-unit s 
comput e interi m value s Qk{t )  o f  th e discriminant s Qk 
and transfe r  the m t o th e W T A classifier .  Th e W T A 
classifie r  evaluate s th e evidenc e presente d fo r  a  deci -
sio n a t  a n earl y stage .  I f  th e activatio n Zk{t )  o f  uni t 
Ck i n th e classifie r  laye r  fall s  belo w zero ,  th e W T A 
networ k disconnect s imi t  c *  fi-om  inter-uni t  i* ,  suc h 
tha t  subne t  5 *  i s exclude d firom  th e competition . 

Figur e 1  depict s a  functiona l  diagra m o f  th e S O S R 
model  fo r  th e N  =  3  categor y problem .  Th e shad -
in g o f  unit s Ck i n th e classifie r  laye r  indicate s thei r 
outpu t  leve l  wher e darke r  shadin g meems a  highe r 
output .  Thu s uni t  Ci  i s  dominatin g whil e uni t  c a 
has th e lowes t  jictivation .  Inter-unit s t *  ar e de -
picte d a s switches .  A  subne t  5 *  participate s i n th e 
competitio n i f  th e connectio n betwee n 5 *  an d Ck i s 
switche d on .  Otherwise ,  5 *  i s  considere d t o b e irrel -
evan t  fo r  th e decisio n makin g proces s an d inter-uni t 
i t  switche s off ^  th e connectio n t o exclud e S k fro m 
th e competition .  I n figure  1  inter-uni t  t 2 disconnect s 
subne t  S ^  fro m th e classifie r  layer . 

I n matnematica l  term s th e followin g equation s de -
scrib e th e behavio r  o f  th e S O S R model : 

x?(t )  =  -dxHt )  +  J2'"iif{x^{t) ) 

yk{t ) 

ik{t) 

= [e[xu{t))]\£-l,,(^-Zk{t) ) 

(1 ) 

(2 ) 

-d:zk(t)-w'£\z,(t)) \  +v*(t )  (3 ) 
*  *  L  J o Jo 

wher e [x] |  : = max{^ ,  min{x ,  t?} }  i s  th e limite r  func -
tio n wit h lowe r  an d uppe r  boun d ^  <  i? ,  [x] e • = 

max{fl ,  x )  i s  th e hnea r  threshol d functio n wit h lowe r 
boun d 9 ,  an d « ,  i s  a  trigge r  functio n o f  th e for m 

B,{X )  = 
1-l- e 

0 
a ;> 0 
x < Q 

Equatio n (1 )  describe s th e dynamic s o f  a n additiv e 
recurren t  subne t  5 *  i n th e featur e extractor ,  equa r 
tio n (2 )  describe s th e behavio r  o f  inter-uni t  i *  con -
nectin g subne t  5 *  wit h uni t  c *  o f  th e W T A net ,  an d 
equatio n (3 )  specifie s th e W T A dynsunics .  Th e sys -
te m terminate s i f  onl y a  singl e uni t  cn ,  i n th e W T A 
classifie r  i s  lef t  wit h a n activatio n z* ,  (< )  >  0  whil e 
al l  othe r  unit s c *  ar e inhibited ,  i.e .  Zk{t )  <  0 .  Unde r 
th e assumptio n o f  convergin g subnet s terminatio n 
follow s fro m (Jai n &  Wysotzki ,  2001a ;  Wersin g & 
Bey n &  Ritter ,  2001) . 

Equation (1): A Maximal Clique Solver 

Let  inde x k  refe r  t o subne t  S k solvin g th e m a x i m u m 
cliqu e proble m fo r  grap h Ak -

M a ny differen t  neura l  networ k approache s an d 
technique s hav e bee n propose d t o solv e th e max -
i m mn cliqu e proble m (Bomz e e t  al. ,  1999) .  A s a 
representativ e mode l  w e conside r  a  genera l  additiv e 
recurren t  networ k (1 )  wher e x*(t )  denote s th e activ -
it y o f  uni t  t  o f  subne t  A;  a t  tim e t  an d th e constan t 
d €  [0,1 ]  describe s th e self-inhibition .  Th e strengt h 
of  th e coimectio n betwee n tuii t  i  an d uni t  j  i s  de -
termine d b y th e synapti c weigh t  Wi j  =  Wji .  Th e 
outpu t  o f  eac h uni t  i s  compute d b y a  non-decreasin g 
bounde d functio n / . 

I n orde r  t o solv e th e m a x i m u m cliqu e proble m o f 
th e A;-t h associatio n grap h A k =  {Vk,Ek )  th e net -
wor k consist s o f  |Vj b I  =  n *  unit s whic h ar e coimecte d 
wit h weigh t  lo* ^  =  w ^  >  0  i f  (t,j )  €  £ *  i s a n edg e 
i n A k an d wit h weigh t  wf ^  =  -ly j  <  0  i f  (i,; )  i  Ek -

Sel f  weight s wf j  ar e se t  t o zero . 
Give n appropriat e paramete r  setting s th e maxi -

mal  chqu e solve r  operate s a s follow s (Schadle r  & 
Wysotzki ,  1998 ;  Schadle r  &  Wysotzki ,  1999) :  A n 
initie d activatio n i s impose d o n th e network .  Find -
in g a  m a x i m u m cliqu e the n proceed s i n accordanc e 
wit h equatio n (1 )  unti l  th e syste m reache s a  stabl e 
state .  Th e stabl e state s correspon d t o th e maxima l 
clique s o i  Ak -  I n th e idea l  cas e a  m a x i m u m cliqu e i s 
found .  Th e cliqu e siz e ca n b e rea d ou t  b y countin g 
th e numbe r  o f  unit s wit h activatio n x*(̂ )  >  1 . 

For  ou r  experiment s w e use d th e time-discret e ap -
proximatio n o f  (1 )  give n b y 

Xi{t+\) = {l-d)Xiit) + Y^WijfT{xjit))+v{t) (4) 

where T]{t) is a small random noise to dissolve am-
biguitie s an d / t  i s  a  controllabl e limite r  functio n o f 
th e for m 

M x) 
[  x/ T 

x > T 
x < 0 
otherwis e 
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wit h contro l  paramete r  T  whic h w e cal l  th e pseudo -
tempemture .  Startin g wit h a  hig h inititia l  valu e fo r 
T =  T o th e pseudo-temperatur e T  i s decrease d dur -
in g th e evolutio n o f  th e networ k accordin g t o a n an -
nealin g schedul e unti l  i t  reache s a  sufficien t  lo w fina l 
valu e T  =  Tf .  Applyin g a n annealin g schem e avoid s 
tha t  th e syste m get s stuc k i n spuriou s minima .  Th e 
armealin g schedul e i s o f  th e followin g form : 

1. Intialize T <- Tq. 

2. Let the network iterate t steps according to the 
dsmamica l  rul e give n i n (4) . 

3. Decrease the pseudo-temperature by T <- a • T 
wher e 0  <  o  <  1  i s a n annealin g constant . 

4. 1£T >Tf continue with step 2. Otherwise termi-
nat e th e algorithm . 

The general parameter settings of the subnets 
Sk follow s a  theoretica l  analysi s give n i n Jai n & 
Wysotzk i  (2002) .  Fo r  th e weight s w e se t 

wi = 
deg *  in k -  degi; ) 

Wj = deg g •w' k 

wher e n *  i s th e nimabe r  o f  unit s o f  subne t  S *  an d 
degl ;  (degj )  i s  th e m a x i m u m numbe r  o f  excitator y 
(inhibitory )  coimection s o f  a n uni t  i n 5* . 

Equation (2): Inter-Units: 

An inter-uni t  i k  connect s subne t  5 *  =  {Vk,Ek )  wit h 
uni t  Ck i n th e W T A classifie r  an d control s th e exter -
nal  inpu t  yk{t )  o f  Cfc . 

Let  Xfc(t )  b e th e curren t  stat e vecto r  o f  subne t  5* . 
Inter-uni t  i k  receive s Zfc(t )  a s it s inpu t  an d compute s 
an interi m valu e Qk(t )  =  e{xi,it) )  o f  th e discriminfui t 
Qk-  Th e computatio n o f  interi m value s Qk{t )  i s con -
straine d t o 

Qk{t )  <  Qk (5 ) 

where equality holds if and only if 5* is in a sta-
bl e stat e correspondin g t o a  m a x i m u m clique .  Th e 
discriminatio n valu e Qk measure s th e resemblanc e 
betwee n inpu t  G  an d mode l  Mk -  Thu s th e interi m 
value s Qk{t )  reflec t  a  preliminar y estimat e o f  th e dis -
criminan t  Qk wher e th e degre e o f  resemblanc e o f  G 
and M k graduall y emerge s wit h th e tim e spen t  o n 
th e matchin g problem .  Thi s i s indicate d b y (5) .  A t 
beginnin g a n interi m valu e Qk{t )  i s  a t  a  lo w leve l 
and wit h increasin g tim e Qk{t )  approache s Qk -  Dur -
in g evolutio n o f  5 *  i t  i s  not  require d tha t  Qk{t )  i s 
monotonousl y increasin g wit h th e time .  W e cal l  lo -
cal  maxim a an d minim a o f  Qk {t )  deceptions .  Decep -
tion s ma y lee d t o misclassifications .  A  loca l  mini -
m um o f  Qk{t )  m a y resul t  i n a n exclusio n o f  S k from 
th e competition .  I n thi s cas e th e resemblanc e o f  G 
and M k i s underestimate d durin g th e comparisio n 

of  th e structure s G  an d M * .  Similarly ,  a  loca l  max -
imu m o f  Qk{t )  m a y resul t  i n a  prematur e decisio n 
whic h assign s G  t o categor y Ck -  Her e th e matc h o f 
inpu t  G  an d mode l  Af *  i s overestimate d durin g com -
putation .  Anothe r  sourc e o f  misclassification s aris e 
from  insufficien t  synchronizatio n amon g th e evolvin g 
neura l  maxima l  cliqu e solver s 5* .  Here ,  to o fas t  (to o 
slow )  convergenc e o f  Qk{t )  t o a  lo w (high )  discrimi -
nan t  Qk ca n lea d t o a n erroneou s decision .  Thu s i t 
i s a n importan t  objectiv e t o desig n th e computatio n 
of  Qk{t) ,  suc h tha t  deception s ar e avoide d an d th e 
matchin g procedure s o f  th e subnet s S k ar e synchro -
nized . 

Dependin g o n it s curren t  stat e yt(t )  a n inter-uni t 
tji ,  transfer s th e interi m valu e Qk{t )  t o uni t  c *  o f  th e 
W TA classifier .  A n inter-uni t  i k  i s  i n stat e O N i f 
yk{t )  >  0  an d i n stat e OF F i f  yk{t )  <  0 .  Onl y inter -
unit s i n stat e O N pas s interi m value s t o th e W T A 
classifier .  Initially ,  th e stat e o f  eac h inter-uni t  i s  O N 
wher e e  >  0  i s a  smal l  constan t  t o avoi d a  deacti -
vatio n o f  t *  a t  th e beginning .  Accordin g t o (3 )  le t 
Zkit )  b e th e «w;tivatio n o f  imi t  Ck i n th e W T A clas -
sifier .  Uni t  Ck switche s OF F inter-uni t  i *  i f  Zk{t )  <  0 
an d doe s no t  effec t  i k  otherwise .  Thi s mechanis m i s 
realize d b y th e trigge r  functio n «, .  I f  z*(t )  <  0  the n 
-Zk(.t )  >  0  an d thu s th e valu e sd-Zkit) )  =  1  +  e 
i s subtracte d from  (l>k{t)+ e <  1  +  e .  Thi s set s th e 
activatio n leve l  j/t(t )  o f  inter-uni t  i *  equa l  t o 0 .  Sim -
ilarly ,  i f  Zkit )  >  0  th e trigge r  functio n « e ha s n o in -
fluence  o n th e activatio n yk{t )  o f  inter-uni t  1* .  Onc e 
i n stat e of f  a n inter-uni t  ca n no t  b e reactivated .  I n 
practica l  apphcation s th e correspondin g subnet s 5 * 
ca n b e switche d off' . 

Next  w e giv e a n exampl e ho w t o comput e th e in -
teri m value s Qk{t )  o n th e basi s o f  a  famil y o f  dis -
criminan t  function s 

where a,P > 0 are problem specific constants 
whic h weigh t  th e verte x an d edg e matches ,  C k = 
{ V c ,  Ec^ )  i s a  m a x i m u m cUqu e oiAk ,  an d /i/ t  >  0  i s 
a normjJizatio n constan t  t o ensur e a n uppe r  boun d 
of  1 .  Note ,  tha t  \  -  Qk define s a  famil y o f  distanc e 
metric s (Schadle r  &  Wysotzki ,  1999) .  W e defin e 
Qk{t )  t o b e a  functio n o n th e numbe r  o f  d-activ e 
units : 

1. Let Vj* C Vk be the set of ^-active units with ac-
tivatio n ij(< )  >  e  wher e 0  <  »  <  1  i s a  threshold . 
Comput e th e curren t  6-intensit y 

(6 ) 

2.  Let  E l  b e th e se t  o f  al l  excitator y coimection s 
(t,j )  betwee n -̂activ e unit s i, j  6  V/ .  Comput e 
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th e curren t  6-connective-intensit y 

(iJ)€El 
(7 ) 

3.  Le t  J *  b e th e se t  o f  al l  inhibitor y connection s (t ,  j ) 
betwee n 9-activ e unit s i, j 
curren t  6-incompatibilit y 

€ V7 .  Comput e th e 

{<j)6/ : 
(8 ) 

wher e tt, ^  (t )  >  0  i s a  penalt y ter m fo r  th e presenc e 
of  inhibitor y connecte d activ e units . 

4.  Comput e th e curren t  interi m valu e 

(9 ) 

as a  functio n o f  th e curren t  ̂ -intensity ,  th e cur -
ren t  -̂connective-intensity ,  an d th e curren t  6 -
incompatibihty . 

The appropriate choice of n^jit) is crucial to syn-
chroniz e th e subnet s an d t o avoi d deceptions .  To o 
hig h o r  to o lo w value s o f  n̂ j{t )  resul t  i n a  highe r 
percentag e o f  misclassifications . 

Note ,  tha t  i n a  stabl e stat e o f  5 *  th e interi m value s 
Qkit )  ar e identica l  t o th e discriminan t  e k define d b y 
a correspondin g maxima l  cliqu e Ck -

E2quation (3): A WTA Classifier: 

The d)aiamica l  syste m give n b y equatio n (3 )  i s a n 
inhibitor y W T A networ k fo r  th e max imu m selectio n 
fro m a  se t  o f  externa l  inpu t  signal s wher e uni t  k 
represent s categor y C* ,  Zk{t )  i s  th e activatio n o f  uni t 
Ck,  —vj  <  0  represent s th e inhibitor y strengt h o f  th e 
syniapse s connectin g an y pai r  o f  units ,  d '  >  0  i s th e 
self-inhibition ,  an d {/̂ (t )  i s  th e externa l  inpu t  fro m 
inter-uni t  i* . 

Give n a n initia l  inpu t  vecto r  th e operatio n o f  thes e 
network s i s a  mod e o f  contras t  adjustmen t  an d pat -
ter n normalizatio n wher e onl y th e uni t  wit h th e 
highes t  activatio n fires  an d al l  othe r  unit s i n th e net -
wor k ar e inhibite d afte r  som e settin g tim e (Jai n & 
Wysotzki ,  2001a ;  Jai n k  Wysotzki ,  2001b) . 

I n th e contex t  o f  th e relationa l  min d mode l  o f  Tay -
lo r  (1996 )  th e W T A classifie r  ma y b e see n a s th e 
analogu e o f  th e thalami c N R T - C comple x actin g a s 
a centra l  executiv e fo r  globa l  competition . 

Experiments 

I n first  experiment s w e focuse d o n th e performanc e 
of  th e propose d S O S R mode l  an d o n th e rol e o f  th e 
inhibitio n — w. 

To kee p th e experiment s simpl e w e considere d th e 
more genera l  tas k o f  identifyin g a  grap h Ak ^  wit h 

Ov /  tu s 

W 

0. 2 
0.1 

0.0 1 
0.00 1 

0.000 1 

25 /  180. 1 

K 

1.0 0 
1.0 0 
1.0 0 
0.9 9 
0.9 9 

ts o 

18. 8 
19. 2 
75. 2 
167. 3 
178. 7 

50 /  341. 3 

K ts o 

0.9 5 33. 0 
0.9 5 44. 0 
0.9 9 97. 5 
0.9 4 251. 1 
0.8 5 323. 7 

Tabl e 1 :  Classificatio n accuracie s k  an d numbe r  o f 
iteration s ts o fo r  siz e n v =  2 5 an d n v =  50 . 

maxima l  cliqu e numbe r  Uk o amon g a  se t  o f  T V =  1 0 
graph s Ai,...,A n o f  identica l  siz e n v : = |Vi |  = 
.. .  =  |Vyv| .  Fo r  a  singl e ru n o f  th e algorith m wit h 
fixed  siz e n v th e cliqu e number s ui,...,u n o f  th e 
N graph s wer e draw n from a  Gaussia n distribu -
tio n restricte d t o th e interva l  [3 ,  n v — 1 ]  wit h iden -
ticall y distribute d rando m mea n 3  <  E[cj ]  <  n v 
and varianc e 0  <  Var[u ]  <  nv/2 .  Th e chose n 
size s ar e n v =  {25,50,100,250} .  T o asses s th e 
effect s o f  th e inhibitio n - w w e varie d th e weigh t 
w =  {20- \  1 0 - \  1 0 - ^  10-3 ,  lO-"*} .  W e performe d 
100 run s o f  th e S O S R algorith m fo r  eac h chose n n v 
and w . 

Parameter Settings: We have chosen To = wb • 
deg l  -f-iy/deg/ ,  T /  =  0.1 ,  a  =  0.75 ,  an d r  =  0.6n v 
as parameter s fo r  th e annealin g schedul e o f  th e sub -
net s Sk -  Th e self-inhibition s d  an d d '  o f  th e subnet s 
Sk an d th e W T A classifie r  ar e se t  t o 0 . 

To comput e th e discriminant s w e se t  a = 0 ,  ̂ 9 =  1 , 
e =  0 ,  e  =  0.1 ,  an d /x *  =  £- *  •  wj ^  fo r  al l  k 
wher e Uk „  i s th e maxima l  cliqu e numbe r  o f  a  sam -
pl e a;i,...,Wjv .  Th e -̂incompatibilit y  <Tj(t )  i s  de -
fined  b y th e heuristicall y chose n penaltie s nfĵ t )  = 

Resiilts :  Tabl e 1  an d 2  summarize s th e results . 
The first  ro w show s th e siz e n v an d th e averag e it -
eration s tM s o f  a  subne t  withou t  switchin g off ,  av -
erage d ove r  al l  N  subnet s an d al l  50 0 run s fo r  siz e 
nv -  Th e othe r  entrie s sho w fo r  eac h siz e n v th e rat e 
of  correc t  classification s k  an d th e averag e iteration s 
ts o o f  a  subne t  wit h switchin g off ,  average d ove r 
ai l  N  subnet s an d al l  10 0 run s fo r  a  give n weigh t 
- w an d siz e nv -  Fo r  exampl e a  subne t  S k consist -
in g o f  15 0 unit s i n a  10-categor y S O S R syste m wit h 
w =  0.0 1 average s 230. 8 iteration s unti l  i t  termi -
nates .  I n a  C M S classifie r  syste m S k average s 993. 7 
iterations .  Th e classificatio n accurac y o f  th e S O S R 
syste m fo r  thi s configuratio n i s 0.92 . 

Discussion: If the inhibition -w in the WTA clas-
sifie r  i s  o n a  lo w leve l  a n increas e wil l  ten d t o mor e 
accurat e an d faste r  generate d responses .  Bu t  whe n 
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L "t -  /  ̂ M S 

W 

1 0. 2 
0.1 

0.0 1 
0.00 1 

0.000 1 

LJOG /  571. 0 

\  K.  ts o 

0.8 9 45. 5 
1 0.9 4 49. 9 
1 0.9 4 126. 4 

0.8 7 361. 9 
0.7 4 543. 7 

150/993. 7 

K ts o 

1 0.8 3 140. 0 
0.8 4 130. 3 
0.9 2 230. 8 
0.9 2 604. 3 
0.6 7 882. 0 

Tabl e 2 :  Classificatio n accuracie s k  an d numbe r  o f 
iteration s ts o fo r  siz e n v =  10 0 an d n v =  150 . 

inhibitio n i s a t  a  hig h level ,  th e inaease d competi -
tio n ma y interfer e wit h correc t  decision s b y trappin g 
int o deception s o r  b y immobilit y  i n finding  an y re -
sponse .  Thu s ther e wil l  b e a n optima l  leve l  o f  inhibi -
tio n fo r  effectiv e behavior .  Th e optima l  settin g o f  w 
compromise s th e conflictin g task s o f  significantl y im -
provin g th e computationa l  effort s an d gainin g hig h 
classificatio n accuracy . 

Conclusion 

We introduce d a  ne w self-organizin g structur e recog -
nitio n system .  Th e architectur e couple s th e subnet s 
i n th e featur e extracto r  t o a  W T A classifie r  suc h 
tha t  th e subnet s ar e i n a n indirec t  competitio n dic -
in g th e matchin g process .  Th e syste m consecutivel y 
switche s of f  subnet s i f  thei r  interi m value s indicat e 
a wors t  matc h tha n th e remainin g activ e subnet s 
and shift s it s attentio n t o mor e promisin g subnets . 
I n first  experiment s w e showe d tha t  th e switching -
of f  mechanis m o f  th e S O S R syste m significantl y re -
duce s th e computationa l  effor t  withou t  sufferin g i n 
substantia l  losse s o f  classificatio n accuracy .  Th e in -
hibitio n - w o f  th e W T A classifie r  contro U th e con -
flictmg  interest s o f  hig h classificatio n accurac y an d 
fas t  decisio n making . 
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Abstrac t 

Recent research shows that, under certain conditions, visual 
attentio n i s object-based .  Tha t  is ,  attentio n preferentiall y 
select s object s i n th e visua l  field.  Thes e object s ar e processed , 
culniinatin g i n objec t  recognition .  O n thi s formulation ,  th e 
object s selecte d b y attentio n ar e perceptua l  group s determine d 
by th e principle s o f  perceptua l  organizatio n o f  Gestal t 
psychology .  Thes e group s ar e formed  independentl y o f 
attentiona l  processe s an d conceptua l  knowledge .  Thi s vie w i s 
not  consisten t  wit h availabl e dat a abou t  th e visua l  system , 
whic h show s tha t  perceptua l  organizatio n i s sensitiv e t o 
conceptua l  infomiation ,  depend s o n attentiona l  processes ,  an d 
infer s representation s tha t  bes t  explai n th e visua l  stimulus . 
Here ,  I  propos e a  ne w accoun t  o f  visua l  attentio n dia t  aim s t o 
correc t  thes e limitation s o f  th e Gestalt-base d formulation .  Th e 
natur e o f  th e objec t  representation s underlyin g perceptua l  an d 
attentiona l  mechanism s i s discussed .  I t  i s  propose d tha t 
attentio n an d perceptio n interac t  i n a n iterativ e proces s 
wherei n constraint s impose d bot h b y th e visua l  stimulu s an d 
an observer' s cognitiv e se t  determin e th e "objects "  t o whic h 
attentio n i s allocated .  Thus ,  visua l  attentio n i s objec t  base d 
precisel y becaus e i t  i s  intricatel y involve d i n perceptua l 
organization ,  an d no t  becaus e i t  select s th e outpu t  o f 
percq>tua l  organization ,  a s i s generall y claimed .  Experimenta l 
result s tha t  suppor t  th e clai m tha t  attentio n influence s 
perceptua l  organizatio n ar c reviewed.  Finally ,  th e 
implication s for  himia n factor s research  an d th e metaphysic s 
of  everyda y object s ar e discussed . 

Introduction 

Visio n i s generall y assume d t o hav e th e fijnctions  o f 
identifying ,  locating ,  an d directin g actio n toward s object s 
(Solso ,  1996) .  I t  i s  als o assume d tha t  th e visua l  syste m 
require s attentiona l  mechanism s t o limi t  th e amoun t  o f 
sensor y informatio n i t  processe s (Femadez-Duqu e & 
Johnson ,  1999) .  Thus ,  awarenes s o f  object s i n th e 
environmen t  i s suppose d t o resul t  fro m a  serie s o f 
processin g stage s tha t  selec t  sensor y informatio n an d the n 
construc t  representation s o f  object s b y extractin g 
regularitie s fro m th e visua l  stimulu s an d matchin g the m t o 
pattern s i n m e m o r y (Palmer ,  1999) . 

I t  wa s firs t  assume d tha t  visua l  attentio n select s certai n 
region s o f  th e visua l  field ,  m u c h th e w a y a  spotligh t 
illuminate s par t  o f  a  stag e an d leave s th e res t  i n th e dark . 
Accordingly ,  thi s mode l  i s k n o w n a s th e spotligh t  mode l  o f 
visua l  attentio n (Femandez-Duqu e &  Johnson ,  1999) .  O n 
thi s model ,  attentio n i s first  directe d t o a  regio n o f  th e visua l 
field,  an d onl y th e informatio n withi n tha t  regio n i s 
processe d fo r  objec t  identification .  Thi s assumptio n wa s 

questione d w h e n researcher s observe d tha t  peopl e respon d 
t o visua l  feature s tha t  belon g t o a  singl e objec t  mor e quickl y 
an d accuratel y tha n w h e n th e feature s belon g t o tw o object s 
(Duncan ,  1984 ;  Treisman ,  K a h n e m a n &  Burkell ,  1983) . 
Subsequen t  researc h confirme d tha t  i t  i s  usuall y easie r  t o 
proces s informatio n withi n a  singl e objec t  tha n acros s 
object s (Lavi e &  Driver ,  1996) .  Thes e findings  hav e lea d t o 
th e object-base d mode l  o f  visua l  attentio n (Duncan ,  1984 ; 
Lavi e &  Driver ,  1996) .  I t  i s  n o w generall y recognize d tha t 
th e spotligh t  an d th e object-base d model s captur e 
complementar y aspect s o f  visua l  attentio n (Drive r  &  Baylis , 
1998) . 

I t  i s  undeniabl e tha t  informatio n ca n b e processe d mor e 
readil y withi n on e objec t  tha n acros s m a n y (Lavi e &  Driver , 
1996 ;  Drive r  &  Baylis ,  1998) .  However ,  th e object-base d 
explanatio n fo r  thi s differenc e i n processin g efficienc y i s 
problematic .  Cognitiv e psychologist s generall y distinguis h 
betwee n spatio-temporall y bounde d physica l  object s an d th e 
menta l  representation s o f  thes e objects .  Physica l  object s 
correspon d t o wha t  philosopher s cal l  concret e particular s 
(Loux ,  1998) ,  an d wil l  subsequentl y b e referre d t o a s c -
objects .  Similarly ,  th e menta l  representatio n o f  visua l 
object s wil l  b e hencefort h referre d t o a s p-object s (fo r 
"phenomenological "  objects) .  Th e generall y accepte d stor y 
abou t  objec t  perceptio n i s tha t  th e visua l  syste m construct s 
p-objects ,  whic h represen t  c-object s vi a variou s perceptua l 
and cognitiv e processes .  Researcher s w h o accep t  th e object -
base d mode l  conten d tha t  attentio n select s "objects "  fo r 
furthe r  processing .  W h i c h object s ar e thes e -  p-object s o r  c -
objects ? P-object s ar e suppose d t o b e th e en d produc t  o f 
visua l  processin g (Solso ,  1996) ,  s o attentio n mus t 
presumabl y b e engage d prio r  t o th e constructio n o f  p -
objects .  However ,  th e alternat e clai m tha t  attentio n directl y 
processe s c-object s themselve s instea d o f  sensor y inpu t  i s 
nonsense .  Mos t  researcher s assum e th e visua l  syste m first 
construct s low-leve l  representation s o f  c-objects ,  base d o n 
th e physica l  propertie s o f  th e stimulus .  Thes e 
representation s ar e the n elaborate d int o p-object s b y higher -
orde r  visua l  an d conceptua l  processe s (Hoffman ,  1998 ; 
Palmer ,  1999) .  Thes e low-leve l  representation s wil l  b e 
referre d t o a s a-object s (fo r  "attentiona l  objects") .  Th e 
object-base d mode l  ca n b e restate d thus :  Visua l  attentio n 
select s a-objects ,  whic h ar e passe d o n t o highe r  visua l 
processe s fo r  elaboratio n int o p-objects ,  whic h ar e 
representation s o f  c-objects . 

Philosopher s ar e activel y studyin g th e natur e o f  c-object s 
(se e Loux ,  1998 )  an d perceptua l  psychologist s ar e 
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researchin g p-object s (e.g .  se e Biederman ,  1995 ,  an d 
Kosslyn ,  1995) .  Bu t  th e notio n o f  a-objec t  implici t  i n 
object-base d attentio n i s stil l  poorl y defined .  Mos t 
researcher s tak e a-object s t o b e perceptua l  grouping s base d 
on th e Gestal t  principle s o f  perceptua l  organizatio n (Drive r 
& Baylis ,  1998) ,  accordin g t o whic h observer s perceiv e th e 
detail s o f  a  scen e onl y a s part s o f  globa l  patterns .  Perceptua l 
organizatio n wa s though t  t o confor m t o th e genera l  principl e 
of  figural  goodness ,  o r  Prdgnan z (Koffka ,  1935) .  Figura l 
goodnes s wa s exemplifie d i n a  numbe r  o f  specifi c  principle s 
(e.g. ,  figure-ground,  groupin g b y similarity ,  goo d 
continuation ,  closure ,  an d c o m m o n fate ;  Palmer ,  1999) . 
However ,  thi s vie w o f  a-object s i s inadequate . 

Cognitiv e scientist s ten d t o assum e tha t  cognitiv e 
processin g occur s i n discret e stages ,  a s first  propose d b y 
Sternber g (1969) ,  unti l  evidenc e force s the m t o thin k 
otherwise .  Accordingly ,  researcher s studyin g object-base d 
attentio n hav e typicall y assume d tha t  perceptua l  grouping , 
i n th e for m o f  Gestal t  grouping ,  occur s a t  a  processin g stag e 
tha t  i s independen t  of ,  bu t  feed s into ,  attentiona l  processes , 
and tha t  th e produc t  o f  attentiona l  selectio n ar e independen t 
of ,  bu t  fee d into ,  objec t  recognitio n processe s (Feldman , 
1999) .  Thi s vie w i s problemati c o n tw o counts :  first ,  th e 
evidenc e tha t  perceptua l  organizatio n occur s prio r  to ,  an d 
independentl y of ,  visua l  attentio n i s no t  definitive .  Second , 
th e Gestal t  accoun t  o f  perceptua l  organizatio n itsel f  ha s 
many shortcomings .  Le t  u s examin e thes e tw o issue s i n 
turn . 

Attention and Perceptual Organization 

Mack,  Tang ,  T u m a ,  Kah n an d Roc k (1992 )  an d Rock , 
Linnett ,  Gran t  an d M a c k (1992 )  hav e presente d result s tha t 
sugges t  tha t  perceptua l  organizatio n doe s no t  occu r  withou t 
attention .  The y ha d participant s perfor m a  tas k tha t  engage d 
thei r  attentio n (typically ,  judgin g th e relativ e lengt h o f  th e 
branche s o f  a  cross )  whil e varyin g th e backgroun d o n whic h 
th e mai n stimulu s wa s displayed .  Mos t  trial s ha d eithe r  a 
blan k o r  a  rando m background ,  bu t  eac h participan t  als o 
sa w thre e (non-consecutive )  trial s wher e th e backgroun d 
containe d a  "critica l  stimulus' ,  eithe r  a  singl e shap e o r 
forme d som e Gestal t  grouping .  O n th e first  critica l  trial , 
most  participant s reporte d no t  seein g th e Gestal t  groupin g o r 
not  perceivin g th e shap e o r  siz e o f  th e lon e object .  O n th e 
secon d critica l  stimulu s trial ,  participant s wer e generall y 
mor e successfii l  i n detectin g th e Gestal t  grou p o r  th e object . 
On thir d critica l  stimulu s trial ,  participant s wer e aske d t o 
repor t  o n th e backgroun d stimulu s only ,  generall y wit h 
nearl y perfec t  results . 

M a ck e t  al .  (1992 )  an d Roc k e t  al .  (1992 )  assume d tha t  o n 
th e first  critica l  stimulu s trial ,  participant s wer e no t 
expectin g t o se e anythin g o f  impor t  i n th e background ,  an d 
thu s focuse d al l  o f  thei r  attentio n o n thei r  primar y task , 
wherea s o n th e secon d an d thir d critica l  stimulu s trials ,  the y 
implicitl y  allocate d som e o r  al l  o f  thei r  attentio n t o th e 
backgroun d pattern .  Accordingly ,  the y interprete d thei r 
result s t o mea n tha t  perceptua l  organizatio n canno t  occu r 
withou t  attention ,  Ben-Av ,  Sag i  an d Brau n (1992 )  reporte d 

a simila r  stud y wher e participant s ha d difficult y identifyin g 
backgroun d Gestal t  grouping s a s thei r  primar y visua l  tas k 
became mor e demanding . 

Th e result s jus t  discusse d ar e no t  conclusive ,  however ,  a s 
the y canno t  rul e ou t  tha t  participant s wer e merel y unabl e t o 
remember  o r  encod e th e 'unattended '  stimul i  rathe r  tha n 
failin g t o perceiv e the m a t  all .  Evidenc e alon g thes e line s i s 
provide d b y Moor e an d Eget h (1997)' .  I n a  serie s o f 
experiments ,  the y ha d subject s judg e th e relativ e lengt h o f 
tw o paralle l  horizonta l  line s whil e varyin g th e background . 
On hal f  th e trial s th e backgroun d consiste d o f  rando m blac k 
and whit e dots ,  whil e o n th e othe r  half ,  th e backgroun d 
togethe r  wit h th e tw o line s (no w identica l  i n length )  forme d 
th e well-know n Ponz o an d MuUer-Lye r  illusion s throug h 
th e Gestal t  principl e o f  groupin g b y similarity .  Participant s 
reliabl y responde d i n a  manne r  consisten t  wit h th e illusion s 
(i.e .  reportin g tha t  th e appropriat e lin e wa s longer) ,  eve n 
thoug h th e vas t  majorit y o f  the m wer e no t  awar e o f  seein g 
th e backgroun d pattern .  W h a t  i s crucia l  her e i s tha t 
processin g th e backgroun d patter n i s necessar y fo r  th e 
illusio n t o influenc e participants '  responses .  T h e conclusio n 
i s tha t  participant s perceive d th e righ t  backgroun d groupin g 
eve n thoug h the y ha d n o awarenes s o f  havin g don e so . 

Do th e result s o f  Moor e an d Eget h (1997 )  establis h tha t 
perceptua l  organizatio n doe s no t  requir e attention ? No t 
necessarily .  Moor e an d Eget h (1997 )  ha d eac h participan t 
vie w th e display s wit h th e illusion s 1 6 time s whil e the y 
performe d th e line-compariso n task ,  wherea s M a c k e t  al . 
and Roc k e t  al .  teste d thei r  participants '  awarenes s o f  th e 
backgroun d pattern s afte r  onl y th e first  tim e eac h participan t 
sa w th e pattern .  I t  i s  possibl e tha t  M o o r e an d Egeth' s 
participant s learne d implicitl y  an d unconsciousl y tha t  th e 
backgroun d wa s informativ e an d divide d thei r  attentio n 
betwee n th e primar y an d th e secondar y stimuli . 
Furthermore ,  the y repor t  tha t  onc e th e participant s wer e 
awar e o f  th e Ponz o illusion ,  thei r  performanc e o f  th e line -
judgmen t  tas k droppe d t o chanc e levels ,  suggestin g tha t  th e 
illusio n wa s n o longe r  effectiv e (thi s patter n di d no t  obtai n 
wit h th e Muller-Lye r  illusion) .  Thus ,  fo r  th e Ponz o illusio n 
at  least ,  attentio n doe s pla y a  rol e i n perceptua l  organization . 

Beyond Gestalt Grouping Principles 

Take n together ,  th e result s fro m M a c k e t  al .  (1992) ,  M o o r e 
and Eget h (1997 )  an d Roc k e t  al .  (1992 )  sugges t  tha t 
attentio n ca n influenc e perceptua l  organization .  Gestal t 
theor y offer s n o wa y o f  accountin g fo r  this ,  a s o n thi s vie w 
perceptua l  groupin g i s largel y determine d b y stimulu s 
properties .  Palme r  (1999 )  an d Pomeran z an d K u b o v y (1986 ) 
hav e pointe d ou t  furthe r  problem s fo r  th e Gestal t  view . 
First ,  th e Gestal t  principle s don' t  distinguis h betwee n 
object s an d group s o f  objects .  Also ,  Gestal t  principle s 
ignor e th e rol e o f  top-down ,  general-purpos e knowledg e i n 
perceptua l  organization .  Fo r  instance ,  th e Gesta h principle s 
canno t  explai n w h y peopl e w h o don' t  k n o w tha t  Figiu- e 1  i s 

I  woul d lik e t o than k th e anonymou s reviewe r  w h o brough t  thi s 
t o m y attention . 
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a pictur e o f  a  Dalmatia n usuall y fai l  t o se e an y meaningfu l 
patter n i n th e image ,  wherea s peopl e w h o ar e awar e tha t  th e 
imag e represent s a  do g no t  onl y find  th e do g easil y bu t  als o 
organiz e th e stimulu s s o tha t  otherwis e indistinguishabl e 
blac k dot s becom e a  dog ,  a  sidewalk ,  an d th e shad e beneat h 
a tree . 

Figur e 1 :  Spo t  th e Dalmatian ! 

I n orde r  t o addres s thes e problems ,  a n accoun t  o f 
perceptua l  organizatio n mus t  d o tw o things :  i t  mus t  sho w 
h o w perceptio n an d attentio n interac t  t o for m a-objects ,  an d 
i t  mus t  sho w h o w general-purpos e conceptua l  knowledg e 
ca n participat e i n th e formatio n o f  a-objec U withou t 
requirin g fiil l  objec t  recognition .  Bot h o f  thes e objective s 
coul d b e facilitate d b y construin g perceptua l  organizatio n a s 
Inferenc e t o th e Bes t  Explanatio n (IBE) ,  whereb y wher e th e 
visua l  syste m infer s three-dimensiona l  structure s whic h bes t 
explai n th e retina l  imag e (Hoffman ,  1998 ;  Leyton ,  1992 ; 
Feldman ,  1999 )  ̂ .  I B E i s a n appealin g accoim t  o f  huma n 
explanator y practic e i n general ,  bu t  i t  suffer s fix) m th e defec t 
tha t  explanator y 'goodness '  ha s no t  ye t  bee n properl y 
define d (Lipton ,  1991) .  Nevertheless ,  visio n researcher s 
provid e som e candidate s fo r  goodnes s criteri a i n perceptua l 
inference .  Alber t  an d Hoffina n (1995) ,  Feldma n (1999) ,  an d 
Pomerant z an d Kubov y (1986 )  hav e suggeste d tha t  visua l 
inferenc e i s overarchingl y guide d b y th e principl e o f 
genericity .  Tha t  is ,  th e visua l  syste m assumes ,  i n th e 
absenc e o f  othe r  data ,  tha t  th e retina l  imag e i s a  generi c 
vie w o f  three-dimensiona l  objects ,  rathe r  tha n a  ver y 
specifi c  an d "accidental "  vie w o f  som e othe r  se t  o f  three -
dimensiona l  objects .  A  generi c vie w i s a  two-dimensiona l 
projectio n o f  a  three-dimensiona l  structur e tha t  doe s no t 
entai l  specia l  o r  accidenta l  circumstance s i n th e projection . 
For  instance ,  a  straigh t  lin e i n th e retina l  imag e i s a  generi c 
vie w o f  a  straigh t  edg e i n th e environment ,  bu t  woul d b e a 
non-generi c vie w o f  a  curve d edg e tha t  jus t  happen s t o b e 
see n head-on .  Th e genericit y principl e ca n accoun t  fo r  a 
larg e numbe r  o f  phenomen a o f  perceptua l  organization . 
Furthermore ,  Pomerant z an d Kubov y (1986 )  sho w tha t  th e 
Gestal t  principle s ca n an d shoul d b e reinterprete d a s 
instance s o f  th e genericit y principle . 

Th e notio n o f  genericit y ca n b e extende d t o explai n th e 
rol e o f  conceptua l  knowledg e i n perceptua l  organization . 
Assumin g a n observe r  expect s t o se e a  Dalmatia n i n Figur e 

^ i s doe s no t  necessaril y  impl y deliberate ,  consciou s inference . 

1,  th e splotche s obviousl y for m a  generi c vie w o f  th e dog . 
Whereas ,  i f  th e splotche s corresponde d t o a  horse ,  i t  woul d 
hav e t o b e eithe r  a  typica l  hors e see n unde r  ver y specifi c 
shadin g conditions ,  o r  a  strangel y Dalmatian-lik e hors e see n 
unde r  norma l  viewin g conditions .  "Explaining "  th e imag e a s 
tha t  o f  a  hors e woul d requir e invokin g a  numbe r  o f  specia l 
circumstances ,  whic h interpretin g th e imag e a s tha t  o f  a 
Dalmatia n doe s not .  Th e visua l  syste m migh t  thu s limi t  th e 
conceptua l  informatio n involve d i n constructin g a-object s t o 
knowledg e o f  generi c view s an d expectation s abou t  whic h 
object s ar e presen t  i n a  scene . 

A-object s ca n n o w b e re-defined :  A n a-objec t  i s  a 
representatio n o f  th e three-dimensiona l  structur e tha t  bes t 
explain s th e two-dimensiona l  retina l  stimulu s accordin g t o 
th e genericit y principle ,  whic h take s int o accoun t  bot h 
physica l  stimulu s propertie s an d general-purpos e conceptua l 
knowledge . 

Althoug h th e Dalmatia n exampl e demonstrate s th e rol e o f 
semanti c informatio n i n perceptua l  organization ,  i t  remain s 
t o b e show n tha t  a-object s a s defme d abov e actuall y pla y a 
rol e i n object-base d attention .  Th e followin g sectio n 
present s som e recen t  experimenta l  evidenc e bearin g o n thi s 
issu e fro m ou r  laboratory . 

Recent Evidence for the Involvement of 
A t ten t io n i n P e r c e p t u a l  O r g a n i z a t i o n 

A first  lin e o f  evidenc e fo r  th e rol e o f  attentio n i n perceptua l 
organizatio n come s fro m recen t  studie s o n object-base d 
attentio n usin g movin g stimu U (Jarmasz ,  2001 ;  Jarmasz , 
Herdma n &  Johannsdottir ,  i n preparation) .  I n thes e 
experiments ,  participant s wer e show n a  displa y consistin g 
of  tw o group s o f  identica l  dots .  O n e se t  o f  dot s wa s static , 
whil e th e dot s i n th e secon d grou p move d i n uniso n i n a n 
elliptica l  trajector y tha t  overlappe d th e locatio n o f  th e stati c 
dots .  Durin g eac h trial ,  tw o o f  th e dot s i n th e displa y 
change d colo r  fro m ligh t  gra y t o on e o f  tw o color s (eithe r 
re d an d green ,  o r  blu e an d yellow) .  Th e targe t  dot s wer e 
locate d bot h i n th e stati c group ,  bot h i n th e movin g group, 
or  on e i n eac h group .  Participant s wer e require d t o 
determin e whethe r  th e targe t  dot s wer e th e sam e color .  O n 
some trial s participant s ha d t o focu s thei r  attentio n o n onl y 
one grou p o f  dots ,  whil e i n othe r  trial s the y ha d t o sprea d 
thei r  attentio n t o th e displa y a s a  whole ,  an d avoi d focusin g 
on a  specifi c  group .  W h e n participant s attende d t o th e whol e 
display ,  the y responde d significantl y faste r  t o targe t  dot s 
displaye d withi n a  singl e grou p tha n t o target s appearin g 
acros s bot h groups .  Th e result s wer e consisten t  wit h thos e 
foun d i n th e object-base d attentio n literatur e usin g stati c 
display s (e.g .  se e Lavi e &  Driver ,  1996 ;  Treisma n e t  al. , 
1983) .  However ,  whe n participant s focuse d o n onl y on e o f 
th e groups ,  thei r  response s wer e faste r  whe n bot h target s 
appeare d i n th e attende d group ,  an d slowes t  whe n target s 
appeare d eithe r  i n th e unattende d grou p onl y o r  acros s 
groups .  A  compariso n o f  respons e latencie s acros s 
attentiona l  focu s condition s suggest s tha t  focuse d attentio n 
inhibit s informatio n processin g o f  imattende d stimul i  rathe r 
tha n enhancin g processin g o f  attende d stimul i  relativ e t o 
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situation s wher e attentio n i s deploye d acros s th e whol e 
display .  I n al l  attentiona l  focu s conditions ,  bot h group s o f 
dot s overlappe d i n th e display ,  s o fovea l  limitatio n o n visua l 
acuit y likel y d o no t  accoun t  fo r  thes e results .  Rather ,  the y 
sugges t  tha t  deliberat e attentiona l  allocatio n strategie s 
influenc e th e degre e t o whic h multipl e perceptua l  group s ar e 
perceive d a s bein g separat e from  th e others ,  o r  conversel y 
as bein g par t  o f  a  large r  whole .  Thi s i s consisten t  wit h th e 
proposa l  abov e tha t  a-object s depen d o n attentiona l  factor s 
as wel l  a s bottom-u p stimul i  properties . 

A secon d lin e o f  evidenc e implicatin g attentio n i n 
perceptua l  organizatio n come s from a  stud y usin g stati c 
visua l  object s (Jarmasz ,  2002) .  I n thi s study ,  participant s 
wer e show n a  displa y base d o n on e use d b y Lavi e an d 
Drive r  (1996 )  consistin g o f  tw o intersectin g dashe d lines . 
On eac h trial ,  tw o o f  dashe s wer e replace d b y tw o targe t 
elements ,  eithe r  a  shorte r  das h o r  a  ga p (absenc e o f  a  dash) . 
The targe t  element s coul d appea r  eithe r  nea r  t o eac h othe r 
on separat e line s ('near '  condition) ,  fa r  from  eac h othe r  o n 
separat e line s ('far '  condition )  o r  fa r  from  eac h othe r  bu t  o n 
th e sam e lin e ('object '  condition) .  O n hal f  th e trials ,  bot h 
dashe d line s wer e th e sam e colo r  (eithe r  pin k o r  yellow) , 
wherea s i n th e othe r  trial s eac h lin e wa s a  differen t  color .  I n 
al l  cases ,  participant s responde d mos t  quickl y t o target s i n 
th e objec t  condition ,  eve n thoug h the y wer e approximatel y 
seve n time s furthe r  apar t  i n th e objec t  conditio n tha n i n th e 
near  condition ,  thu s replicatin g th e effec t  foun d b y Lavi e 
and Drive r  (1996) .  W h e n th e dashe d line s wer e o f  differen t 
colors ,  participant s wer e equall y slo w i n respondin g t o 
target s i n th e nea r  an d fa r  condition s relativ e t o th e objec t 
condition .  However ,  whe n bot h line s share d a  c o m m o n 
color ,  participant s responde d mor e quickl y t o target s i n th e 
fa r  conditio n tha n i n th e nea r  conditio n (response s t o target s 
i n th e objec t  conditio n wer e stil l  fastes t  overall) .  Thi s 
suggest s tha t  i n th e sam e colo r  condition ,  participant s parse d 
th e displa y eithe r  a s tw o separat e line s o r  a s on e larg e 
figure,  dependin g o n th e locatio n o f  th e targets .  Thes e 
result s fiirthe r  sugges t  tha t  observer s ca n implicitl y  acquir e 
top-dow n attentio n allocatio n strategie s tha t  affec t  th e 
perceptua l  organizatio n o f  a  stimulu s from  bottom-u p cue s 
(colo r  &  targe t  location) . 

The tw o studie s describe d abov e sho w tha t  attentio n ca n 
be deployed ,  eithe r  implicitl y  o r  explicitly ,  s o a s t o 
influenc e perceptua l  organization .  Th e result s o f  thes e tw o 
studie s ar e inconsisten t  wit h th e spotligh t  mode l  o f  visua l 
attention ,  i n whic h spatia l  separation ,  bu t  no t  shape ,  affect s 
ho w quickl y tw o stimul i  ar e compared .  However ,  th e 
"standard "  object-base d attentio n mode l  canno t  accoun t  fo r 
thes e result s either ,  a s o n thi s mode l  perceptua l  groupin g i s 
assumed t o b e preattentive ,  an d thu s imperviou s t o change s 
i n attentiona l  allocatio n strategies .  A n adequat e accoun t  o f 
visua l  attentio n an d objec t  perceptio n wil l  hav e t o explai n 
bot h ho w perceptua l  organizatio n ca n affec t  attentio n (i.e . 
object-base d attention )  an d h o w attentio n ca n affec t 
perceptua l  organization .  Th e nex t  sectio n present s suc h a 
model . 

T o w a r d s a  N e w T h e o r y o f  O b j e c t - B a s e d 
At ten t io n 

Curren t  account s o f  object-base d attentio n d o no t  reflec t  th e 
reciproca l  influence s betwee n attentio n an d perceptua l 
organization .  Consequently ,  I  propos e a  n e w account ,  th e 
Inferentia l  Attentiona l  Allocatio n Mode l  ( l A A M ;  Jarmasz , 
2001) .  Briefly ,  o n thi s mode l  attentio n an d perceptua l 
organizatio n interac t  t o incrementall y buil d u p 
representation s o f  c-objects .  Potentia l  a-object s ar e 
constructe d from  region s o f  unifor m color ,  luminance ,  an d 
texture ,  an d edge-boun d surface s i n th e visua l  stimulu s 
(Palmer ,  1999) .  Thes e potentia l  a-object s represen t  riva l 
hypothese s a s t o th e 3- D structure s i n th e environment ,  an d 
lac k detail .  A-object s ar e refine d throug h cycle s o f 
groupin g an d selectio n (Grossberg ,  Mingoll a &  Ross ,  1994) . 
At  eac h cycle ,  attentio n select s a-object s tha t  bes t  satisf y 
bot h genericit y an d cognitiv e se t  (i.e. ,  a n observer' s 
perceptua l  expectation s an d general-purpos e knowledge) . 
Thi s progressivel y liberate s resource s fo r  generatin g mor e 
detaile d a-object s tha t  bette r  "explain "  th e retina l  image .  I f 
thi s proces s i s interrupte d befor e i t  culminate s i n stabl e a -
objects ,  a n observe r  m a y fai l  t o perceiv e a  c-objec t  (D i 
Lollo ,  Enns ,  an d Rensink ,  2000 ,  hav e foun d evidenc e fo r 
suc h a  phenomenon) .  Figur e 2  depict s thes e iterativ e 
processes . 

Th e l A A M i s a  heuristi c  (i.e. ,  exploratory )  model .  Eve n 
so ,  i t  allow s fo r  th e followin g predictions :  (1 )  stimulus -
dependent ,  bottom-u p informatio n constrain s possibl e a -
object s i n th e scene ,  an d a s wel l  a s h o w m u c h attentiona l 
resource s th e stabilizatio n o f  particula r  a-object s wil l 
require ;  an d (2)  conceptual ,  top-dow n knowledg e act s t o 
determin e whic h a-object s wil l  eventuall y becom e stabl e 
and becom e p-objects .  Thus ,  bottom-u p propertie s o f  a 
stimulu s shoul d determin e h o w "easy "  i t  i s  t o perceiv e 
certai n objects ,  i.e. ,  h o w m u c h attentio n perceivin g thos e 
object s wil l  requir e an d h o w efficien t  th e processin g wil l  be . 
Top-dow n factor s wil l  sometime s pus h th e visua l  syste m t o 
organiz e a  stimulu s int o mor e attentionall y demandin g 
configuration s whic h wil l  resul t  i n les s efficien t  processin g 
(reflecte d eithe r  i n slowe r  processin g o r  mor e interferenc e 
fro m othe r  stimuli) .  Th e experiment s reporte d abov e ar e 
largel y consisten t  wit h thes e hypotheses .  C o m m on motio n 
( a bottom-u p factor )  make s th e segregatio n o f  a  stimulu s 
int o distinc t  object s possible ,  bu t  th e intentio n t o pic k ou t 
on e o f  thes e object s (top-down )  enhance s th e processin g o f 
tha t  objec t  a t  th e expens e o f  processin g informatio n from 
othe r  object s (Jarmasz ,  2001 ;  Jarmasz ,  Herdma n & 
Johannsdottir ,  i n preparation) .  Similarly ,  collineaht y an d 
c o m m on colo r  (bottom-up )  facilitat e th e segregatio n o f  tw o 
dashe d line s int o tw o objects ,  bu t  implici t  tas k demand s 
(top-down )  see m t o determin e whethe r  th e tw o line s ar e 
actuall y parse d a s on e larg e figure  o r  tw o line s (Jarmasz , 
2002 ) 

Furthe r  wor k i s neede d t o elaborat e an d tes t  th e l A A M . 
Namely ,  th e notion s o f  'ease '  o f  perceptua l  groupin g an d o f 
efficienc y o f  visua l  processin g nee d t o b e operationall y 
defined .  Nevertheless ,  on e ca n imagin e h o w th e l A A M 
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Figur e 1 :  Groupin g an d selectio n processe s i n th e l A A M 

migh t  appl y t o "rea l  world "  stimuli .  Fo r  instance ,  i f 
someone intend s t o m o v e a  bo x wit h a  li d from a  tabl e t o th e 
to p shel f  o f  a  bookcase ,  the y wil l  for m a  singl e a-objec t 
correspondin g t o th e bo x an d it s lid .  If ,  however ,  tha t  perso n 
want s t o ope n th e box ,  the y wil l  for m tw o a-objecls ,  on e fo r 
th e li d an d on e fo r  th e box .  O n thi s view ,  a-object s ar e 
interest-relative ;  tha t  is ,  a-object s depen d o n a n observer' s 
goal s an d general-purpos e conceptua l  knowledge ,  i n 
additio n t o bottom-u p stimuli .  Thi s i s i n contras t  t o th e 
standar d view ,  wher e a-object s ar e define d purel y b y 
stimulu s properties . 

Conclusion: Some Implications of the lAAM 

Th e object-base d mode l  o f  attentio n i s currentl y base d o n 
th e assumptio n tha t  visua l  attentio n select s perceptua l 
group s tha t  ar e forme d preattentivel y accordin g t o th e 
Gestal t  groupin g principles .  Thi s conceptualizatio n o f  visua l 
attentio n doe s no t  reflec t  th e reciproca l  influence s betwee n 
perceptua l  organizatio n an d attention ,  an d furthe r  ignore s 
th e rol e o f  top-dow n informatio n i n perceptua l  organization . 
Moreover ,  thi s formulatio n i s limite d i n it s abilit y  t o guid e 
human factor s research ,  wher e broa d principle s ar e ofte n 
lackin g an d problem s ofte n requir e ad-ho c solutions .  A 
growin g bod y o f  experimenta l  evidenc e support s th e notio n 
tha t  whil e attentio n i s influence d b y perceptua l  organization , 
i t  i n m m influence s whethe r  an d h o w perceptua l 
organizatio n occur s a s well .  Consequently ,  a  n e w mode l  o f 
object-base d attention ,  th e Inferentia l  Attentiona l  Allocatio n 
Model ,  i s propose d whic h attempt s t o captur e th e interactio n 
betwee n attentio n an d perceptua l  organization .  O n thi s 
model ,  visua l  attentio n i s objec t  base d no t  becaus e attentio n 
select s objects ,  bu t  rathe r  becaus e attentio n itsel f  i s 
indispensabl e t o perceptua l  organization . 

Th e l A A M i s a  heuristi c  model .  I n additio n t o providin g a 
framework  fo r  developin g a  comprehensiv e accoun t  o f 
visua l  attention ,  th e l A A M als o ha s potentiall y  significan t 
implication s bot h fo r  huma n factor s researc h an d fo r  th e 
metaphysic s o f  concret e particulars .  Regardin g researc h o n 
h u m an factors ,  th e l A A M show s tha t  strategie s fo r 
deployin g attentio n interac t  bot h wit h visua l  stimul i  an d 

wit h tas k demands .  Thus ,  th e desig n o f  graphica l  use r 
interface s suc h a s deskto p compute r  application s an d head -
up display s i n aircraf t  an d automobile s shoul d tak e int o 
accoun t  h o w a  user' s cognitiv e an d attentiona l  set s migh t 
interac t  wit h th e display . 

The l A A M show s tha t  wha t  count s a s a n objec t  fo r  th e 
visua l  syste m depend s intimatel y o n a n observer' s goal s an d 
expectations .  Thi s remind s u s tha t  i n a  large r  sense , 
everyda y object s ar e embedde d i n a  comple x we b o f  huma n 
activitie s an d conventions .  Standar d metaphysica l  theorie s 
generall y attemp t  t o defm e concret e particular s withou t  an y 
referenc e t o th e agent s tha t  us e an d perceiv e the m (e.g. ,  se e 
Loux ,  1998) .  However ,  assumin g tha t  a t  leas t  th e broa d 
line s o f  th e l A A M ar e a  vali d accoun t  o f  object-base d 
attention ,  wha t  count s a s a n objec t  fo r  u s a s agent s als o 
depend s o n ou r  expectations ,  intention s an d genera l 
backgroun d knowledge .  Th e criteri a o f  "objecthood "  migh t 
ultimatel y depen d a s muc h o n epistemi c issue s a s o n 
metaphysica l  ones ,  a s suggeste d b y Smit h (1996) .  Attentio n 
i s object-base d no t  onl y becaus e attentio n an d perceptua l 
organizatio n ar e mutuall y dependent ,  bu t  als o becaus e 
object s woul d no t  b e object s i f  w e di d no t  perceiv e the m a s 
such ,  bu t  merel y relativel y coheren t  portion s o f  th e 
spatiotempora l  flu x w e cal l  th e universe . 
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Abstrac t 

Language provides an efTicient, uniquely human way of 
transminin g non-obviou s categor y informatio n betwee n 
individual s an d acros s generations .  T o explor e whethe r  i t  ca n 
serv e thi s purpos e eve n fo r  ver y youn g children ,  w e 
conducte d tw o experiments :  on e wit h 24-month-olds ,  an d th e 
othe r  wit h preschoolers .  Childre n mad e non-obviou s 
inference s abou t  perceptuall y misleadin g animals .  Thos e wh o 
hear d th e animal s calle d b y counter-intuitiv e categor y label s 
made inference s differen t  from  thos e wh o di d no t  hea r  th e 
labels ,  demonstratin g a n importan t  influenc e o f  languag e o n 
thought ,  eve n a t  2 4 month s o f  age .  However ,  preschooler s 
appea r  t o hav e bee n les s influence d tha n toddlers ,  suggestin g 
tha t  ther e ar e limit s o n children' s willingnes s t o accep t 
anomalou s categor y labels . 

Introduction 

Categorizatio n i s fiindamenta l  t o huma n cognition ,  enablin g 
communicat io n an d servin g a s th e basi s fo r  th e 
representatio n o f  object s an d fo r  predictin g an d explainin g 
thei r  behavio r  (Anglin ,  1977 ;  Markman ,  1989) .  Childre n a s 
youn g a s 3. 5 month s (Eima s &  Quirm ,  1994) ,  adult s (Rosc h 
et  al. ,  1976) ,  an d non-huma n animal s (e.g. ,  Freedma n e t  al. , 
2001 )  alik e readil y us e perceptua l  similarit y t o determin e 
th e categor y t o whic h somethin g belongs .  Bu t  w h e n 
reasonin g abou t  a n object ,  o r  explainin g o r  predictin g it s 
behavior ,  perceptua l  appearanc e i s no t  alway s criteria l  o f 
categor y membership .  Fo r  example ,  eve n thoug h eel s loo k 
lik e snakes ,  i n orde r  t o mor e accuratel y characteriz e thei r 
ancestry ,  behavio r  an d physiologica l  processes ,  expert s 
categoriz e the m a s fish. 

Give n sufficien t  experience ,  childre n a s youn g a s 3 0 
month s ca n for m non-obviou s categorie s b y notin g causa l 
(Gopni k &  Sobel ,  2000 )  o r  functiona l  (Kemle r  Nelso n e t  al. , 
2000 )  regularitie s betwee n objects .  Unde r  s o m e 
circumstances ,  eve n non-huma n animal s ca n lear n t o 
categoriz e object s i n perceptuall y non-obviou s way s 
(Hermstei n &  DeVilliers ,  1980) .  However ,  recognizin g 
non-obviou s similaritie s ca n b e a  slo w an d laboriou s 
process ,  ofte n requirin g experienc e tha t  i s difficul t  t o obtain . 
Moreover ,  i t  require s ever y individua l  i n ever y generatio n t o 
hav e th e experienc e fo r  hi m o r  hersel f  (Tomasello ,  1999) . 
Another ,  arguabl y mor e reliabl e an d efficien t  wa y t o obtai n 
non-obviou s category  informatio n i s  throug h languag e 

(Gclma n e t  al. ,  2000) :  W h e n a  truste d sourc e use s a n 
unexpecte d category  labe l  fo r  a n object ,  i t  reflect s a 
particula r  perspectiv e tha t  other s hav e foun d usefu l  whe n 
thinkin g an d reasonin g abou t  tha t  objec t  i n th e past ,  an d i t 
ca n caus e u s t o revis e a  classificatio n immediately .  Fo r 
languag e t o hav e thi s effect ,  however ,  listener s m a y hav e t o 
giv e u p a  compelling ,  perceptuall y base d classificatio n i n 
favo r  o f  a  classificatio n the y d o no t  immediatel y understand . 

As adults ,  w e ca n accep t  linguisticall y provide d non -
obviou s classification s (e.g. ,  a  whal e i s a  m a m m a l ,  no t  a 
fish )  becaus e w e implicitl y  assum e tha t  somethin g deepe r 
tha n surfac e similarit y bind s categor y member s togethe r 
(Medi n &  Ortony ,  1989) .  Suc h a n essentialis t  assumptio n 
woul d facilitat e th e rapi d uptak e o f  non-obviou s categor y 
terms .  However ,  i t  i s no t  clea r  whethe r  ver y youn g childre n 
als o expec t  categorie s an d categor y term s t o encod e mor e 
tha n surfac e similarities .  Fo r  example ,  i t  ha s bee n argue d 
tha t  childre n begi n wit h o r  quickl y develo p a n expectatio n 
tha t  categor y label s encod e similarl y shape d object s (e.g. , 
Imai ,  Gentaer ,  &  Uchida ,  1994 ;  Smith ,  1999) .  Furthermore , 
wherea s childre n readil y lear n word s fo r  basic-leve l 
categorie s (e.g. ,  "table") ,  the y hav e difficult y learnin g word s 
fo r  superordinat e categorie s (e.g. ,  "furniture") ,  whic h hav e 
fewe r  perceptua l  feature s i n c o m m o n tha n basic-leve l  one s 
(e.g. ,  Horto n &  Markman ,  1980 ;  Mervi s &  Rosch ,  1981 ; 
Rosc h e t  al. ,  1976) .  Finally ,  youn g childre n sometime s 
objec t  t o parenta l  attempt s t o correc t  perceptuall y base d 
categorizatio n error s (Mervis ,  1987) . 

I n tw o studies ,  w e investigate d children' s willingnes s t o 
accep t  perceptuall y counter-intuitiv e classification s o n th e 
basi s o f  linguisticall y provide d informatio n alone .  I n ou r 
first  study ,  w e aske d thi s questio n o f  24-month-olds . 
Ge lma n an d he r  colleague s hav e foun d tha t  childre n a s 
youn g a s 3 2 month s ca n mak e inference s o n th e basi s o f 
linguisti c informatio n rathe r  tha n perceptua l  appearanc e 
(Gelma n &  Coley ,  1990 ;  Gelma n &  Markman ,  1986) ,  bu t 
thei r  procedur e involve s m e m o r y demands ,  verba l 
responses ,  an d linguisti c comprehensio n abilitie s beyon d 
thos e o f  younge r  children .  Ou r  procedur e use s a n imitatio n 
paradig m tha t  minimize s thes e tas k demand s (se e als o 
Baldwin ,  M a r k m a n ,  &  Melartin ,  1993 ;  Mandle r  & 
McDonough,  1996 ;  Welde r  &  Graham ,  2001) . 
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Althoug h preschooler s hav e bee n show n t o defe r  t o adul t 
label s i n th e fac e o f  perceptuall y inconsisten t  intunnaiiu n 
(Gelma n &  Coley ,  1990 ;  Gelma n &  Markman ,  1986) ,  ther e 
must  b e limit s o n thi s process .  Surprisingly ,  n o on e ha s 
considere d situation s unde r  whic h childre n rejec t 
linguisticall y provide d categor y information .  Usin g th e 
same paradig m an d material s a s i n th e firs t  study ,  ou r 
secon d stud y take s u p thi s questio n wit h preschoolers . 

Experiment 1 

Experimen t  1  wa s designe d t o tes t  whethe r  24-month-old s 
woul d us e a n experimenter-provided ,  sometime s counter -
intuitive ,  categor y labe l  w h e n makin g non-obviou s 
inferences .  I n particular ,  w e wer e intereste d i n whethe r  the y 
woul d us e th e labe l  t o mak e a n inferenc e tha t  wa s differen t 
fro m th e on e the y woul d mak e withou t  a  label . 

Method 

Participant s Participant s wer e 3 2 toddlers ,  rangin g i n ag e 
fro m 2 3 months ,  6  day s t o 2 5 months ,  2 8 day s ( M =  2 4 
months ,  1 0 days) .  Fiv e additiona l  toddler s wer e tested ,  bu t 
thei r  dat a ar e no t  include d du e t o extrem e fussines s resultin g 
i n a n inabilit y  t o complet e a t  leas t  hal f  o f  th e sessio n (4) ,  o r 
due t o experimente r  erro r  (1) . 

Stimuli Eight animals from familiar categories were 
groupe d int o fou r  set s base d o n simila r  size s an d bod y 
shapes :  Cat-dog ,  horse-cow ,  bear-pig ,  an d squirrel-rabbit . 
Categor y familiarit y wa s confirme d b y consultin g th e 
MacArthu r  Communicativ e Developmen t  Inventor y fo r 
toddler s (Dal e &  Fenson ,  1996) ,  whic h indicate d tha t  a t 
leas t  4 4 % o f  24-month-ol d childre n coul d produc e th e wor d 
associate d wit h eac h anima l  (range :  43 .9 % fo r  "squirrel "  t o 
91.6 % fo r  "dog") . 

Realistic ,  colo r  drawing s o f  a  typica l  exempla r  o f  eac h 
anima l  wer e obtaine d fro m commerciall y availabl e 
picturebooks ,  an d wer e digitize d fo r  compute r  manipulatio n 
(hereafter ,  "standar d animals") .  I n addition ,  thre e tes t 
animal s fo r  eac h se t  wer e generate d o n Adob e PhotoSho p 
fro m th e standar d animal s o f  tha t  set :  T w o wer e typica l 
exemplar s (hereafte r  "typica l  tes t  animals") ,  an d wer e 
create d b y manipulatin g th e coloratio n o f  th e standards ;  th e 
thir d tes t  anima l  looke d mor e lik e on e standar d anima l  tha n 
th e othe r  (hereafter ,  "misleadin g tes t  animal") .  Misleadin g 
tes t  animal s wer e create d b y usin g on e o f  th e standard s (o r 
an additiona l  typica l  image )  a s a  base ,  an d addin g feature s 
fro m th e othe r  standar d imag e o f  tha t  pair .  Example s o f 
standar d an d misleadin g animal s fro m th e cat-do g se t  ar e 
shown i n Figur e 1 . 

Sixtee n graduat e student s rate d eac h animal ,  includin g th e 
standards ,  from  eac h se t  o n a  7-poin t  continuum .  A t  on e 
end o f  th e continuu m wa s th e categor y labe l  fo r  on e o f  th e 
animal s i n a  give n se t  (e.g. ,  "cat") ,  an d a t  th e othe r  en d wa s 
th e categor y labe l  fo r  th e othe r  anima l  i n tha t  se t  (e.g. , 
"dog") .  Subject s indicate d o n th e continuu m th e positio n o f 
eac h anima l  image ,  wit h 4  bein g ambiguous—exactl y 

Standar d Animal s Misleadin g Tes t  Animal s 

^ 

Figur e 1 :  Sampl e stimul i  from  th e cat-do g set .  Eac h 
stimulu s se t  wa s m a d e u p o f  tw o standar d animals ,  tw o 
typica l  animal s (no t  shown ,  bu t  ver y simila r  t o th e 
standards) ,  an d on e o f  tw o misleadin g animals . 

halfway between the two. The average ratings of the 
standard s an d typica l  tes t  animal s wer e alway s a t  th e end s o f 
th e continuu m (betwee n 1  an d 2  o r  betwee n 6  an d 7) ,  an d 
thos e o f  th e misleadin g tes t  animal s wer e alway s slightl y 
close r  t o th e center ,  bu t  leanin g i n on e directio n (betwee n 2 
and 3 ,  o r  betwee n 5  an d 6 )  an d significantl y differen t  from 4 
and fro m eac h other .  A  ful l  displa y o f  th e stimul i  an d 
detail s o f  thei r  adul t  rating s ca n b e obtaine d a t  http://www -
psych.stanford.edu/~jaswal/Stimuli/index.html . 

Al l  image s wer e size d t o approximatel y 3  t o 4  inche s 
wide ,  wit h thei r  height s constraine d b y thei r  widths .  Eac h 
imag e (an d it s left-righ t  reverse )  wa s printe d o n a  60 0 dp i 
colo r  printer ,  cu t  out ,  laminated ,  an d mounte d int o a  smal l 
stan d tha t  allowe d i t  t o remai n upright . 

Eac h se t  o f  animal s wa s associate d wit h a  particula r 
activity ,  an d member s o f  th e sam e pai r  wer e associate d wit h 
contrastin g prop s o r  diorama s (hereafter ,  "props") . 
Activitie s wer e chose n tha t  coul d b e easil y an d clearl y 
demonstrate d wit h a  3-dimensiona l  prop ,  an d tha t  migh t 
(thoug h no t  necessarily )  b e familia r  t o children :  Th e ca t 
playe d wit h a  bal l  o f  yam ,  th e do g playe d wit h a  stick ;  th e 
hors e slep t  o n th e hay ,  th e c o w slep t  o n th e grass ;  th e bea r 
live d i n th e forest ,  th e pi g live d i n th e mud ;  th e squirre l  at e a 
nut ,  th e rabbi t  at e a  carrot .  Prop s wer e purchase d o r 
speciall y constructed . 

Design The 32 children were randomly assigned to a label 
or  a  no-labe l  condition ,  resultin g i n 1 6 childre n pe r 
condition ,  balance d fo r  sex .  Eac h chil d i n th e labe l 
conditio n wa s yoke d t o a  chil d i n th e no-labe l  conditio n s o 
tha t  bot h sa w exactl y th e sam e animal s i n exactl y th e sam e 
configuratio n an d order .  Th e onl y differenc e wa s tha t  on e 
hear d a  labe l  durin g th e presentatio n o f  eac h tes t  animal ,  an d 
th e othe r  di d not . 
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Procedur e Toddler s wer e seate d o n thei r  parent' s la p a t  a 
tabl e i n a  testin g room ,  o r  a t  a  smal l  tabl e o n thei r  own ,  wit h 
th e experimente r  sittin g acros s th e tabl e fro m them .  Eac h 
sessio n bega n wit h a  warm-u p tria l  t o familiariz e the m wit h 
th e procedure :  Th e experimente r  demonstrate d tha t  a  fis h 
live d i n a n aquati c scen e ("water") ,  an d a  bir d live d i n a 
tree .  The y wer e the n show n additiona l  typica l  fis h an d bird s 
i n alternatin g orde r  an d aske d t o sho w wher e eac h lived , 
unti l  the y succeede d i n puttin g a  fis h i n th e wate r  an d a  bir d 
i n th e tre e consecutively ,  o r  unti l  thei r  attentio n waned . 
Correc t  selection s wer e praised ,  an d incorrec t  selection s 
w er e corrected . 

Durin g th e testin g phase ,  childre n watche d a s th e 
experimente r  demonstrate d an d explaine d alou d tha t  on e 
standar d anima l  engage d i n a n activit y wit h on e pro p (fo r 
example ,  tha t  a  ca t  playe d wit h a  bal l  o f  y a m ) ,  an d tha t  th e 
secon d standar d anima l  o f  tha t  se t  engage d i n a n activit y 
wit h anothe r  pro p (fo r  example ,  tha t  a  do g playe d wit h a 
stick) .  Followin g th e introductio n an d labelin g o f  eac h 
standar d animal ,  childre n wer e encourage d t o imitat e th e 
activit y wit h tha t  sam e animal . 

Childre n wer e the n show n th e tw o typica l  tes t  animal s 
and on e o f  th e misleadin g tes t  animal s fro m tha t  set ,  on e a t  a 
tim e an d i n a  rando m order .  The y wer e aske d t o sho w th e 
activit y i n whic h eac h engaged .  Th e childre n i n th e labe l 
conditio n hear d th e experimente r  us e a  categor y labe l  t o 
introduc e eac h o f  th e tes t  animal s (fo r  example ,  "Loo k a t 
this !  Loo k a t  thi s dog !  Ca n yo u sho w m e wha t  thi s do g 
play s with?") .  Th e typica l  tes t  animal s wer e alway s calle d 
by label s tha t  matche d thei r  appearance ,  an d th e misleadin g 
tes t  animal s wer e alway s calle d b y label s tha t  wer e th e 
opposit e o f  thei r  appearanc e (i.e. ,  i f  adul t  rater s ha d 
indicate d tha t  a  misleadin g tes t  anima l  looke d mor e lik e a 
do g tha n a  cat ,  i t  wa s referre d t o a s "thi s  cat") .  T o establis h 
baselin e levels ,  childre n i n th e no-labe l  conditio n hear d th e 
experimente r  us e th e phras e "thi s one "  t o introduc e eac h tes t 
anima l  (fo r  example ,  "Loo k a t  this !  Loo k a t  thi s one !  Ca n 
yo u sho w m e wha t  thi s on e play s with?") .  Regardles s o f 
thei r  selection ,  childre n wer e give n neutra l  feedbac k i n a 
positiv e ton e ("OK!") ,  an d th e experimente r  the n proceede d 
t o th e nex t  tes t  anima l  o r  anima l  set . 

Most  childre n wer e presente d wit h al l  fou r  set s o f 
animals ;  however ,  du e t o fussiness ,  five  childre n wer e 
presente d wit h thre e set s rathe r  tha n four .  Th e orde r  i n 
whic h th e anima l  set s wer e presente d wa s counterbalance d 
acros s pair s o f  childre n accordin g t o a  Lati n Squar e design . 
Th e pro p o r  dioram a matchin g a  misleadin g tes t  animal' s 
perceptua l  appearanc e appeare d twic e o n th e lef t  an d twic e 
on th e righ t  fo r  eac h child ,  an d thi s wa s counterbalance d 
acros s pair s o f  children . 

Codin g wa s conducte d off-line ,  vi a videotape ,  an d 
involve d notin g whic h o f  th e tw o possibl e prop s wa s 
selecte d fo r  eac h tes t  animal .  T w o coders ,  blin d t o 
condition ,  eac h code d one-hal f  o f  th e sessions .  T o asses s 
reliability ,  eac h code r  als o independentl y code d 1/ 4 o f  th e 
othe r  coder' s session s (selecte d randomly) ;  agreemen t  o n 
whic h pro p wa s selecte d wa s 9 9 % (Cohen' s kappa=.98) . 

Result s an d Discussio n 

As show n i n Figur e 2 ,  childre n i n bot h th e labe l  an d th e no -
labe l  condition s inferre d tha t  th e typica l  tes t  animal s 
engage d wit h th e prop s associate d wit h thei r  perceptua l 
appearanc e significantl y mor e frequentl y tha n woul d b e 
expecte d b y chanc e (50% )  [labe l  condition :  ^15)=4.01 , 
/><0.01 ;  no-labe l  condition :  r(15)=2.93,/7<0.05] ,  an d a t 
level s no t  differen t  from  eac h othe r  [^30)<1 ,  n.s.] .  Thi s i s 
consisten t  wit h othe r  wor k showin g that ,  i n th e absenc e o f 
labels ,  eve n 9-month-old s ca n mak e non-obviou s inference s 
base d o n a n object' s appearanc e (Baldwi n e t  al. ,  1993) . 

W h en a  tes t  anima l  wa s perceptuall y misleading , 
however ,  labelin g ha d a  dramati c effect ,  a s Figur e 2  shows . 
Childre n i n th e labe l  conditio n mad e inference s base d o n th e 
perceptua l  appearanc e o f  th e misleadin g tes t  animal s les s 
frequently  tha n b y chanc e [r(15)=-2.93,/><0.05] ,  wherea s 
thos e i n th e no-labe l  conditio n di d s o a t  chanc e level s 
[r(15)<l ,  n.s.] .  A  2-wa y mixe d A N O V A o n th e mea n 
percentag e o f  perceptua l  inference s (label/no-labe l  x 
typical/misleading )  yielde d a  mai n effec t  o f  stimulu s typ e 
[F (  1,30) = 13.41 ,  p<0.0\ ] ,  an d a  significan t  interactio n 
[F(l,30)=6.62,/><0.05] .  Childre n i n th e labe l  conditio n 
m a de significantl y fewe r  inference s i n lin e wit h th e 
perceptua l  appearanc e o f  th e misleadin g tes t  animal s tha n 
thos e i n th e no-labe l  conditio n [/(30)=-2.32,p<0.05] . 

I n short ,  childre n i n th e labe l  conditio n inferre d tha t  th e 
misleadin g anima l  engage d wit h th e pro p associate d wit h it s 
label ,  whil e thos e i n th e no-labe l  conditio n wer e 
significantl y mor e likel y t o infe r  tha t  i t  engage d wit h th e 
pro p associate d wit h it s perceptua l  appearance .  Fo r 
example ,  whe n show n th e misleadin g anima l  tha t  adul t 
subject s rate d a s dog-like ,  childre n w h o hear d i t  referre d t o 
as "thi s cat "  inferre d tha t  i t  playe d wit h th e bal l  o f  yam , 
whil e thos e w h o hear d i t  referre d t o a s "thi s one "  wer e mor e 
likel y t o infe r  tha t  i t  playe d wit h a  stick . 

O No-Labe l 

i — Chanc e 

Typica l  Misleadin g 

Tes t  an ima l 
Figur e 2 :  M e a n percentag e o f  inference s b y toddler s tha t 
wer e consisten t  wit h perceptua l  appearance .  Erro r  bar s 
sho w standar d error . 
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Usin g a  non-verba l  respons e measure ,  w e foun d tha t  eve n 
24-month-ol d childre n weig h th e categor y labe l  tha t  a 
speake r  applie s t o a n anima l  mor e heavil y tha n th e animal' s 
perceptua l  appearanc e whe n th e tw o ar e i n conflict . 
Althoug h th e vas t  majorit y o f  categor y label s i n a  typica l 
two-year-old' s productiv e vocabular y represen t  categorie s 
whose member s coher e perceptuall y (Samuelso n &  Smith , 
1999) ,  thes e childre n nonetheles s expec t  categor y member s 
t o shar e deepe r  similarities ,  an d the y ca n us e language  t o 
thin k abou t  object s i n non-obvious—eve n counter -
intuitive—ways .  Th e powe r  o f  a  simpl e categor y labe l  t o 
conve y non-obviou s categor y informatio n ma y wel l  develo p 
wit h ag e an d experienc e wit h language .  Certainl y b y 2 4 
months ,  however ,  thi s proces s i s i n place ,  an d ca n serv e a s 
an importan t  mechanis m fo r  th e cultura l  transmissio n o f 
knowledg e an d information . 

Thi s raise s interestin g question s abou t  th e limit s o f  thi s 
process ,  includin g circumstance s unde r  whic h childre n 
migh t  weig h a n object' s perceptua l  appearanc e mor e heavil y 
tha n it s categor y label .  I n ou r  secon d experiment ,  w e 
explore d on e possibility ,  namel y tha t  olde r  childre n migh t 
be les s willin g t o accep t  a  perceptuall y counter-intuitiv e 
categor y labe l  tha n younge r  children . 

Experiment 2 

Experimen t  2  wa s designe d t o explor e whethe r  preschooler s 
woul d b e a s willin g t o accep t  perceptuall y counter-intuitiv e 
categor y label s a s th e toddler s i n Experimen t  1 . 
Presumably ,  olde r  childre n hav e bee n expose d bot h t o mor e 
exemplar s an d t o a  wide r  rang e o f  exemplar s fro m th e 
familia r  anima l  categorie s use d i n ou r  experiment .  Becaus e 
of  thi s experience ,  the y m a y b e les s willin g t o accep t 
anomalou s categor y information .  Fo r  example ,  whe n the y 
see a n anima l  clearl y possessin g th e perceptua l  feanire s o f  a 
dog ( a "misleadin g tes t  animal") ,  the y ma y constru e i t  a s a 
do g tha t  share s propertie s wit h othe r  dogs—regardles s o f 
what  th e experimente r  call s  it . 

Method 

Participant s Twelv e 3-year-ol d ( M =  3  years ,  3  months ; 
rang e =  2-1 0 t o 3-6 )  o f  middle-clas s an d upper-middle-clas s 
background s participate d a t  a  university-affiliate d 
preschool .  Si x wer e girl s  an d si x wer e boys . 

Stimuli The stimuli were the same as those used in 
Experimen t  1 . 

Design Experiment 2 used a within-subject design, with the 
same chil d hearin g som e tes t  animal s labele d an d othe r  tes t 
animal s referre d t o a s "thi s one. " 

Procedure Children were tested individually in a quiet 
roo m a t  thei r  preschool .  Th e procedur e wa s generall y th e 
same a s tha t  use d i n Experimen t  1 :  Childre n watche d a s th e 
experimente r  demonstrate d an d explaine d alou d tha t  on e 
standar d anima l  engage d wit h on e prop ,  an d th e secon d 
standar d anima l  o f  tha t  pai r  engage d wit h another .  The y 

wer e the n show n th e thre e tes t  animal s on e a t  a  tim e an d i n a 
rando m order ,  an d aske d t o sho w th e activit y i n whic h eac h 
engaged .  Al l  childre n wer e show n fou r  set s o f  animals. ' 

The majo r  differenc e from  Experimen t  1  wa s tha t  childre n 
hear d label s fo r  tes t  animal s from  tw o o f  th e sets ,  an d di d 
not  hea r  label s fo r  tes t  animal s from  th e othe r  two .  A s i n 
Experimen t  1 ,  childre n wer e yoke d i n pair s s o tha t  bot h sa w 
exactl y th e sam e stimul i  i n exactl y th e sam e configuratio n 
and order .  W h e n on e chil d hear d tes t  animal s fro m a 
particula r  se t  labeled ,  hi s o r  he r  yoke d partne r  di d not .  Th e 
orde r  i n whic h th e set s wer e presente d wa s random ,  a s wa s 
th e orde r  o f  th e test-baselin e sets .  Th e pro p matchin g th e 
misleadin g animal' s perceptua l  appearanc e appeare d equall y 
ofte n o n th e lef t  an d righ t  fo r  labe l  an d no-labe l  sets . 

Codin g wa s conducte d off-line ,  vi a videotape ,  an d 
involve d notin g whic h o f  th e tw o possibl e prop s w a s 
selecte d fo r  eac h tes t  animal . 

Results and Discussion 

As show n i n Figur e 3 ,  lik e th e toddler s i n Experimen t  1 , 
preschooler s inferre d tha t  th e typica l  tes t  animal s engage d 
wit h th e prop s associate d wit h thei r  perceptua l  appearanc e 
significantl y mor e frequently  tha n woul d b e expecte d b y 
chance ,  regardles s o f  whethe r  th e animal s wer e labele d o r 
not  [labe l  condition :  r(ll)=13.40 ,  p<0.0\ ;  no-labe l 
condition :  r(ll)=6.09,/KO.Ol] ,  an d a t  level s no t  differen t 
from  eac h othe r  [r(H)=1.00 ,  n.s.] . 

For  perceptuall y misleadin g animal s tha t  wer e no t 
labeled ,  preschooler s ha d the m engag e wit h th e pro p tha t 
matche d thei r  appearanc e mor e frequently  tha n woul d b e 
expecte d b y chanc e [/(11) = 11.00 ,  p<O.Ol] .  B y contrast , 
when the y wer e labeled ,  childre n ha d the m engag e wit h th e 
pro p tha t  matche d thei r  appearanc e a t  chanc e level s 
[t( \  1)<1 ,  n.s.] .  A  2-wa y repeate d measure s A N O V A o n th e 

— Chanc e 

Label 

O- No-Label 

Typica l  Misleadin g 
Tes t  an ima l 

Figur e 3 :  M e a n percentag e o f  inference s b y preschooler s 
tha t  wer e consisten t  wit h perceptua l  appearance .  Erro r  bar s 
sho w standar d error . 

'  Additionally ,  childre n wer e show n tw o set s o f  artifacts ;  thos e 
dat a wil l  no t  b e presente d here . 
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mean percentag e o f  perceptua l  inference s (label/no-labe l  x 
typical/misleading )  yielde d a  mai n effec t  o f  conditio n 
[F(l,ll)=33.00 ,  p<0.01] ,  a  mai n effec t  o f  stimulu s typ e 
[F{l,l\)=lAA ,  ;7<0.05] ,  an d a  significan t  interactio n 
[F(l,ll)=23.44,/J<0.01] .  W h e n the y hear d misleadin g 
animal s labeled ,  childre n m a d e significantl y fewe r 
inference s i n lin e wit h thei r  perceptua l  appearanc e tha n 
when the y di d no t  hea r  the m labele d [/( I  l)=-5.61,p<0.01] . 

As i n Experimen t  1  wit h toddlers ,  then ,  labelin g clearl y 
ha d a n effec t  o n preschoolers '  inference s abou t  th e 
perceptuall y misleadin g animals .  However ,  a s wil l  b e 
discusse d below ,  onc e performanc e o n th e typica l  animal s 
was equated ,  preschooler s appea r  t o hav e bee n les s likel y t o 
accep t  an d us e counter-intuitiv e categor y label s tha n 
toddlers . 

General Discussion 

Thes e tw o experiment s investigate d children' s 
willingnes s t o accep t  perceptuall y counter-intuitiv e 
classification s o n th e basi s o f  linguisticall y provide d 
information .  I n Experimen t  1 ,  24-month-old s use d 
categor y label s provide d b y th e experimente r  t o mak e non -
obviou s inference s abou t  animal s tha t  wer e th e opposit e o f 
thos e the y woul d mak e withou t  a  label .  Thes e result s 
converg e wit h thos e o f  Welde r  an d Graha m (2001) ,  w h o 
foun d dia t  16 -  t o 21-month-old s coul d us e a  labe l  t o mak e a 
non-obviou s inference s abou t a  nove l  object .  I n tha t  study , 
infant s w h o hear d tw o moderatel y dissimila r  nove l  object s 
calle d b y th e sam e nove l  nam e inferre d tha t  the y share d a 
non-obviou s propert y (Stud y 2) .  W h e n th e object s wer e no t 
labeled ,  infant s di d no t  spontaneousl y assum e tha t  the y 
share d th e sam e propert y (Stud y 1) . 

Our  desig n differ s fro m tha t  o f  Welde r  an d Graha m 
(2001 )  i n a n importan t  way :  I n particular ,  wherea s Welde r 
and Graha m use d nove l  object s an d nove l  label s (excep t  i n 
Stud y 3 ,  wher e the y use d nove l  object s an d familia r  labels) , 
we use d instea d familia r  object s an d labels .  B y usin g 
familia r  categories ,  w e wer e abl e t o sho w tha t  despit e 
compelling ,  contradictor y perceptua l  informatio n indicatin g 
membershi p i n a  differen t  category ,  24-month-old s 
nonetheles s coul d accep t  an d us e th e experimenter' s labe l  i n 
makin g a  non-obviou s inference . 

I n Experimen t  2 ,  w e foun d tha t  preschooler s coul d als o 
us e label s t o mak e inference s differen t  fro m thos e the y 
woul d mak e withou t  a  label .  Thi s i s consisten t  wit h wor k 
by Gelma n an d he r  colleague s (Gelma n &  Coley ,  1990 ; 
Gelma n &  Marlunan ,  1986) ,  w h o hav e foun d simila r  result s 
wit h preschooler s usin g differen t  procedures .  However ,  w e 
als o foun d tha t  preschooler s wer e l£S 5 willin g t o accep t  an d 
us e a n unexpecte d categor y labe l  tha n th e toddler s i n 
Experimen t  1 .  Th e first  piec e o f  evidenc e fo r  thi s 
conclusio n come s from  th e chanc e analyses ,  whic h showe d 
tha t  hearin g a  labe l  fo r  a  misleadin g anima l  mad e toddler s i n 
Experimen t  I  les s likel y tha n chanc e t o mak e a n inferenc e 
i n lin e wit h th e animal' s perceptua l  appearance ,  wherea s 
preschooler s i n Experimen t  2  wer e merel y a t 
chance—meanin g tha t  th e olde r  childre n wer e a s likel y t o 

use th e animal' s perceptua l  appearanc e a s th e experimenter -
provide d label . 

The secon d piec e o f  evidenc e come s fro m a n additiona l 
analysi s o f  th e dat a fro m th e labe l  conditions .  S o far ,  w e 
hav e bee n considerin g th e proportio n o f  inference s childre n 
made i n lin e wit h eac h tes t  animal' s perceptua l  appearance . 
Anothe r  wa y t o conside r  th e dat a from  th e labe l  condition s 
onl y i s i n term s o f  th e proportio n o f  inference s childre n 
made i n lin e wit h th e experimenter-provide d labels .  Thes e 
dat a ar e show n i n Figur e 4 . 

One migh t  reasonabl y expec t  th e proportio n o f  labe l 
inference s fo r  typica l  animal s t o b e highe r  tha n th e 
proportio n o f  labe l  inference s fo r  th e misleadin g animals , 
becaus e i n th e cas e o f  a  typica l  animal ,  ther e i s n o conflic t 
betwee n th e labe l  an d th e animal' s appearance .  And ,  i n 
fact ,  a s ca n b e see n i n Figur e 4 ,  fo r  bot h toddler s an d 
preschoolers ,  thi s i s th e case .  However ,  wherea s toddler s 
made onl y slightl y fewe r  labe l  inference s fo r  misleadin g 
animal s tha n typica l  ones ,  preschooler s wer e muc h les s 
likel y t o mak e labe l  inference s fo r  misleadin g animal s tha n 
typica l  ones .  Indeed ,  a  2-wa y mixe d A N O V A o n th e 
averag e percentag e o f  labe l  inference s (toddler/preschoo l  x 
typical/misleading )  yielde d a  mai n effec t  o f  stimulu s typ e 
[F(l,26)=9.67,  p<0.0\] ,  an d a  significan t  interactio n 
[F(l,26)=7.01,/><0.05] .  I n othe r  words ,  toddler s wer e 
equall y likel y t o mak e a n inferenc e i n lin e wit h misleadin g 
animals '  label s a s typica l  animals '  label s [/(15)<1 ,  n.s.] , 
whil e preschooler s wer e significantl y les s likel y t o d o s o 
Wll)=-3.74,/K.01] . 

Althoug h difference s i n th e desig n o f  thes e tw o studie s 
m a ke th e cross-experimen t  comparison s somewha t 
tentative ,  thi s differenc e i n children' s willingnes s t o accep t 
anomalou s categor y label s i s extremel y provocative :  I t 
suggest s tha t  24-month-old s m a y b e mor e "open-minded " 
abou t  categor y informatio n tha n 3-year-olds ,  perhap s 
becaus e th e toddler s assume d tha t  the y ha d no t  ye t 
encountere d al l  possibl e exemplar s o f  eve n c o m m o n 
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Figur e 4 :  Fo r  toddler s an d preschooler s w h o hear d tes t 
animal s labeled ,  mea n percentag e o f  inference s tha t  wer e 
consisten t  wit h th e labels .  Erro r  bar s sho w standar d error . 
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animals ,  wherea s th e preschooler s assume d the y ha d (se e 
Naigles ,  Gleitman ,  an d Gleitman ,  1992 ,  fo r  a n analogou s 
argimien t  i n ver b learning) .  On-goin g wor k i s considerin g 
thi s possibility . 

Putna m (1977 )  ha s argue d tha t  a  ke y elemen t  o f  adul t 
communicatio n i s tha t  w e frequently  us e term s t o refe r  t o 
thing s withou t  necessaril y  knowin g th e criteri a fo r  thos e 
terms .  However ,  w e assum e tha t  ther e ar e expert s i n ou r 
communit y wh o coul d provid e th e criteri a an d perfor m a 
test ,  i f  necessary ,  t o fi x  th e extensio n o f  thos e terms .  I n hi s 
words ,  languag e us e require s a  "divisio n o f  linguisti c labor. " 
We hav e show n tha t  childre n a s youn g a s 2 4 month s als o 
hav e somethin g lik e a  divisio n o f  linguisti c labo r  operating : 
They ca n accep t  an d us e wha t  migh t  b e considere d bafflin g 
categor y label s i n orde r  t o mak e non-obviou s inference s 
abou t  animals .  Usin g languag e i n thi s wa y allow s the m t o 
stretc h th e boundarie s o f  thei r  ow n spontaneousl y generated , 
ofte n perceptuall y based ,  categorie s (bu t  se e Mandle r  & 
McDonough,  1996) ,  an d t o tak e advantag e o f  th e riche r  an d 
mor e conceptua l  framework s tha t  thei r  culture s hav e 
evolved .  A  fruitfu l  are a fo r  furthe r  investigatio n wil l  b e 
explorin g th e limit s o f  thi s process . 
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Abstrac t 

This paper presents a model of memory for 
multidimensiona l  stimuli .  Th e mode l  capture s th e 
independenc e o f  feamrc s i n memory ,  thei r  recover y usin g 
spatia l  locatio n an d tempora l  cues ,  an d th e rol e o f  verba l 
recedin g i n buildin g integrativ e featur e memories .  Th e mode l 
fit s  dat a showin g tha t  objec t  feature s ma y b e retrieve d 
mdependentl y whe n give n a  locatio n cue ,  bu t  tha t  correc t 
retrieva l  o f  missin g feature s give n a  feamr e cu e depend s o n 
th e correc t  retrieva l  o f  location .  Th e mode l  als o suggest s tha t 
positiona l  code s implicate d i n man y memor y model s ma y b e 
th e resul t  o f  th e initia l  positiona l  encodin g o f  stimul i  b y 
perception . 

Introduction 

Althoug h perceptio n appear s t o integrat e multidimensiona l 
stimuli ,  mountin g evidenc e suggest s tha t  objec t  features , 
includin g color ,  form ,  motion ,  orientation ,  textur e an d 
locatio n ar e independentl y processe d b y ou r  visua l  syste m 
an d ca n eve n remai n independen t  i n m e m o r y (e.g. , 
Healthcote ,  Walker ,  &  Hitch ,  1994) .  Thi s pape r  review s th e 
evidenc e fo r  th e independenc e an d re-integratio n o f  feature s 
i n m e m o r y an d propose s a  mode l  o f  th e spatio-tempora l 
codin g o f  m e m o r y fo r  multidimensiona l  stimuli .  Th e mode l 
i s implemente d a s a  modificatio n o f  th e A C T - R cognitiv e 
architectur e (Anderso n &  Lebiere ,  1998 )  an d show n t o fit 
th e result s o f  a  representativ e experiment . 

Feature Independence in Memory 

Evidenc e fo r  th e independen t  encodin g o f  feature s i n 
m e m o ry typicall y involve s conjunctio n error s i n recal l  o r 
recognitio n test s (Reinitz ,  Lammers ,  &  Cochran ,  1992) .  I n a 
recognitio n test ,  a  conjunctio n erro r  occur s whe n a  subjec t 
report s previousl y seein g a  n e w stimulu s tha t  consist s o f  a 
conjunctio n o f  feature s from  ol d stimuli .  I n a  recal l  test ,  a 
conjimctio n erro r  occur s whe n subject s recal l  a  stimulu s tha t 
erroneousl y conjoin s feature s o f  previousl y see n stimuli . 
Conjunctio n error s hav e bee n demonstrate d fo r  a  variet y o f 
stimuli ,  includin g face s (Reinit z e t  al. ,  1992 ;  Treisman , 
Sykes ,  &  Galade ,  1977) ,  tw o syllabl e nonsens e word s 
(Reinit z e t  al. ,  1992) ,  colore d form s (Stefiira k &  Boynton , 
1986) ,  an d colore d bar s a t  differen t  orientation s (Isenberg , 
Nissen ,  &  Marchak ,  1990) .  Presentatio n time s fo r  stud y 
stimul i  i n thes e experiment s rang e from  10 0 m s t o severa l 
minutes ,  henc e th e result s s h o w tha t  feature s ar e 
independentl y store d i n bot h short -  an d long-ter m memory . 

Nisse n (1985 )  reporte d a n experimen t  tha t  suggeste d tha t 
visua l  feature s o f  object s (i n thi s cas e colo r  an d shape )  ar e 
store d separately ,  bu t  ar e indexe d o r  boun d b y thei r  spatia l 
location .  Subject s wer e presente d wit h fou r  differen t  shapes , 
eac h o f  a  diflferen t  color ,  an d eac h i n on e o f  fou r  positions , 
followe d b y eithe r  a  locatio n o r  colo r  cue .  W h e n give n a 
locatio n o r  colo r  cue ,  subject s wer e tol d t o repor t  th e othe r 
tw o value s indexe d b y tha t  cu e (colo r  an d shape ,  an d shap e 
and location ,  respectively) .  Subject s wer e teste d i n separat e 
location-cu e an d color-cu e condition s wit h 6 4 uniqu e trial s 
i n eac h condition .  Color ,  shape ,  locatio n an d cu e wer e 
systematicall y randomize d s o a s t o ensur e statistica l 
independenc e amon g th e stimul i  an d cues . 

Nisse n foun d tha t  whe n th e cu e wa s a  location ,  correc t 
recal l  o f  colo r  an d shap e wer e statisticall y independent ; 
however ,  w h e n th e cu e wa s a  color ,  correc t  recal l  o f  shap e 
depende d o n correc t  recal l  o f  location .  Thes e result s sugges t 
tha t  objec t  feamre s ar e represente d independently ,  wit h eac h 
featur e associate d wit h th e object' s spatia l  location .  Thus , 
retrievin g th e shap e o f  a n objec t  give n it s colo r  a s a  cu e 
require s on e t o first  retriev e th e locatio n containin g a n 
objec t  wit h tha t  color ,  followe d b y retrievin g th e shap e a t 
tha t  location . 

Nissen' s result s showin g independenc e i n th e location-cu e 
conditio n wer e questione d b y Monhei t  an d Johnsto n (1994 ) 
w ho argue d tha t  becaus e o f  th e effect s o f  guessing ,  ver y 
littl e deviatio n fro m independenc e wa s possible .  B y 
increasin g th e numbe r  o f  color s an d form s (usin g letter s 
instea d o f  shapes )  the y reduce d th e effect s o f  guessin g an d 
increase d th e expecte d deviatio n from  independence .  The y 
als o increase d th e numbe r  o f  trial s t o increas e th e chanc e o f 
detectin g a  smalle r  deviatio n from  independence .  I n a  serie s 
of  experiment s tha t  wer e simila r  t o Nissen' s location-cu e 
condition ,  the y foun d consisten t  evidenc e fo r  th e 
dependenc e o f  colo r  an d shap e give n a  locatio n cue .  The y 
explaine d thei r  result s b y arguin g tha t  selectiv e attentio n t o 
an objec t  tightl y bind s al l  features ,  bu t  tha t  i n th e Nisse n 
experimen t  subject s hav e onl y enoug h tim e t o selectivel y 
atten d t o a  subse t  o f  th e objects .  Feature s o f  attende d object s 
ten d t o b e reporte d correctly ,  wherea s feature s o f  unattende d 
object s mus t  b e guessed .  Th e combinatio n o f  correc t 
conjunctio n trial s an d thos e involvin g guessin g produce d 
th e amoun t  o f  dependenc e observe d i n thei r  experiments . 

Despit e Monhei t  an d Johnston' s results ,  Nissen' s 
experimen t  stil l  support s a  specia l  rol e fo r  locatio n i n 
bindin g objec t  features .  Monhei t  an d Johnston' s critiqu e o f 
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Nissen' s experimen t  shoul d appl y equall y wel l  t o th e color -
cu e condition ,  meanin g tha t  i t  woul d hav e bee n jus t  a s 
difficul t  t o detec t  dependence .  However ,  Nissc n foun d 
dependenc e i n bot h th e aggregat e dat a an d 8  o f  th e 9 
individua l  subjects .  Th e fac t  tha t  Nissen' s experimen t  wa s 
sufficien t  t o detec t  dependenc y i n th e color-cu e conditio n 
suggest s tha t  locatio n stil l  play s a n importan t  rol e i n bindin g 
objec t  features .  However ,  i t  i s  possibl e tha t  selectiv e 
attentio n m a y increas e th e associatio n a m o n g objec t 
features ,  makin g locatio n les s importan t  i n th e recover y o f 
featur e conjunctions .  Indeed ,  Wolf e an d Cav e (Wolf e & 
Cave,  1999 )  suggeste d tha t  pre-attentiv e feature s ar e loosel y 
bound ,  wherea s feature s o f  attende d object s ar e mor e tightl y 
bound . 

Additiona l  evidenc e suggest s tha t  feature s m a y als o b e 
boun d b y tempora l  cue s (Treisman ,  1977) .  I n on e 
experimen t  a  serie s o f  severa l  letters ,  a  number ,  an d severa l 
mor e letter s wer e rapidl y presente d eithe r  a t  th e sam e 
locatio n o r  wer e alternate d abov e an d belo w th e fixatio n 
poin t  (Keele ,  Cohen ,  Ivry ,  Liotti ,  &  Yee ,  1988) .  Subject s 
wer e tol d t o repor t  th e colo r  o f  th e backgroun d surroundin g 
th e digit .  W h e n th e item s wer e presente d a t  th e sam e 
location ,  mor e error s cam e fro m reportin g th e colo r  o f 
letter s a t  th e - 1 an d + 1 tempora l  positions ,  item s tha t 
appeare d jus t  befor e an d jus t  afte r  th e target .  However , 
when th e item s wer e alternate d amon g tw o locations ,  mor e 
error s cam e fro m th e - 2 an d + 2 tempora l  positions ,  item s 
tha t  occurre d a t  th e sam e spatia l  locatio n a s th e target ,  bu t 
tha t  wer e temporall y mor e distan t  tha n th e - 1 an d + 1 items . 
Base d o n th e result s o f  severa l  simila r  experiments ,  th e 
author s argue d tha t  spatia l  contiguit y i s th e dominan t 
requiremen t  fo r  bindin g feature s an d tha t  tempora l 
contiguit y i s o f  us e onl y whe n feature s appea r  i n th e sam e 
location .  However ,  th e dominanc e o f  locatio n m a y b e a n 
artifac t  o f  th e task .  Othe r  researcher s hav e argue d tha t 
subject s m a y us e multipl e strategie s t o recove r  featur e 
conjunctions ,  dependin g o n th e availabl e cue s a t  stud y an d 
tes t  (Heathcote ,  Walker ,  &  Hitch ,  1994) . 

Ther e i s als o evidenc e tha t  conjunctio n error s ar e affecte d 
by th e distanc e an d similarit y a m o n g stimuli .  Severa l 
experiment s hav e foun d tha t  subject s ar e mor e likel y t o 
erroneousl y conjoi n feature s o f  adjacen t  o r  simila r  stimul i 
(fo r  a  revie w se e Ashby ,  Prinzmetal ,  Ivry ,  &  Maddox , 
1996) . 

Othe r  line s o f  researc h hav e show n tha t  verbalizatio n ca n 
resul t  i n a n integrate d stimulu s memory .  I n a  recognitio n 
tas k usin g colore d anima l  shape s an d lon g presentatio n 
times ,  Stefura k an d Boynto n (1986 )  demonstrate d tha t 
subject s ha d memor y fo r  featur e conjunction s unles s the y 
wer e prevente d from  namin g stud y stimul i  b y engagin g i n a 
secondar y verba l  task ,  i n whic h cas e the y appeare d t o hav e 
absolutel y n o memor y o f  featur e conjunctions .  I n additio n t o 
suppressin g verbalization ,  thei r  experimenta l  tas k provide d 
neithe r  tempora l  no r  locatio n cues ,  becaus e th e stud y stimul i 
wer e presente d simultaneously ,  an d th e tes t  stimulu s wa s 
not  presente d i n it s stud y location .  A s a  result ,  th e 
suppresse d verbalizatio n conditio n di d no t  provid e an y o f 

th e cue s (verbal ,  temporal ,  o r  spatial )  tha t  ar e though t  t o 
mediat e featur e integration . 

Becaus e verbalizatio n appear s t o resul t  i n a n integrate d 
featur e memory ,  i t  appear s tha t  verba l  code s ac t  i n a 
differen t  manne r  tha n spatia l  an d tempora l  codes .  Instea d o f 
actin g a s a  ta g fo r  separat e perceptua l  memories ,  i t  seem s 
likel y tha t  th e perceptua l  feature s ar e simpl y recode d a s 
verba l  cues .  Fo r  example ,  th e feature s "red "  an d "triangle " 
m ay b e recode d a s a  verba l  chun k "re d triangle "  tha t  m a y b e 
retrieve d a s a  whole .  Likewise ,  a  displa y containin g 
multipl e stimul i  m a y b e recode d a s a  verba l  list ,  suc h a s 
"re d triangle, "  "blu e square "  wher e eac h ite m i s give n a 
tempora l  positio n code . 

T o summarize ,  feature s o f  multidimensiona l  stimul i 
appea r  t o b e represente d independentl y i n memory ,  bu t 
boun d b y tempora l  an d spatia l  cues .  Integrate d featur e 
representation s ar e possible ,  bu t  onl y i f  verbalizatio n i s 
possible . 

ACT-R 5.0 

Our  mode l  o f  featur e integratio n i n m e m o r y i s embedde d i n 
th e A C T - R 5  cognitiv e architectur e (Bothell ,  2002) ,  wher e i t 
adopt s A C T - R ' s theor y o f  m e m o r y an d cognitio n (a s 
describe d below) ,  bu t  slightl y modifie s ACT-R ' s perceptua l 
system .  Thi s sectio n describe s A C T - R 5 .  Modification s 
neede d t o suppor t  th e mode l  ar e describe d i n th e nex t 
section . 

Unlik e previou s version s o f  A C T - R ,  A C T - R 5  (hereafte r 
calle d A C T - R )  consist s o f  severa l  interacting ,  asynchronou s 
module s fo r  perception ,  cognition ,  memory ,  an d action .  Th e 
cognitiv e modul e consist s o f  a  procedura l  (productio n rule ) 
long-ter m memor y an d a  goa l  buffe r  tha t  hold s th e curren t 
goal  an d goal-relevan t  information .  Th e declarativ e m e m o r y 
modul e consist s o f  declarativ e m e m o r y chunk s an d a 
retrieva l  buffe r  tha t  hold s th e las t  ite m retrieved .  Eac h 
declarativ e chun k ha s a  uniqu e identifier ,  a  type ,  an d zer o o r 
mor e attribute s an d values ,  suc h as : 

Objl isa shape-map feature triangle location loci 

where "Objl" is the identifier of the memory chunk, "shape-
m a p"  i s th e chun k type ,  "feature "  an d "location "  ar e 
attributes ,  an d "triangle "  an d "loci "  ar e thei r  respectiv e 
values . 

The perceptual-moto r  modul e ha s subsystem s fo r  vision , 
hearing ,  speec h production ,  an d moto r  commands .  Th e 
visua l  modul e ha s a  buffe r  tha t  hold s th e currentl y attende d 
visua l  locatio n an d th e visua l  stimulu s a t  tha t  location .  I t 
accept s command s from  cognitio n (vi a productio n rules )  t o 
conduc t  visua l  searc h an d shif t  visua l  attention .  Th e moto r 
modul e accept s c o m m a n d s fro m cognitio n t o d o simpl e 
computer-base d physica l  tasks ,  suc h a s movin g th e mous e 
t o a  certai n location ,  pressin g a  mous e button ,  an d typin g 
commands. 

M u ch o f  th e coordinatio n betwee n perceptio n an d actio n 
i s don e b y productio n rules .  Th e conditio n sid e o f  a  rul e i s 
limite d t o testin g th e buffer s (includin g whethe r  a  particula r 
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modul e i s busy) ,  wherea s th e actio n sid e ca n onl y initiat e a 
limite d se t  o f  action s tha t  modif y buffer s o r  sen d command s 
t o on e o f  th e othe r  modules .  W h e n a  rul e fires,  it s  actio n 
sid e initiate s command s t o th e othe r  modules ,  suc h a s 
shiftin g visua l  attentio n o r  retrievin g a  re d objec t  from 
memory,  afte r  whic h th e rul e syste m i s free  t o fire  additiona l 
rules .  Th e othe r  module s i n A C T - R handl e thes e action s 
asynchronously ,  usuall y resultin g (afte r  som e delay )  i n 
change s t o th e buffers .  Rule s ca n the n detec t  thes e change s 
and tak e appropriat e actions .  Althoug h mor e tha n on e rul e 
ca n matc h a t  a  give n time ,  A C T - R onl y fires  on e rul e i n 
eac h cycle .  A  psychologicall y realisti c conflict-resolutio n 
mechanism ,  base d o n cos t  an d probabilit y  o f  success , 
determine s whic h o f  severa l  matchin g rule s wil l  fire . 

To understan d h o w thi s works ,  suppos e tha t  A C T - R i s 
give n a  cue d recal l  task ,  wher e i t  mus t  repor t  a  remembere d 
shap e wid i  a  cue d color .  Furthermore ,  assum e tha t  A C T - R i s 
attendin g t o a  fixation  poin t  tha t  change s t o th e cu e wor d 
"red. "  W h e n th e visua l  syste m detect s th e change ,  i t  update s 
th e visua l  buffe r  t o indicat e tha t  th e wor d "red "  i s n o w 
attended .  A  productio n rul e tha t  i s  conditione d o n seein g a 
wor d i n th e visua l  buffe r  fires  an d initiate s a  memor y recal l 
reques t  fo r  a  re d shape ,  plu s note s o n th e goa l  tha t  suc h a 
reques t  wa s initiated .  A s th e declarativ e memor y modul e 
begin s t o proces s thi s request ,  th e rul e syste m continue s t o 
chec k fo r  an d fir e an y matchin g rules .  Thi s allow s A C T - R 
t o engag e i n additiona l  cognitiv e processing ,  includin g 
initiatin g command s t o th e perceptual-moto r  system ,  whil e 
th e memor y syste m processe s th e retrieva l  request .  W h e n 
th e retrieva l  reques t  i s complete ,  th e retrieva l  buffe r  i s filled 
wit h eidie r  th e newl y retrieve d chun k o r  a n indicatio n o f  a 
retrieva l  failure .  T w o separat e rules ,  bot h sensitiv e t o th e 
goal  annotatio n indicatin g th e retrieva l  request ,  handl e thes e 
possibilities .  On e rul e test s fo r  a  shap e i n th e retrieva l  buffe r 
and initiate s a  speec h comman d t o sa y th e nam e o f  th e 
sh^>e ,  th e othe r  rul e test s fo r  a  retrieva l  failur e an d initiate s 
a secon d retrieva l  t o gues s a  shape . 

To understan d th e mode l  presente d below ,  i t  i s  als o 
necessar y t o understan d ho w A C T - R processe s retrieva l 
requests .  Retrieva l  request s specif y a  chun k typ e an d on e o r 
more attribute-valu e pairs .  Th e memor y modul e return s th e 
chun k o f  th e specifie d typ e wit h th e highes t  activatio n 
value ,  wher e activatio n o f  chun k i  i s determine d b y 

J k 
Bi  i s th e bas e leve l  activatio n o f  th e chunk ,  reflectin g ho w 

recentl y an d frequentl y i t  ha s bee n retrieved .  Th e first 
summatio n reflect s associativ e primin g o f  th e chun k b y 
chunk s i n th e goa l  buffer ,  wher e fV j  i s  th e availabl e 
activatio n an d Sj i  i s  th e strengt h o f  associatio n from  chunk y 
t o chun k i .  Wj  i s typicall y se t  t o 1/n ,  wher e n  i s th e tota l 
number  o f  chunk s i n th e goa l  buffer .  Sj i  i s initiall y  se t  t o S -
ln(n) ,  wher e S  i s a  constan t  an d n  i s th e numbe r  o f  chunk s 
tha t  hav e chunk y a s a n attribut e value .  Thi s settin g produce s 
th e classi c fa n effec t  (Anderson ,  1974) . 

The secon d summatio n i n E Q 1  reflect s similarit y o f  th e 
chun k / •  t o th e retrieva l  cue .  M* ,  i s th e similarit y betwee n th e 

valu e o f  th e kt h attribut e i n th e retrieva l  cu e an d th e valu e i n 
th e correspondin g attribut e o f  chun k i .  P *  (whic h default s t o 
1)  reflect s th e weightin g give n t o th e similarit y o f  attribut e 
k.  B y default ,  M n i s I  i f  th e kt h attribut e valu e i n th e cu e i s 
identica l  t o th e correspondin g valu e i n chun k / ,  otherwis e i t 
is-10 . 

To mode l  th e rando m fluctuations  o f  huma n memory , 
activation s var y wit h tim e b y addin g nois e a s a  logisti c 
functio n o f  th e paramete r  s ,  wher e s  i s relate d t o th e 
varianc e o f  th e nois e b y 

, 2 
(EQ2) 

2 TC 
o - — s 

Finally ,  th e activatio n threshol d x  specifie s th e minimu m 
activatio n valu e fo r  retrievin g a  chunk .  I f  al l  chunk s 
matchin g th e cu e fal l  belo w thi s value ,  th e retrieva l  reques t 
fails .  A s wit h chunks ,  th e retrieva l  threshol d varie s from 
tim e t o tim e accordin g t o th e nois e paramete r  s . 

The approximat e probabilit y  o f  retrievin g a  chun k /  give n 
k competitor s (includin g th e threshol d an d chun k i )  i s give n 
by 

P H) 

Ai  Is-J i 

Ai , ls ^ (EQ3 ) 

wher e A „  i s th e mea n activatio n o f  chun k n . 

A Model of Memory for Multidimensional 

Stimul i 

The mode l  assume s tha t  attendin g t o a  multidimensiona l 
stimulu s result s i n a  se t  o f  featur e chimk s i n memory ,  wher e 
eac h chun k encode s on e featur e alon g wit h on e o r  mor e 
tempora l  an d spatia l  tags .  Whil e attentio n i s fixed  o n th e 
stimulu s thes e chunk s als o appea r  i n th e correspondin g 
perceptua l  buffer .  I f  a  stimulu s i s recognize d (eithe r 
identifie d o r  classifie d o r  both) ,  perceptio n ma y als o delive r 
a separat e chun k encodin g th e identit y (o r  class )  o f  th e 
stimulu s alon g wit h spatia l  an d tempora l  tags . 

Suppos e tha t  A C T - R attend s t o a  re d squar e a t  locatio n 
Loc2 2 o n a  compute r  scree n a t  tim e tl .  ACT-R' s visua l 
buffe r  i s  the n filled  wit h chunk s encodin g re d a t  Loc2 2 tl , 
square(shape )  a t  Loc2 2 tl ,  an d square(class )  a t  Loc2 2 tl . 
Thes e sam e chunk s ar e als o adde d t o ACT-R' s declarativ e 
memory.  Thi s i s show n graphicall y i n Figur e 1 ,  wher e 
square s represen t  chunk s an d arrow s indicat e chun k 
attributes .  Location s (e.g. ,  loc22 )  ar e chunk s tha t  correspon d 
t o uniqu e location s usin g th e computer-scree n a s th e frame 
of  reference . 

A spatia l  ta g encode s wher e th e featur e occur s an d ma y 
be give n i n an y numbe r  o f  frames  o f  referenc e (e.g. ,  Wang , 
Johnson ,  Zhang ,  2001) .  Fo r  instance ,  on e spatia l  ta g migh t 
giv e objec t  headin g an d distanc e i n egocentri c (body -
centered )  coordinates ,  wherea s anothe r  spatia l  ta g migh t 
indicat e th e exocentri c headin g an d bearin g o f  th e objec t 
from  anothe r  object .  Becaus e ACT-R' s perceptual-moto r 
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syste m i s designe d t o wor k wit h two-dimensiona l  compute r 
displays ,  th e mode l  provide s a  spatia l  ta g relativ e t o th e 
fram e o f  th e display .  Evidenc e fo r  frame-relative  locatio n 
encodin g ha s bee n foun d i n bot h monkey s an d humans . 
Roll s (1999 )  foun d tha t  som e neuron s i n th e m o n k e y 
hippocampu s responde d t o wher e th e monke y looke d o n a 
scree n independen t  o f  th e positio n o f  th e monke y relativ e t o 
th e locatio n o f  th e screen .  Hock ,  e t  al .  (1989 )  showe d tha t 
subject s unintentionall y retaine d frame-relative  location s o f 
circle s formin g pattern s i n a  frame,  suc h tha t  the y coul d 
estimat e th e frequency  wit h whic h circle s appeare d a t  a 
particula r  locatio n withi n th e frame . 

Give n enoug h time ,  rule s m a y recod e th e features .  Fo r 
instance ,  a  se t  o f  rule s m a y verbaliz e th e visua l  feature s 
"red "  an d "triangle "  resultin g i n a  redundan t  verba l  cod e 
wit h appropriat e tempora l  tags .  Rule s m a y als o recod e th e 
feature s int o a n integrate d representation ,  suc h a s a  singl e 
chun k tha t  bind s "red "  an d "triangle. "  Whethe r  o r  no t  a 
stimulu s i s  receded ,  an d th e natur e o f  th e recoding ,  i s 
dependen t  o n th e productio n rules ,  whic h i n tur n depen d o n 
th e curren t  goa l  an d th e strateg y bein g use d t o achiev e it . 

locatio n locatio n 

aquar a 

T h e critica l  productio n rule s fo r  modelin g th e 
experimenta l  result s ar e thos e fo r  retrievin g locatio n give n a 
color ,  an d thos e fo r  retrievin g colo r  an d shap e give n a 
location .  W h e n give n a  locatio n cu e th e mode l  first  attempt s 
t o retriev e a  chun k encodin g th e colo r  a t  tha t  locatio n (suc h 
as objl c i n Figur e 1) ,  an d the n attempt s t o retriev e a  chun k 
encodin g th e shap e a t  th e give n locatio n (suc h a s objls) . 
W h en give n a  colo r  cue ,  th e mode l  attempt s t o retriev e a 
color-ma p chun k containin g tha t  colo r  (e.g. ,  objlc) .  I t  the n 
use s th e locatio n i n thi s chun k t o retriev e a  chun k encodin g 
th e shap e a t  tha t  location . 

I f  a  rul e fail s t o retriev e a  chunk ,  th e mode l  wil l  gues s a n 
appropriat e value .  Fo r  example ,  i f  th e mode l  fail s i n 
retrievin g a  color-ma p chun k wit h colo r  red ,  i t  wil l  simpl y 
gues s a  location ,  an d the n us e tha t  locatio n w h e n i t  attempt s 
t o retriev e th e shape . 

Fittin g th e Nisse n dat a require s estimatin g th e parameter s 
i n E Q 1 ,  a s wel l  a s th e activatio n threshold ,  an d th e nois e 
parameter .  Th e activatio n threshol d an d th e bas e leve l 
activatio n 5 /  fo r  al l  stimulu s chunk s wer e se t  a t  0—th e 
defaul t  value .  Th e amoun t  o f  activatio n availabl e fo r 
associativ e primin g wa s als o se t  a t  0 ,  becaus e chunk s i n th e 
goa l  buffe r  ar e redundan t  wit h attribut e value s i n th e 
retrieva l  cue .  Similarit y a m o n g matchin g attribut e values , 
includin g locations ,  wa s se t  t o 1  wit h mismatchin g value s 
set  t o 0 .  Th e nois e paramete r  s  wa s th e onl y paramete r  tune d 
t o fit  th e data .  W e use d E Q 3  an d th e result s from  th e Nisse n 
experimen t  t o determin e a n initia l  valu e o f  s ,  the n iterativel y 
refine d i t  ove r  severa l  mode l  run s t o produc e th e fit  reporte d 
belo w (wher e s  =  0.39) . 

A. Location-Cue Condition 

Figur e 1 .  Representatio n o f  color ,  shap e an d locatio n 
i n th e A C T - R model .  Tempora l  cue s ar e no t  shown . 

The model assumes that the similarity (M in EQ 1) of 
tempora l  an d spatia l  tag s i s  inversel y proportiona l  t o thei r 
tempora l  an d spatia l  distance ;  however ,  th e exac t  natur e o f 
thi s relationshi p i s lef t  t o th e mode l  builder .  A s a  result ,  th e 
model  wil l  ten d t o confus e spatiall y  adjacen t  features . 

Applying the Model to the Nissen Task 

As a  partia l  tes t  o f  th e model ,  w e applie d i t  t o th e Nisse n 
(1985 )  experimen t  describe d earlier .  Th e critica l  phenomen a 
i n thi s experimen t  i s  tha t  recal l  o f  colo r  an d shap e i s 
independen t  give n a  locatio n cue ,  bu t  whe n give n a  colo r 
cue ,  recal l  o f  shap e i s dependen t  o n correc t  recal l  o f 
location . 

The A C T - R mode l  contain s productio n rule s fo r  attendin g 
t o th e fou r  colore d objects ,  attendin g t o th e cue ,  retrievin g 
th e answers ,  an d pressin g key s t o recor d it s  responses . 
W h en presente d wit h th e 4  objects ,  th e mode l  visuall y 
attend s t o eac h object ,  resultin g i n automati c encodin g o f  a 
color-ma p an d shape-ma p chun k fo r  eac h object .  I t  the n 
wait s fo r  th e cu e t o appear ,  a t  whic h poin t  i t  attend s t o th e 
cu e an d begin s th e retrieva l  an d respons e process . 

Colo r 

Shape 

Correc t 

Incorrec t 

Correc t 
0.48 5 
(0.450 ) 
0.21 3 
(0.175 ) 

Incorrec t 
0.21 2 
(0.219 ) 
0.09 0 
(0.156 ) 

0.69 8 
(0.625 ) 

B.  Color-Cu e Conditio n 

Shape 

Locatio n 

0.30 2 
(0.375 ) 

0.69 7 
(0.669 ) 
0.30 3 
(0.331 ) 

Correc t  Incorrec t 

Correc t 

Incorrec t 

0.47 7 
(0.494 ) 
0.03 2 
(0.051 ) 

0.22 1 
(0.234 ) 

0.50 9 
(0.545 ) 

0.27 1 
(0-221 ) 

0.69 8 
(0.728 ) 
0.30 3 
(0.272 ) 

0.49 2 
(0.455 ) 

Figur e 2 :  Result s o f  simulatin g 5 0 subject s fo r  eac h 
condition .  Value s i n parenthese s ar e th e experimenta l 
result s fro m Nissen . 
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The result s o f  runnin g th e mode l  fo r  5 0 subject s i n eac h 
of  th e tw o condition s ar e show n i n Figur e 2  alon g wit h th e 
Nisse n data .  A s expected ,  shap e an d colo r  recal l  ar e 
statisticall y independen t  i n th e location-cu e conditio n (x 2 = 
0.131 ,  p  » = 0.72) ,  wherea s locatio n an d shap e ar e dependen t 
i n th e color-cu e conditio n (x 2 =  901.23 ,  p  <  0.01) .  Th e 
proportion s o f  correc t  an d incorrec t  recal l  acros s bot h 
condition s produc e a  goo d fi t  t o th e Nisse n data :  R^ = 0.95 . 

Conclusion 

Th e mode l  describe d i n thi s pape r  ca n accoun t  fo r  th e basi c 
phenomen a o f  memory-base d featur e integration .  Th e 
specia l  rol e o f  locatio n wa s demonstrate d b y applyin g th e 
model  t o th e Nisse n task .  Th e us e o f  tempora l  cues ,  suc h a s 
tha t  reporte d b y Keele ,  e t  al .  an d discusse d earlier ,  i s 
supporte d b y th e model' s us e o f  tempora l  tag s fo r  eac h 
feature .  I f  locatio n i s give n a  stronge r  associatio n t o th e 
feature s tha n i s th e tempora l  tag ,  thi s woul d produc e Keele' s 
result s showin g a  rol e o f  tempora l  contiguit y onl y fo r  item s 
tha t  appea r  i n th e sam e spatia l  location .  Th e tendenc y t o 
erroneousl y conjoi n spatiall y  adjacen t  feature s an d feature s 
of  simila r  stimul i  i s  capttu-e d i n th e mode l  usin g ACT-R' s 
theor y o f  memor y retrieva l  whic h tend s t o confus e simila r 
stimul i  (se e th e discussio n o f  E Q 1) .  Thi s mean s tha t 
feature s o f  spatiall y  proxima l  object s wil l  b e confuse d mor e 
ofte n tha n thos e o f  spatiall y  distan t  objects .  I t  als o mean s 
tha t  i f  th e mode l  i s tryin g t o recal l  th e colo r  o f  a n oval ,  i t 
woul d b e mor e likel y t o confus e it s colo r  wit h tha t  o f  a 
circl e tha n wit h a  square . 

Th e effect s o f  recoding ,  includin g verbalization ,  ar e 
capture d i n th e mode l  b y assumin g tha t  th e name s o f 
individua l  feature s o r  th e nam e o r  semanti c identit y o f  a n 
objec t  m a y b e memorize d instea d o f  th e individua l  visua l 
features .  I f  ther e i s enoug h tim e fo r  objec t  identification ,  th e 
subjec t  nee d onl y remembe r  a n object' s identit y an d 
locatio n durin g study .  A t  test ,  th e object' s identificatio n 
provide s a  cu e fo r  reportin g essentia l  objec t  features .  Suc h 
recodin g wil l  produc e integrate d memories ,  becaus e th e 
individua l  feature s ar e alread y well-learne d an d "bound "  t o 
th e objec t  identity .  I f  a  subjec t  remember s seein g a  banana , 
conceptua l  knowledg e o f  banana s i s sufficien t  t o recal l  tha t 
i t  wa s yello w an d crescen t  shaped—^ther e i s n o nee d t o 
encod e th e specifi c  perceptua l  feature s i n a  ne w memor y 
trace . 
Such a  strateg y wil l  no t  work ,  however ,  i f  th e tas k present s 
banana s i n imnatura l  colors .  I n thi s case ,  verba l  rehearsa l 
and th e resultin g verba l  m e m o r y m a y b e o f  use .  Fo r 
instance ,  give n enoug h tim e a  subjec t  migh t  remembe r 
object s i n th e Nisse n tas k b y verball y rehearsin g "re d 
triangle ,  blu e square... "  an d s o on .  Recal l  o f  thes e item s 
woul d the n b e subjec t  t o seria l  recal l  effects ,  suc h a s th e 
seria l  positio n curv e an d positiona l  errors .  I t  seem s likel y 
tha t  suc h a  strateg y woul d resul t  i n fewe r  conjunctio n errors , 
whic h woul d explai n w h y verbalizatio n result s i n integrate d 
featur e memory . 

The mode l  provide s a  possibl e explanatio n fo r  th e nee d t o 
us e positiona l  code s (instea d o f  integrate d code s o r 
associativ e chaining )  i n cognitiv e model s o f  memor y tasks . 

Positiona l  code s wer e use d t o accoun t  fo r  chun k positio n 
effect s i n alphabeti c retrieva l  respons e time s (Klahr ,  Chase , 
& Lovelace ,  1983 )  an d positiona l  error s i n seria l  recal l 
(Anderson ,  BothcU ,  Lebiere ,  &  Matessa ,  1998) .  I t  i s 
possibl e tha t  thes e code s m a y b e th e direc t  resul t  o f  th e 
positiona l  (tempora l  o r  spatial )  encodin g o f  stimul i  b y 
perceptua l  processes . 

One limitatio n o f  th e mode l  i s tha t  i t  treat s al l  error s a s 
memory retrieva l  errors .  However ,  th e mode l  coul d b e 
extende d t o includ e probabilitie s fo r  correctl y perceivin g 
features ,  o r  a  theor y o f  featur e perception .  However ,  sinc e 
our  emphasi s i s o n th e representatio n o f  feature s i n memor y 
and thei r  late r  reintegration ,  w e sa w n o nee d t o introduc e 
additiona l  theory . 

Monhei t  an d Johnston' s demonstratio n o f  dependenc e o f 
colo r  an d shap e give n a  locatio n cu e provide s a  challeng e t o 
th e mode l  presente d here .  T o accoun t  fo r  th e dependenc e 
our  mode l  mus t  b e modifie d t o provid e fo r  som e strengt h o f 
associatio n betwee n feature s o f  attende d objects .  I n th e 
presen t  model ,  knowin g th e colo r  o f  a n objec t  doe s no t 
activat e th e object' s shap e (e.g. ,  th e strengt h o f  associatio n 
betwee n colo r  an d shape ,  Sj i  i n E Q 1 ,  i s  0) .  I n th e revise d 
model ,  th e colo r  o f  a  previousl y attende d objec t  woul d 
activat e it s shape ,  allowin g fo r  som e dependenc e amon g 
feature s o f  objects .  Thi s woul d mak e ou r  mode l  consisten t 
wit h Wolf e an d Cave' s vie w tha t  preattentiv e feature s ar e 
loosel y bound ,  wherea s feature s o f  object s tha t  hav e bee n 
attende d ar e mor e tightl y bound . 

Finally ,  th e mode l  i s mean t  t o provid e a  foundatio n fo r  a 
comprehensiv e theor y o f  spatia l  cognitio n embedde d i n 
A C T - R.  B y embeddin g th e mode l  i n A C T - R othe r 
researcher s ca n us e i t  i n thei r  models ,  wher e i t  ma y provid e 
additiona l  constraint s an d enabl e mor e realisti c memor y 
representation s an d behaviora l  predictions . 
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Abstrac t 

This paper presents a fbrmalisation and analysis method for 
th e dynamic s o f  a  reasonin g proces s i n whic h multipl e 
represcntabon s pla y a  role .  Dynamic s o f  reasonin g processe s 
ar e describe d b y reasonin g trace s consistin g o f  sequence s o f 
reasonin g state s ove r  time.  Reasonin g state s hav e a 
con^sitiona l  structure ;  the y ar e compose d o f  differen t  parts , 
fo r  example ,  fo r  differen t  representations .  Transition s betwee n 
tw o reasonin g state s nKxle l  reasonin g steps .  I n relatio n t o th e 
compositiona l  structur e o f  th e states ,  transition s ar e classifie d 
int o a  numbe r  o f  types .  A n exampl e reasonin g proces s 
involvin g multipl e representation s i s use d t o illustrat e ho w it s 
dynamic s ca n b e formalise d an d analyse d usin g th e approach . 

Introduction 

Withi n Cognitiv e Scienc e i n recen t  year s th e dynamica l 
perspectiv e o n cognitiv e phenomen a ha s bee n emphasize d 
and receive d muc h attention .  I n mos t  literatur e focussin g o n 
th e dynamic s o f  cognition ,  th e Dynamica l  System s Theor y 
( D S T )  i s  take n a s a  poin t  o f  departure ;  e.g. ,  (Por t  an d 
Gclder ,  1995) .  Thi s theor y assume s that ,  i n conti-as t  t o th e 
us e o f  symboli c representations ,  modellin g an d analysi s o f 
dynamic s o f  cognitiv e phenomen a ca n b e don e mor e 
effectivel y b y usin g representation s base d o n rea l  number s 
and mathematica l  techniques ,  i n particula r  differenc e an d 
differentia l  equations .  Th e convincin g example s illustratin g 
th e usefulnes s o f  thi s perspectiv e ofte n addres s lowe r  leve l 
cognitiv e processe s suc h a s sensor y o r  moto r  processing . 
Indee d on e o f  th e advantage s o f  th e Dynamica l  System s 
Theor y i s tha t  i t  i s  abl e t o mode l  th e tempora l  aspect s o f 
event s takin g plac e o n a  continuou s tim e scale ,  suc h as ,  fo r 
example ,  recognitio n time ,  respons e time ,  an d tim e involve d 
i n moto r  pattern s an d locomotion . 

Als o som e example s o f  highe r  leve l  cognitiv e processe s 
hav e bee n addresse d usin g D S T ;  fo r  exampl e th e dynami c 
model s fo r  decisio n makin g develope d b y Busemeye r  an d 
Townsen d (1993) .  Especiall y th e continuou s adaptiv e 
aspect s o f  th e decisio n makin g ar e covere d nicel y i n thi s 
approach .  Area s fo r  whic h th e quantitativ e approac h base d 
on D S T i s assume d t o hav e les s t o offe r  ar e th e dynamic s o f 
highe r  leve l  processe s wit h mainl y a  qualitativ e character , 
suc h a s certai n capabilitie s o f  languag e processin g an d 
reasoning .  I n th e las t  tw o decades ,  withi n th e area s o f 
Compute r  Scienc e an d Artificia l  Intelligenc e alternativ e 
technique s hav e bee n develope d t o analys e th e dynamic s o f 
phenomen a usin g qualitativ e means .  Example s ar e proces s 
algebra ;  transitio n systems ;  dynami c an d tempora l  logic ; 

event ,  situatio n an d fluent  calculus ;  e.g. ,  (Eck ,  e t  al .  2001 ; 
HoUdoble r  an d Tielscher ,  1990 ;  Kowalsk i  an d Sergot ,  1986 ; 
Reiter ,  2001) .  Jus t  a s differenc e o r  differentia l  equations , 
thes e alternativ e technique s allo w t o conside r  an d relat e 
state s o f  a  proces s a t  differen t  point s i n time .  Th e for m i n 
whic h thes e relation s ar e expresse d ca n cove r  bot h 
quantitativ e an d non-quantitativ e aspects .  Thi s pape r 
illustrate s th e usefulnes s o f  suc h a n approac h fo r  th e 
analysi s an d formalisatio n o f  th e dynamic s o f  reasoning . 
Her e a  broa d perspectiv e i s take n o n reasoning ,  subsuming , 
fo r  example ,  reasonin g involvin g multipl e representations . 

A forma l  analysi s metho d fo r  th e dynamic s o f  reasonin g 
i s presente d an d illustrate d b y a n exampl e reasonin g patter n 
involvin g geometi-i c an d arithmeti c representations .  Thi s 
patter n i s analyse d an d characterise d i n term s o f  a  se t  o f 
dynami c properties .  Th e propertie s hav e bee n formalized , 
thu s enablin g automate d suppor t  o f  analysi s b y a n analysi s 
environmen t  tha t  ha s bee n developed . 

Below ,  first  th e dynami c perspectiv e o n reasonin g i s 
discusse d i n som e mor e detail .  Next ,  th e exampl e reasonin g 
patter n i s introduced ,  an d th e first  step s o f  a n analysi s ar e 
made.  Third ,  a  numbe r  o f  dynami c propertie s identifie d fo r 
th e exampl e reasonin g patter n ar e presented .  Finall y th e 
analysi s metho d i s summarise d an d di e conbibutio n o f  th e 
researc h presente d i n th e pape r  i s discussed . 

Reasoning Dynamics 

Analysi s o f  th e cognitiv e capabilit y t o perfor m reasonin g 
has bee n addresse d fro m differen t  area s an d angles .  Withi n 
Cognitiv e Science ,  th e tw o dominan t  stream s ar e th e 
syntacti c approac h (base d o n inferenc e rule s applie d t o 
syntacti c expressions ,  a s c o m m o n i n logic) ,  e.g. ,  (Rips , 
1994) ,  an d th e semanti c approac h (base d o n constructio n o f 
menta l  models) ;  e.g. ,  (Johnson-Laird ,  1983 ;  Yan g an d 
Johnson-Laird ,  1999) . 

Reasonin g step s i n natura l  context s ar e usuall y no t 
restricte d t o th e applicatio n o f  logica l  inferenc e rules .  Fo r 
example ,  a  ste p i n a  reasonin g proces s m a y involv e 
translatio n o f  informatio n fro m on e representatio n for m 
(e.g. ,  geometrical )  int o anothe r  on e (e.g. ,  arithmetical) .  Or , 
an additiona l  assumptio n ca n b e made ,  thu s usin g a  dynami c 
set  o f  premise s withi n th e reasonin g process .  Decision s 
made a t  specifi c  point s i n tim e durin g th e process ,  fo r 
example ,  o n whic h representation s t o us e o r  whic h 
assumption s t o make ,  ar e a n inheren t  par t  o f  th e reasoning . 
Suc h reasonin g processe s o r  thei r  outcome s canno t  b e 
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understood ,  justifie d o r  explaine d withou t  takin g int o 
accoun t  thes e dynami c aspects . 

T o formalis e th e dynamic s o f  a  reasonin g process ,  trace s 
ar e used .  Reasonin g trace s ar e time-indexe d sequence s o f 
reasonin g state s ove r  a  tim e frame ;  fo r  stepwis e reasonin g 
processe s th e se t  o f  natura l  number s a s a  tim e fram e i s a n 
appropriat e choice .  Th e se t  o f  al l  possibl e reasonin g state s 
define s th e spac e wher e th e reasonin g take s place . 
Reasonin g trace s ca n b e viewe d a s trajectorie s i n thi s space , 
fo r  whic h ever y (reasoning )  ste p fro m on e reasonin g stat e t o 
th e nex t  on e i s base d o n a n allowe d transition .  I f  th e 
possibl e reasonin g state s an d th e allowe d reasonin g step s o r 
transition s ar e characterised ,  th e se t  o f  prope r  reasonin g 
trace s ca n b e define d a s th e se t  o f  al l  possibl e sequence s o f 
reasonin g state s consistin g onl y o f  allowe d transitions . 

Reasoning States 

A reasonin g stat e formalise s a n intermediat e stat e o f  a 
reasonin g process .  Th e conten t  o f  suc h a  reasonin g stat e 
usuall y ca n b e analyse d accordin g t o differen t  aspect s o r 
dimensions .  Fo r  exampl e par t  o f  th e stat e m a y contai n a 
geometri c representation ,  anothe r  par t  a n arithmeti c 
representation .  Accordingly ,  th e reasonin g stat e i s structure d 
as a  compositio n o f  (i.e. ,  a  tupl e of )  a  numbe r  o f  parts , 
indexe d b y som e se t  i .  Thi s inde x se t  include s differen t 
aspect s o r  view s take n o n th e state ,  e.g. ,  i  =  toeometric, 
artthmetic} .  Th e se t  o f  reasonin g state s R S ca n b e characterise d 
as a  Cartesia n produc t  R S =  fl j  ̂  |  rS i  wher e RSi  i s th e se t  o f 
al l  state s fo r  th e aspec t  indicate d b y i .  Fo r  example ,  RSgMmaMc 
may denot e th e se t  o f  al l  possibl e geometri c representations ; 
note ,  however ,  tha t  i s als o possibl e t o us e mor e dimensions , 
e.g. ,  differen t  type s o f  geometri c representation s ca n b e 
formalised .  Thi s Cartesia n produc t  formalise s th e multi -
dimensiona l  spac e wher e th e reasonin g take s place .  Fo r  a 
reasonin g state ,  whic h i s a  vecto r  s  =  (Si) |  ̂  |  e  R S i n thi s 
space ,  th e Si  ar e calle d it s components . 

Reasoning Steps: Transitions of Reasoning States 

A transitio n fro m on e reasonin g stat e t o anothe r  reasonin g 
state ,  i.e. ,  a n elemen t  <  s ,  S '  >  o f  R S x  rs ,  formalise s on e 
reasonin g step ;  sometime s als o denote d b y s  - » S" .  A 
reasonin g transitio n relatio n i s a  relatio n o n r s x  rs .  Suc h a 
relatio n ca n b e use d t o specif y th e allowe d transitions . 
Transition s diffe r  i n th e se t  o f  component s tha t  ar e involved . 
The mos t  comple x transition s chang e al l  component s o f  th e 
stat e i n on e step .  However ,  withi n stepwis e reasonin g 
processes ,  usuall y transition s onl y involv e a  limite d numbe r 
of  component s o f  th e state ,  e.g. ,  onl y on e o r  two .  Transition s 
can b e classifie d accordin g t o whic h se t  o f  component s i s 
involved .  Th e mos t  simpl e type s o f  transitio n involv e a 
singl e componen t  transition .  Nex t  com e transitio n type s 
wher e tw o component s ar e involved .  I n th e curren t  approac h 
we concentrat e o n thes e tw o classe s o f  transitio n types . 

Singl e componen t  transitio n type s 
For  example ,  whe n a  modificatio n i n th e reasonin g stat e i s 
made solel y withi n a  geometri c representation ,  onl y th e 
geometri c componen t  o f  th e stat e change s (geometri c 

reasonin g step) .  Or ,  i f  a  calculatio n (arithmeti c reasoning ) 
ste p i s performed ,  onl y th e aritmeti c componen t  i s changing . 
Thes e singl e componen t  transition s involv e onl y tha t 
componen t  an d ca n b e defme d withi n on e componen t  only : 

geometri c - » geometri c 
artthmeti c - > arithmeti c 

I t  i s  als o possibl e tha t  on e componen t  o f  a  stat e i s change d 
by informatio n acquisition ,  importin g informatio n fro m a n 
externa l  sourc e i n th e reasonin g process . 

Transitions involving two components of a reasoning state 
Othe r  type s o f  transition s involv e mor e tha n on e component . 
For  example ,  i f  informatio n fro m a  geometri c representatio n 
i s translate d int o a n arithmeti c form ,  thereb y extendin g th e 
arithmeti c representation ,  the n tw o component s o f  th e stat e 
ar e involved :  th e arithmeti c componen t  an d th e geometric 
component .  Example s o f  transitio n type s involvin g tw o 
component s are : 

geometri c x  arithmeti c - » geometri c 
(e.g. ,  th e geometri c representatio n i s extende d o r  modifie d 
wid i  result s fro m th e arithmetica l  representation ) 

arithmeti c x  geometri c - » arithmeti c 
(e.g. ,  th e arithmeti c representatio n i s extende d o r  modifie d 
w i A result s fro m th e geometrica l  representation ) 

Reasoning Traces 

Reasonin g dynamic s result s fro m successiv e reasonin g 
steps ,  i.e. ,  successiv e transition s fro m on e reasonin g stat e t o 
another .  Thu s a  reasonin g trac e i s constructed :  a  time -
indexe d sequenc e o f  reasonin g state s {yt)y,T ,  wher e t  i s  th e 
tim e fram e use d (th e natura l  numbers) .  A  reasonin g trac e 
ca n b e viewe d a s a  trajector y i n th e multi-dimensiona l 
spac e r s =  ri j  6  I  RS,  o f  reasonin g states .  A n exampl e o f  suc h 

a reasonin g trac e wil l  b e discusse d i n Sectio n 3 ;  se e als o 
Figur e 1 .  Reasonin g trace s ar e sequence s o f  reasonin g state s 
subjec t  t o th e constrain t  tha t  eac h pai r  o f  successiv e 
reasonin g state s i n thi s trac e form s a n allowe d transition .  A 
trac e formalise s on e specifi c  lin e o f  reasoning . 

Example Reasoning Process 

An exampl e multi-representatio n reasonin g proces s i s use d 
t o illustrat e th e approac h pu t  forward :  interactio n betwee n 
arithmetica l  reasonin g an d geometrica l  reasoning .  Th e 
exampl e focuse s o n h o w t o determin e th e outcom e o f 
multiplication s suc h a s 2 3 x  36 .  Experience s o n usin g suc h 
processe s wit h childre n (8- 9 year s old )  i n clas s room s hav e 
bee n reported ,  e.g. ,  b y Dekke r  e t  al .  (1982) ,  se e als o 
(Hutton ,  1977) .  Th e exampl e ca n als o b e extende d t o a n 
exampl e fo r  childre n o f  1 3 o r  1 4 year s t o suppor t  algebr a b y 
geometri c visualisations ,  e.g. ,  th e algebrai c identit y ( a +  b) ^  = 
a'  +  2a b +  b ^  interprete d a s th e are a o f  a  partitione d squar e o f 
( a +  b )  X  ( a +  b )  i n relatio n t o area s o f  it s  parts :  a  squar e o f  a  x 
a,  a  squar e o f  b  x  b ,  an d tw o rectangle s o f  a  x  b .  Als o 
teachin g quadrati c equation s ca n b e supporte d b y suc h 
visualisation s a s discussed ,  e.g. ,  b y Brune r  (1968) ,  pp .  59 -
63 .  Th e exampl e patter n show s tw o type s o f  on e componen t 
transition s o f  reasonin g states ,  an d tw o transitio n type s 
involvin g tw o components : 
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•  a n arithmetica l  reasonin g step :  •rtihmeti c - » artthmati c 
•  a  geometrica l  reasonin g step :  geomatri c - > gaomatri c 

•  a  translatio n o f  a n arithmetica l  representatio n int o a 
geometrica l  representation :  geomatrt c x  artthmati c - *  gaomelrt o 

•  a  translatio n o f  a  geometrica l  representatio n int o a n 
arithmetica l  representation :  arithmati c x  g«)metr( c - » artthmau c 

Th e ide a i s tha t  onl y sin̂ )l e arithmetica l  step s ar e required . 
Th e mor e complicate d step s ar e performe d vi a th e 
geometrica l  representation .  A  numbe r  o f  skill s  ar e assumed . 
Thes e skill s  ca n b e define d i n th e for m o f  transitions . 

A.  Assume d arithmeti c skill s  arithmeti c - » aiithmati c 
aal .  splitdn g a  numbe r  i n 'tens '  an d singl e digits :  2 B "  2 0 +  8 

additio n o f  a  lis t  o f  numbe « o f  u p t o 4  digita ,  suc h a s 120 0 +  34 0 + 
120 + 6 
multiplicatio n o f  tw o number s startin g wit h a  nonzer o digit ,  followe d 
by zer o o r  mor e zeros ,  Ric h a s 2 0 x  8,6 0 x  30 . 

aa2. 

aa3. 

B.  Assume d geometri c skil b goomatrtc- > geomatri c 
ggl .  partitionin g a  rectangl e i n non-overlappin g area s base d o n 

paititiooin p o f  it s side s 
gg2.  detenninin g th e are a o f  a  figure  flx>m  th e area s o f  a  (non -

overlapping )  partitio n 

C. Assumed translation skills 
geometri c x  artthmeli c - » geometnc : 

agl  drawin g a  rectangl e wit h arithmeticall y give n dimension s 
ag2 partitionin g a  lin e segmen t  accordin g t o a  splittin g o f  it s  lengt h 
ag3 .  deletmmin g th e are a o f  a  rectangl e fro m th e multiplicatio n o f  th e 

length s o f  it s  side s 
arithmeti c x  geometri c - > arithmetk: : 

gai .  translatin g th e are a o f  a  rectangl e int o th e multipUcatio n o f  th e 
length s o f  it s  side s 

ga2 .  translatin g th e are a o f  a  combinatio n o f  nonoverlappin g area s int o 
A e su m o f  th e area s 

geomett K 

'ag l 

: W ^ 

002 

'.83 

901 
I 

aritfameti c 

F igu r e 1 :  R e a s o n i n g trac e a s a  trajector y i n a  t w o -
d imens iona l  reasonin g stat e space . 

The example reasoning trace, based on class room 
observatio n (c f  Dekke r  e t  al. ,  1982) ,  form s a  trajector y i n 
th e two-dimensiona l  reasonin g stat e spac e 

RŜ  RS«(Bm«(c X  RSj , 

Thi s trajector y i s depicte d i n Figur e I .  Not e tha t  i n thi s 
Figur e onl y th e changin g componen t  i s visualise d b y a n 
arrow ,  no t  wha t  componen t  affecte d thi s change .  Therefore , 
e.g. ,  bot h a  geometri c reasonin g ste p an d a  translatio n o f  a n 
arithmeti c int o a  geometri c representatio n ar e depicte d b y a 
vertica l  arrow .  Th e detaile d trac e i s presente d below . 

Startin g proble m What  i s  th e outcom e o f  th e multiplicatio n 2 3 x  3 8 7 

36 

23 

n « 

3 

30 • 

20 

I 

30 

MS 

•0 

e 

120 

ia 

Ste p 1  ag l  rcpreaentado n translatio n 
Creat e a  rectangl e o f  2 3 x  38 . 
Step 2 aa1 arithmetic reasonlog 
Spli t  th e number s int o th e 'tens '  an d 
singl e digiU :  2 3 >  2 0 -t -  3 ;  3 6 °  3 0 -) -  6 
Step 3 afl2 repreacntatlon translation 
Translatio n o f  th e arithmetica l  splittin g o f 
th e number s int o partition s o f  th e side s 
withi n th e geometrica l  represenution . 
Step 4 O0l geometric reasoning 
Partitio n th e are a o f  th e rectangl e 
accordin g t o th e partitionin g o f  th e sides . 
Step 9 gal representatloi translation 
For  eac h par t  identif y th e correspond-in g 
arithmetica l  expressio n fo r  i u area :  2 0 x  30 , 
20x6 ,  3 x 3 0 , 3 x 6 
Ste p 6  aa 3 arithmeti c reasonin g 
Determin e th e outcome s o f  th e fou r 
multiplication s 2 0 x  3 0 =  600 ;  2 0 x 6 -
120 ;  3 x 3 0 »  90 ;  3 x 6 «  1 8 
Step ? ag S representatio n translatio n 
Identif y th e area s o f  th e part s o f  th e 
rectangl e base d o n th e outcome s o f  th e 
multiplications . 
Step 8 gg2 geometric reasoning 
Asser t  tha t  th e are a o f  th e rectangl e a s a  ° 
whol e i s th e combinatio n o f  th e area s o f  th e 
part s 

Ste p 9  ga 2 representatio n translatio n 
Identif y th e correspondin g arithmetica l  relation :  60 0 +  12 0 +  9 0 +  1 8 

Step 10 aa2 arithmetic reasoning 
Calculat e th e sum :  60 0 +  12 0 +  9 0 +  1 6 =  82 8 

D y n a m i c Proper t ie s 

T o specif y propertie s o n th e dynamic s o f  a  reasonin g 
process ,  th e temporal  trac e languag e T T L use d b y Herle a e t 
al .  (1999) ,  an d Jonke r  an d Treu r  (1998 )  i s adopted .  Thi s  i s a 
languag e i n th e famil y o f  language s t o whic h als o situatio n 
calculu s (Reiter ,  2001) ,  even t  calculu s (Kowalsk i  an d 
Sergot ,  1986) ,  an d fluen t  calculu s (Holldoble r  an d Tielscher , 
1990 )  belong .  I n short ,  i n T T L i t  i s  possibl e t o expres s tha t 
i n a  give n trac e a t  a  certai n poin t  i n tim e th e reasonin g stat e 
has a  certai n (state )  property .  Moreover ,  i t  i s  possibl e t o 
relat e suc h stat e propertie s a t  differen t  point s i n time .  A s a n 
example ,  th e followin g (global )  propert y o f  a  reasonin g 
trac e y  i s considered ,  whic h expresse s tha t  al l  multiplicatio n 
problem s i n tw o digit s eventuall y wil l  b e solved . 

GPl 
at  an y poin t  i n time  t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a n arithmeti c representation  o f 

a multiplicatio n proble m fo r  number s x  an d y  <  10 0 i s present , 
the n a  time  poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  t '  a n 

arithmeti c representatio n o f  a  solutio n z  o f  thi s multiplicatio n 
proble m wit h z  -  x« y i s included . 
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T h e formalisatio n o f  thi s propert y i n T T L i s a s follow s 
Vt  Vx ,  y  <  10 0 iMKy .  t ,  •rtthme«c )  |« » multipllc«tloo_probl«m(x ,  y ) 

=» ar a 3 z r  «  x- y a 
stato(T .  t' .  artthmetic )  (« = lt_iolutlon_fbf_mull(pllcatlon_o»( l  x ,  y ) 

Note that for simplicity no maximal allowed response time 
ha s bee n specified .  I f  desired ,  thi s ca n b e simpl y adde d b y 
puttin g a  conditio n ts i  i n th e consequen t  wit h r  th e max ima l 
respons e time . 

Milestone Properties 

Withi n th e overal l  reasonin g proces s a  n u m b e r  o f  milestone s 
ca n b e defined ,  an d propertie s ca n b e identifie d tha t  expres s 
whethe r  th e proces s fro m on e mileston e t o anothe r  on e ha s 
bee n performe d properly .  Apar t  fi-om  th e star t  an d th e finish, 
tw o intermediat e milestone s wer e defined :  a  reasonin g stat e 
i n whic h th e proble m ha s bee n represente d i n a  geometri c 
representatio n an d i t  ha s bee n d e c o m p o s e d geometricall y 
(afte r  ste p 4  i n th e exampl e trace) ,  an d a  reasonin g stat e i n 
whic h a  geometri c representatio n wit h n u m b e r s i n th e area s 
occurs ,  i.e. ,  i n whic h th e subproblem s hav e bee n solve d 
(afte r  ste p 7  i n th e exampl e trace) .  Accordingly ,  th e 
followin g mileston e propertie s hav e bee n formulated . 

MPl 
• t  an y poin t  i n tim e t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a n arithmeti c representatio n o f 

a multiplicatio n proble m fo r  number s x  an d y  <  10 0 i s present , 
the n a  tim e poin t  t* ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  t '  a 

geometri c representatio n o f  a  rectangl e A B C D i s include d wit h 
point s P  o n A B an d Q  o n A D ,  wit h |AB |  -  x  an d |AD {  -  y 

and thi s rectangl e i s partitione d int o fou r  area s A n ,  A|2 ,  A21 ,  A2 2 b y 
tw o line s PP7/A D an d QQ7/A B wit h P'o n C D an d Q'o n B C wit h 
|AP |  -  X, ,  |PB |  -  X2 ,  |AQ |  -  yi ,  an d |QD |  -  yj ,  wher e xi ,  y i  i s  th e 
10-par t  o f  X ,  resp .  y ,  an d X2 ,  y 2 i s th e digi t  par t  o f  x ,  resp .  y . 

Here, |AB| is the length of AB, and // is 'in parallel with'. 

MPl 
at  an y poin t  i n tim e t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D i s include d wit h point s P  o n A B an d Q  o n A D , 
wit h |AB |  =  x  an d |AD|-y , 

and thi s rectangl e i s partitione d int o fou r  area s A n ,  A12 ,  A21 ,  A2 2 b y 
tw o line s PP'//A D an d QQV/A B wit h P '  o n C D an d Q '  o n B C wit h 
|AP |  -  XI ,  |PB |  -  X2 ,  |AQ |  =  yi ,  an d |QD |  =  y2 ,  wher e xj ,  y i  i s  th e 
10-par t  o f  X ,  resp .  y ,  an d X2 ,  y 2 i s th e digi t  par t  o f  x ,  resp .  y , 

the n a  tim e poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  t '  i n 
each o f  thes e area s Ai j  a  numbe r  zi j  i s  represente d whic h equal s 
Xj.yj . 

MP3 
at  an y poin t  i n tim e t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D i s include d wit h |AB |  -  x  an d |AD |  ̂  y 
and thi s rectangl e i s partitione d int o fou r  nonoverlappin g rectangl e 

area s All ,  A,2.A2i,A22 , 
and i n eac h o f  thes e area s Ai j  a  numbe r  zi j  i s  represente d whic h equal s 

Xj.yj ,  wher e x  -  X |  +  X2 ,  an d y  =  y i  +  y2 , 
the n a  tim e poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n 7  a t  t '  a n 

arithmeti c representatio n o f  a  solutio n z  wit h z  -  x. y o f  th e 
multiplicatio n proble m (x ,  y )  i s  included . 

L o c a l  P rope r t i e s 

I n thi s sectio n a  n u m b e r  o f  propertie s ar e identifie d tha t 
characteris e th e reasonin g i n a  m o r e loca l  manner :  eac h 
propert y characterise s on e reasonin g step .  Fo r  th e sak e o f 
simplicity ,  fo r  th e examp l e reasonin g proces s persistenc e o f 
representation s i n reasonin g state s ove r  tim e i s assumed ,  s o 
tha t  persistenc e doe s no t  nee d t o b e formulate d withi n eac h 
o f  th e properties . 

LPl (aritbmetic-geomctrk) 
at  an y poin t  i n tim e t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a n arithmeti c representatio n o f 

a multiplicatio n proble m fo r  number s x  an d y  <  10 0 i s present , 
the n a  tim e poin t  t* ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  t '  a 

geometri c representatio n o f  a  rectangl e A B C D wit h 1AB |  -  x  an d 
|AD |  =  y  i s included . 

This dynamic property expresses that in reasoning trace y, if 
a n arithmeticall y represente d multiplicatio n prob le m occurs , 
thi s eventuall y i s translate d int o a  geometri c representation . 
T h e formalisatio n o f  thi s propert y i n T T L i s a s follows . 

vt  Vx, y < 100 state(T, t. artthmetic) |== multlpllcatlon_problam(x. y) 
=» 3t^3A,B.C. D 

(tate(r ,  r ,  geomatric )  |= = ractangle(A .  B .  C ,  D )  &  |AB |  =  x  &  |A0 |  >  y 

Further local properties are the following (not in any 
particula r  order) . 

LP2 (arithmetic-arithmetic) 
at  an y poin t  i n tim e t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a n arithmeti c representatio n o f 

a multiplicatio n proble m fo r  number s x  an d y  <  10 0 i s present , 
the n a  tim e poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  t '  a n 

arithmeti c representatio n o f  a  splittin g o f  th e number s x  an d y  i n 
'tens '  an d digit s occurs ,  i.e. ,  x  -  x j  +  X2 ,  y  =  y i  +  y 2 wit h xj ,  y j 
multiple s o f  1 0 an d X2 ,  y j  <10 . 

LP3 (arithmetic-arithmetic) 
at  an y poin t  i n tim e t 
i f  th e reasonin g stat e i n trac e y  a t  t  contain s a n arithmeti c 

representatio n o f  a  multiphcatio n proble m fo r  (x ,  y) ,  wifl j  x ,  y 
multipl e o f  1 0 o r  les s tha n 10 , 

the n a  tim e poin t  t" ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  t *  a n 
arithmeti c representatio n o f  a  solutio n z  wit h z  -  x« y fo r  thi s 
multiplicatio n proble m fo r  (x ,  y )  i s  included . 

LP4 (arithmetic-arithmetic) 
at  an y poin t  i n tim e t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a n arithmeti c representatio n o f 

an additio n proble m fo r  a  finit e lis t  zi,... ,  Z n o f  number s o f  u p t o 4 
digit s i s  included , 

the n a  time  poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  f  a 
solutio n z  "  Z\ i  { £ „  Z j  o f  th e additio n proble m i s included . 

LPS (arithmetic-geometric) 
at  an y poin t  i n time  t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a n arithmeti c representatio n o f 

a splittin g o f  th e number s x  an d y  occurs ,  i.e. , 
x - x i + x 2 , y - y i + y 2 , 

the n a  time  poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  t '  a 
geometri c representatio n o f  a  rectangl e A B C D wit h |AB |  ̂  x  an d 
|AD |  -  y  i s  include d wit h point s P  o n A B an d Q  o n A D suc h tha t 
|AP |  >  xi .  |PB |  -  X2 ,  (AQ I  -  y, ,  an d |QD |  -  y2 . 
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L P 6 (Beunietiic-geomctrlc ) 
• t  an y poin t  i n rime  t 
i f  i n th e reasoning  stat e i n trac e Y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D i s include d wit h point s P  o n A B an d Q  o n A D , 
the n a  tim e poin t  t ^  exist s suc h tha t  i n th e reasonin g sut e i n y  a t  t '  th e 

rectangl e A B C D i s partitione d int o fou r  area s A n .  A12 ,  A21 ,  A2 2 
by tw o Ime s PPV/A D an d QQ'//A B wit h P'o n C D an d Q'o n E C . 

LP7 (gecmctric-georaetric) 
at  an y poin t  i n time  t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D i s include d tha t  i s partione d int o a  numbe r  o f 
nonoverlappin g area s A i  Ag , 

the n a  time  poin t  t ^  exis u suc h tha t  i n th e reasonin g stat e i n y  a t  t '  i t  i s 
asserte d tha t  th e are a o f  A B C D i s th e combinatio n o f  th e area s 
A, . . . . . V 

LPS (geometric-arithmetic) 
at  an y poin t  i n time  t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D wit h |AB |  -  x  an d |AD |  >  y  i s include d wit h 
point s P  o n A B an d Q  o n A D suc h tha t  |AP |  -  x\ ,  |PB |  =  X2 , 
|AQ|-y, .and|QD|-y2 . 

and thi s rectangl e i s partione d int o fou r  area s A n ,  A12 .  A21 ,  A2 2 b y 
tw o Une s PF//A D an d Q Q 7 / A B wit h F  o n C D an d Q '  o n B C . 

the n a  tim e poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n y  a t  f 
arithmeti c representation s o f  multiplicatio n problem s fo r  (X| ,  yj) , 
(xi ,  y2) .  (X2 ,  yi) ,  an d {X2 ,  y2 )  ar e included . 

LP9 (geometric&arithmetic-geometric) 
at  an y poin t  i n tun e t 
i f  i n th e reasonin g stat e i n trac e y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D i s include d wit h poin U P  o n A B an d Q  o n A D , 
and thi s rectangl e i s partione d int o fou r  area s A n ,  A12 ,  A21 ,  A2 2 b y 

tw o line s PF//A D an d Q Q V / A B wit h F  o n C D an d Q '  o n B C , 
and arithmeti c representation s o f  solution s zn i  Z12 ,  221 ,  Z2 2 fo r  th e 

multiplicatio n problem s fo r  ([AP) ,  |AQD ,  (|AP| ,  IQDJ) ,  (|PB| .  |AQD , 
and (jPB| ,  |QD D ar e included . 

tbe n a  time  poin t  f ^  exist s suc h tha t  i n th e reasonin g sut e i n Y  a t  f 
withi n di e geometri c representatio n i n eac h are a Ajj ,  th e numbe r  zj j 
i s  represented. 

LPIO (geometirtc-arithmetic) 
at  an y poin t  i n tim e t 
i f  i n th e reasonin g stat e i n trac e Y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D i s include d whic h i s partione d int o a  numbe r  o f 
area s Ai ,  ... .  A^ , 

and withi n eac h o f  thes e area s A j  a  numbe r  Z i  i s  represented , 
the n a  tim e poin t  t ^  exist s suc h tha t  i n th e reasonin g stat e i n Y  a t  t '  a n 

arithmeti c representatio n o f  a n additio n proble m fo r  Z| ,  ... ,  Z g i s 
included . 

LPll (geometric& arithmetic-arithmetic) 
at  an y poin t  i n time  t 
i f  i n tiie  reasonin g stat e i n trac e Y  a t  t  a  geometri c representatio n o f  a 

rectangl e A B C D U  include d wit h |AB |  -  x  an d |AD |  =  y  tha t  i s 
partitione d int o a  numbe r  o f  nonoverlappin g area s A], . . . .  Aq , 

and with m eac h o f  thes e area s A j  th e numbe r  z i  i s  represented , 
and a n arithmeti c representatio n o f  a  solutio n z  o f  th e additio n proble m 

fo r  2) ,  . ,  Z n i s included , 
the n a  tim e poin t  t" ^  exist s suc h tha t  i n th e reasoning  stat e i n Y  a t  t '  a n 

arithm^ c representatio n o f  a  solutio n z  wit h z  = •  x« y o f  th e 
multiplicatio n proble m (x ,  y )  i s  included . 

R e l a t i o n s h i p s B e t w e e n t h e D y n a m i c P r o p e r t i e s 

A n u m b e r  o f  logica l  relationship s h a v e b e e n establishe d 
b e t w e e n th e propertie s above .  Firs t  o f  all ,  th e thre e 
mileston e propertie s togethe r  imp l y th e globa l  property : 

MPl  &  M P 2 &  M P 3 GPl (0) 

Next ,  eac h o f  thes e mileston e propertie s i s implie d b y a 
number  o f  loca l  properties : 

LPl  &  LP 2 &  LP S &  LP 6 = > MPl 
LP3 Sl  LP S &  LP 9 = > MP 2 

LP4 &  L P 7 & LPI O &  LPl l  = » MP 3 

(1) 
(2) 
(3) 

Thes e logica l  relationships ,  whic h ca n b e depicte d a s a n 
AND-tree ,  ar e helpfii l  i n th e analysi s o f  error s withi n a 
give n reasonin g trace .  Firs t  i t  ca n b e checke d whethe r  GP l 
holds .  I f  thi s globa l  propert y doe s no t  hold ,  th e thre e 
propertie s MPl ,  MP2 ,  M P 3 ca n b e checked .  Give n th e logica l 
relationshi p (0) ,  a t  leas t  on e o f  the m wil l  b e foun d no t  t o 
hold .  Thi s pinpoint s th e caus e o f  th e erro r  i n par t  o f  th e 
process ,  sa y MP3 .  Next ,  (only )  th e loca l  propertie s relatin g 
t o M P 3 ar e checked ,  i.e ,  LP4 ,  LP7 ,  LPio ,  LPii .  Again ,  du e t o 
(3 )  on e o f  the m wil l  b e foun d no t  t o hold .  Thi s localise s th e 
error . 

The Dynamic Analysis Method 

The analysi s metho d fo r  th e dynamic s o f  reasonin g 
processe s a s presente d her e i s summarise d a s follows . 

1.  Identif y th e differen t  dimension s o r  component s o f 
reasonin g states . 

2.  Determin e th e differen t  type s o f  transitions . 

3.  Identif y relevan t  dynami c propertie s fo r  th e reasonin g 

a.  fo r  th e proces s a s a  whol e (globa l  properties ) 
b.  fo r  milestone s withi n th e proces s 
c.  fo r  reasonin g step s (loca l  properties ) 

4.  Determin e logica l  relationship s betwee n th e differen t 
dynami c properties ,  i n a n AND-tre e form ;  e.g. , 

a.  loca l  propertie s impl y a  mileston e property ,  an d 
b.  mileston e propertie s impl y a  globa l  property . 

5.  Fo r  a  give n reasonin g trace ,  chec k whic h o f  th e dynami c 
propertie s hol d an d whic h d o no t  hold .  Thi s ca n tak e th e 
for m o f  a  diagnosi s followin g th e tre e structur e o f  th e 
relationship s betwee n th e dynami c properties .  A 
softwar e environmen t  i s availabl e t o suppor t  thi s 
checkin g process . 

The dynami c propertie s identifie d ca n b e o f  differen t  types . 
S o me m a y b e assiune d t o hol d fo r  al l  prope r  reasonin g 
traces ,  other s m a y b e use d t o distinguis h differen t  type s o f 
reasonin g trace s o r  reasoners . 

Discussion 

The analysi s metho d fo r  th e dynamic s o f  reasonin g 
processe s pu t  forwar d an d illustrate d i n thi s pape r  wa s 
validate d o n th e basi s o f  report s fro m experiment s wit h 8- 9 
yea r  ol d childre n i n classroom s i n th e Netherland s (Dekke r 
et  al. ,  1982) ;  a  simila r  repor t  ha s bee n mad e b y Hutto n 
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(1977) .  Thi s pape r  show s ho w a n analysi s o f  thes e dynamic s 
can b e mad e usin g trace s consistin g o f  sequence s o f 
reasonin g state s ove r  tim e t o describ e reasonin g processes .  I t 
i s  show n fo r  th e exampl e reasonin g pattern ,  ho w 
characterisin g dynami c propertie s ca n b e identified . 

The languag e use d t o expres s dynami c allow s fo r  precis e 
specificatio n o f  thes e dynami c properties ,  coverin g bot h 
qualitativ e an d quantitativ e aspect s o f  state s an d thei r 
tempora l  relations .  Moreover ,  sofhvar e tool s hav e bee n 
develope d t o (1 )  suppor t  specificatio n o f  dynami c 
properties ,  an d (2 )  automaticall y chec k specifie d dynami c 
propertie s agains t  exampl e trace s t o find  ou t  whethe r  th e 
propertie s hol d fo r  th e traces .  Thi s provide s a  usefu l 
supportin g softwar e environmen t  t o evaluat e empirica l  dat a 
on th e dynamic s o f  reasonin g processes . 

The sam e analyti c metho d an d softwar e tool s ca n als o b e 
applie d t o reasonin g trace s produce d b y softwar e simulatio n 
models .  Thi s applicabilit y  support s th e compariso n o f 
human reasonin g wit h simulate d reasoning . 

Furthe r  experiment s wil l  b e conducted ,  i n whic h als o a 
focu s i s o n th e contro l  o f  th e reasoning .  Fo r  example ,  a t 
what  poin t  i n tim e a  translatio n t o a  geometri c representatio n 
i s made ,  an d wh y a t  tha t  poin t  i n time ? I n th e analysi s th e 
notio n o f  reasonin g strateg y wil l  b e addressed .  Du e t o th e 
compositiona l  structur e o f  reasonin g stat e a  reasonin g stat e 
can b e extende d wit h a  componen t  fo r  contro l  information . 

Futur e researc h wil l  als o addres s th e analysi s o f  th e 
dynamic s o f  othe r  type s o f  practica l  reasoning ,  bot h fro m 
th e syntactica l  an d semantica l  stream ,  o r  thei r  combination ; 
e.g. ,  (Johnson-Laird ,  1983 ;  Yan g an d Johnson-Laird ,  1999 ; 
Yang an d Bringsjord ,  2001) ;  se e als o (Stennin g an d 
Lambalgen ,  2001) .  On e componen t  o f  th e reasonin g stat e 
may contai n a  syntacti c formul a structure ,  an d anothe r 
conqxinen t  a  menta l  mode l  o r  se t  o f  menta l  models .  Fo r 
example ,  a  singl e componen t  transitio n ca n b e define d 
withi n a  syntacti c componen t  includin g A  an d A  - > B ,  fo r 
th e derivatio n o f  B  (an d henc e addin g i t  t o th e component ) 
base d o n th e inferenc e rul e modu s ponens .  Ye t  anothe r 
example ,  withi n a  semanti c componen t  i s a  transitio n o f  a 
set  o f  menta l  models ,  thu s providin g a  formalisatio n o f  th e 
dynamic s o f  reasonin g base d o n menta l  models . 
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Abstrac t 

Although categorization and multiple-cue judgment are 
simila r  tasks ,  categorizatio n model s emphasiz e exempla r 
memory,  whil e multipl e cu e judgmen t  routinel y i s inter -
prete d i n term s o f  menta l  integratio n o f  cu e weight s tha t 
ar e abstracte d i n training .  W e investigat e i f  thes e conclu -
sion s deriv e from  genuin e difference s i n th e processe s i n 
th e tw o task s o r  ar e accidenta l  t o differen t  researc h 
methods .  Th e result s revea l  larg e individua l  difference s 
and a  shif t  fro m exenpla r  memor y t o menta l  cue -
abstractio n whe n th e criterio n i s change d from  classifica -
tio n t o continuous .  Thi s suggest s tha t  peopl e switc h be -
twee n qualitativel y distinc t  processe s i n th e tw o tasks . 

Introduction 

A categorizatio n tas k typicall y require s a  prob e de -
scribe d b y a  numbe r  o f  binary/ea/ure f  t o b e classifie d 
int o one ,  o f  usuall y two ,  categories .  A  multiple-cu e 
judgmen t  involve s a  prob e define d b y binar y o r  con -
tinuou s cue s an d typicall y require s judgmen t  o f  a  con -
tinuou s criterion .  Bot h task s requir e inferenc e fro m 
know n variable s t o a n unknow n variable .  Despit e th e 
structura l  similarit y o f  th e task s (Figur e 1) ,  th e mos t 
successfu l  cognitiv e model s i n th e tw o domain s ar e 
profoimdl y differen t  i n term s o f  th e computations ,  cog -
nitiv e processing ,  an d neura l  substrat e tha t  the y in^ly . 
Researc h o n categorizatio n ofte n emphasiz e exempla r 
m e m o ry (e.g. ,  Nosofsk y &  Johansen ,  2000) :  retrieva l  o f 
m e m o ry trace s o f  concret e object s from  differen t  cate -
gories .  I n researc h o n multiple-cu e judgment ,  th e (ex -
plici t  o r  implicit )  interpretatio n i s generall y tha t  peopl e 
retriev e abstracte d knowledg e o f  cu e weights ,  whic h i s 
tiien  mentall y integrate d t o perfor m a  judgmen t  (e.g. , 
Einhom ,  Klcinmuntz ,  &  Kleinmuntz ,  1979) . 

I n thi s article ,  w e repor t  a n investigatio n int o th e rea -
son s fo r  thes e divergen t  conclusions .  F ro m th e outset , 
we ca n identif y tw o possibl e answers .  Th e firs t  i s  tha t 
researc h o n multiple-cu e judgmen t  ha s no t  benefite d 
from  th e design s an d th e cognitiv e modelin g neede d t o 
disclos e th e importanc e o f  exempla r  memory .  F ro m thi s 
poin t  o f  view ,  th e conclusion s ar e accidenta l  t o differ -
ent  researc h paradigm s an d onc e tha t  w e scrutiniz e th e 
processe s carefull y w e fin d tha t  the y ar e essentiall y  th e 

same.  A  secon d answe r  i s tha t  th e differen t  conclusion s 
deriv e from  th e difference s tha t  nonetheles s distinguis h 
th e tw o tasks ;  fo r  example ,  th e us e o f  a  binar y criterio n 
i n categorizatio n task s an d a  continuou s criterio n i n 
multipl e cu e judgmen t  tasks .  Th e latte r  answe r  suggest s 
a cognitiv e syste m wit h multipl e level s o f  qualitativel y 
distinc t  representation s tha t  compet e t o contro l  behav -
io r  dependin g o n th e requirement s (Ashby ,  Alfonso -
Reese ,  Turken ,  &  Waldron ,  1998 ;  Jones ,  Juslin ,  Olsson , 
& W i n m a n ,  2000 ;  Juslin ,  Olsson ,  &  Olsson ,  2002) . 
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Figur e 1 :  Th e structura l  similarit y betwee n a  categori -
zatio n tas k an d a  multiple-cu e judgmen t  task . 

The Judgment Task 
Th e tas k require s participant s t o us e fou r  binar y cue s 

t o infe r  a  binar y o r  continuou s criterio n (Jone s e t  al. , 
2000 ;  Jusli n e t  al. ,  2002) .  Th e judgment s involv e th e 
toxicit y o f  subspecie s o f  a n exoti c (bu t  fictitious )  Deat h 
Bug.  Th e differen t  subspecie s var y i n concentratio n o f 
poiso n from  S O p p m t o 6 0 p p m ( a continuou s criterion) , 
wher e concentration s belo w 5 5 p p m ar e harmles s bu t 
concentration s abov e 5 5 p p m ar e letha l  ( a binar y crite -
rion,  harmles s vs .  dangerous) .  Th e toxicit y ca n b e in -
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ferre d from  fou r  binar y cue s o f  th e subspecie s (e.g. , 
shor t  o r  lon g legs ,  spot s o r  n o spot s o n th e forc-btck) . 

Th e cue s tak e o n value s 1  o r  0  an d th e toxicit y c  o f  a 
subspecie s i s a  linear ,  additiv e functio n o f  th e cues : 

c =  5 0 +  4  C,+3C,+2C3+1C, -  (1 ) 
C\  i s th e mos t  importan t  cu e wit h coefficien t  4  (i.e. ,  a 

relativ e weigh t  .4) ,  C j  i s  th e secon d t o mos t  importan t 
wit h coefficien t  3 ,  an d s o forth .  Th e binar y criterio n b 
i s forme d from  th e continuou s criterio n b y assignin g 
c<5 5 b= 0 (harmless) ,  c>5 5 fr=l  (dangerous) ,  an d c=5 5 
randoml y a s ^ 1 o r  b=0 .  A  subspecie s wit h featur e 
vecto r  (0 ,  0 ,  0 ,  0 )  thu s ha s poiso n concentratio n 5 0 p p m 
and i s harmless ;  a  subspecie s wit h featur e vecto r  (1,1 , 
1,  1 )  ha s 6 0 p p m an d i s dangerous .  Th e continuou s an d 
th e binar y criteri a fo r  al l  th e 1 6 subspecie s (i.e. ,  possi -
bl e cu e configurations )  ar e summarize d i n Tabl e 1 . 

I n training ,  th e participant s encounte r  1 1 subspecie s 
and mak e eithe r  binar y judgment s abou t  th e toxicit y o f 
eac h subspecie s (i.e. ,  "harmless "  o r  "dangerous" )  o r 
continuou s judgment s abou t  thei r  toxicit y (e.g. ,  'Th e 
amount  o f  poiso n i s 5 7 p p m " ) .  A s indicate d i n th e tw o 
right-most  column s o f  Tabl e 1 ,  fiv e subspecie s ar e 
omitte d i n training .  (Set s A  an d B ,  respectively ,  denot e 
tw o differen t  trainin g set s wiier e thre e omitte d subspe -
cie s ar e counter-balanced. )  I n a  tes t  phase ,  th e partici -
pant s mak e th e sam e judgment s a s i n th e trainin g phase , 
but  fo r  al l  1 6 subspecie s an d withou t  feedback . 

Table 1: Structure of the judgment task. The out-
balance d constraine d trainin g set s ar e denote d A  an d B . 

Exempla r 
# 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

c, 

0 
0 
0 
0 
0 
0 
0 
0 

Cues 

c^ 
1 
1 
1 
1 
0 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 
0 

c? 

0 
0 

0 
0 

0 
0 

0 
0 

C4 

0 

0 

0 

0 

0 

0 

0 

0 

Criteri a 
Cont . 
60 
59 
58 
57 
57 
56 
55 
54 
56 
55 
54 
53 
53 
52 
51 
50 

Bin . 

p=. 5 
0 
1 

p=. S 
0 
0 
0 
0 
0 
0 

Set 
A B 
E E 
T T 
T T 
0 N 
N 0 
N 0 
N 0 
T T 
0 N 
0 N 
T T 
T T 
T T 
T T 
T T 
E E 

Note :  E  =  Extrapolatio n exemplar ,  T  =  trainin g exen^lar ,  O  = 
Ol d compariso n exempla r  presente d i n training ,  matche d o n 
th e criterio n t o on e o f  th e ne w exemplars ,  N  =  N e w compari -
son exenqjla r  presente d th e firs t  tim e a t  test ,  p=. S assign s 
binar y criterio n 1  t o th e exempla r  wit h probabilit y  .5 . 

A criticism of previous studies that support exemplar 
model s i s tha t  ofte n th e artificia l  categorie s use d essen -

tiall y  contai n n o structur e a t  all .  Ther e i s thus ,  i n a 
sense ,  n o othe r  wa y t o solv e th e tas k tha n t o memoriz e 
th e exemplar s (Smit h &  Minda ,  2000) .  Ou r  tas k i s neu -
tra l  i n thi s respec t  becaus e i t  allow s perfec t  perform -
anc e i n trainin g bot h b y exen^la r  m e m o r y an d b y in -
ductio n o f  th e tas k structur e (i.e. ,  b y inducin g Eq .  1) . 

Cognitive Models 

T h e cue-abstractio n mode l  assimie s tha t  participant s 
abstrac t  explici t  cue-criterio n relation s i n trainin g 
whic h ar e mentall y integrate d a t  th e tim e o f  judgment . 
W h en presente d wit h a  prob e th e participant s retriev e 
rule s connectin g cue s t o th e criterio n from  m e m o r y 
(e.g. ,  "Gree n bac k goe s wit h bein g poisonous") .  Th e 
rule s specif y th e sig n o f  th e contingenc y an d th e in^or -
tanc e o f  th e cu e wit h a  cu e weight .  Fo r  example ,  afte r 
trainin g th e rul e fo r  cu e C ]  m a y specif y tha t  Ci = 1  goe s 
wit h a  larg e increas e i n th e toxicit y o f  a  subspecies . 

Wit h a  continuou s criterion ,  cu e abstractio n suggest s 
tha t  th e participant s comput e a n estimat e o f  th e con -
tinuous  criterio n c .  Fo r  eac h cue ,  th e appropriat e rul e i s 
retrieve d an d th e estimat e o f  c  i s adjuste d accordin g t o 
th e cu e weigh t  O) ,  (i=1...4) .  Th e final  estimat e dj ,  o f  c 
i s a  linea r  additiv e fimctio n o f  th e cu e value s Q , 

e,=k + f^(o,C,' (2) 
(=1 

w^er e k  =  5 0 +  .5(10-Ifflt) .  I f  (O ,  =4 ,  (Of=3 ,  0)3=2 ,  an d 
0}4=\ ,  Eq' s 1  an d 2  ar e identica l  an d th e mode l  pro -
duce s perfec t  judgments .  Th e intercep t  k  constrain s th e 
functio n relatin g judgment s t o criteri a t o b e regressiv e 
aroun d th e midpoin t  (55 )  o f  th e interva l  [50 ,  60 ]  speci -
fied  b y th e tas k instructions' .  Thi s formulatio n essen -
tially  provide s a  cognitiv e interpretatio n o f  th e linea r 
additiv e mode l  know n t o provid e a  goo d accoun t  o f 
multiple-cu e judgmen t  dat a (Brehmer ,  1994) .  Predic -
tions  b y th e cue-abstractio n mode l  i n a  continuou s tas k 
ar e illush t̂e d i n Figur e 2A . 

Th e binar y judgmen t  involve s classificatio n o f  sub -
specie s int o tw o categorie s base d o n thei r  continuou s 
criterion .  O n e w a y t o obtai n suc h judgment s from  Eq .  2 
i s b y assignin g al l  subspecie s w i A £g<. S a s harmles s 
and al l  subspecie s wit h d ^  >. 5 a s dangerous .  Wheneve r 
th e estimate s ar e correc t  (ê ^  =c )  thi s implie s a  relatio n 
betwee n classificatio n proportion s pi,{ b =  \ )  an d th e 

The constraine d formulatio n capture s th e regressio n effec t 
withi n th e interva l  [50 ,  60 ]  tha t  i s introduce d b y a  rando m 
erro r  i n th e cu e weight s o r  th e proces s o f  cu e abstraction . 
For  example ,  fo r  th e extrem e subspecies ,  (0 ,  0 ,  0 ,  0 :  c=50 ) 
and (1,1,1,1 :  c<=60) ,  rando m erro r  ma y produc e judgment s 
tha t  deviat e from  5 0 an d 60 ,  respectively .  However ,  fo r  ex -
empla r  (0 ,  0 ,  0,0 :  c=50 )  w e expec t  th e error s t o mor e ofle n 
proiduc e a  judgmen t  abov e tha n belo w 50 .  Fo r  exempla r  (1 , 
1,  1 ,  1 :  c=60 )  w e expec t  th e error s t o mor e ofte n produc e a 
judgmen t  tha t  i s belo w tha n abov e 60 .  Second :  i t  hold s t o a 
goo d approximatio n i n th e dat a reporte d below .  Third ,  i t 
provide s a  four-paramete r  implementatio n tha t  i s mor e eas -
il y  compare d t o th e four-paramete r  exempla r  mode l  de -
scribe d belo w i n term s o f  th e numbe r  o f  fre e parameters . 
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criterio n c  tha t  i s  a  ste p function .  Takin g int o accoun t 
tha t  th e proces s i s likel y t o involv e erro r  i n cu e abstrac -
tio n an d decisio n niaking ,  w e allo w fo r  a  sigmoi d func -
tio n i n th e for m o f  a  logisti c functio n (se e Figur e lA) : 

^(f t  =  l )  = 
^"Iî .c ; 

(3 ) 
l  +  e**2:»î ' 

wher e W^  ar e th e cu e weight s i n a  logisti c regressio n 
and k  =  -. 5 "LWj .  Th e intercep t  *  implie s a  crossove r 
fto m binar y judgmen t  0  t o b  1  a t  toxicit y  55 ,  a s implie d 
by th e instructions .  W h e n th e cue-abstractio n mode l  i s 
fitte d t o binar y judgment s below ,  w e rel y o n Eq .  3 . 

Exempla r  model s sugges t  tha t  th e participant s mak e 
judgment s b y retrievin g simila r  exemplar s (subspecies ) 
fro m long-ter m memory .  Th e contex t  mode l  o f  percep -
tua l  classificatio n (Medi n &  Schaffer ,  1978 )  suggest s 
tha t  th e probabilit y p g { b =  \ )  o f  categorizatio n a s 
dangerou s equal s th e rati o betwee n th e summe d simi -
larit y o f  th e judgmen t  prob e t o th e dangerou s exemplar s 
and th e summe d similarit y t o al l  exemplars : 

^ \ \ ^ r ± _ 
\S{p,x,)b ^ 

p,( b =  l )  = (4 ) 

i,S(j,,Xj ) 
;« • 

wher e p  i s th e prob e t o b e judged ,  X j  i s  store d exempla r 
j  (J=l..J) ,  S(p,Xj )  i s  th e similarit y betwee n th e probe; ? 
and exempla r  Xj ,  an d b j  i s  th e binar y criterio n store d 
wit h exemplar y (Aj= l  fo r  dangerous ,  bj= 0 fo r  harmless) . 
J depend s o n th e siz e o f  trainin g se t  o f  exemplars . 

Th e similarit y betwee n prob e p  an d exempla r  X j  i s 
compute d b y th e multiplicativ e similarit y rul e o f  th e 
contex t  mode l  (Medi n &  Schaffer ,  1978) : 

Sip,Xj) = Yld,' (5) 
M 

wher e d ,  i s a n inde x tha t  take s valu e 1  i f  th e cu e val -
ues o n cu e dimensio n i  coincid e (i.e. ,  bot h ar e 0  o r  bot h 
ar e 1) ,  an d s ,  i f  the y deviat e (i.e. ,  on e i s 0 ,  th e othe r  i s 
1) .  5 /  ar e fou r  parameter s i n th e interva l  [0 ,  1 ]  tha t  cap -
tur e th e impac t  o f  deviatin g cue s (features )  o n th e over -
al l  perceive d similarit y  S{p,x) .  s i  clos e t o 1  implie s tha t 
a deviatin g featur e o n thi s cu e dimensio n ha s n o impac t 
and i s considere d irrelevant ,  s t  clos e t o 0  mean s tha t  th e 
overal l  similarit y S{p,x ^  i s clos e t o 0  i f  thi s featur e i s 
deviating ,  assignin g crucia l  in^ortanc e t o th e feature . 
Th e parameter s St  captur e th e similarit y relation s be -
twee n stimul i  an d th e attentio n pai d t o eac h cu e dimen -
sion ,  wher e a  lowe r  Si  signifie s highe r  attention . 

The contex t  mode l  wa s develope d fo r  classification . 
T o generat e prediction s als o fo r  judgment s o f  a  con -
tinuou s criterio n w e rela x th e mode l  b y allowin g th e 
outcom e inde x 6 j  t o b e a  continuou s value .  Th e estimat e 
t g o f  c  i s the n a  weighte d averag e o f  th e criteri a Cj 
store d fo r  th e exemplars ,  wit h similarit y S{p,x ^  a s th e 
weight s (se e e.g. ,  DeLosh ,  Busemeyer ,  &  McDaniel , 
1997 ;  Jusli n &  Persson ,  2000 ;  Smit h &  Zarate ,  1992) . 

Predict ion s 

Th e prediction s ar e summarize d i n Figure s 2  (binar y 
criterion )  an d 3  (continuou s criterion) .  I n bot h tasks ,  th e 
model s produc e simila r  prediction s whe n al l  exemplar s 
ar e presente d bot h a t  trainin g an d tes t  (th e uppe r  pan -
els) .  Bot h model s thu s provid e accurat e representation s 
of  th e environment ,  albei t  b y differen t  means .  Figure s 
3 A  an d 3 B illustrat e tha t  th e goo d fit  o f  a  linea r  additiv e 
model  nee d no t  b e informativ e i n regar d t o whethe r 
cue s ar e reall y mentall y integrate d accordin g t o a  linea r 
model :  prediction s b y a n exempla r  mode l  ar e identical . 
W h en th e extrem e exemplar s (c = 5 0 &  60 )  an d thre e 
intermediat e exemplar s (c=.55 ,  56 ,  &  57 )  ar e withhel d 
i n training ,  th e model s produc e distinc t  predictions . 

As illustrate d i n th e lowe r  panel s o f  Figure s 2  an d 3 , 
th e cu e abstractio n mode l  allow s accurat e extrapolatio n 
beyon d th e distributio n o f  criteri a i n th e trainin g se t 
[51 ,  59] .  Wheneve r  th e correc t  sign s o f  th e cu e weight s 
ar e identified ,  th e mos t  extrem e judgment s ar e mad e fo r 
exemplar s 1  (c=60 )  an d 1 6 (c=50) .  Th e exempla r  mode l 
tha t  compute s a  weighte d averag e o f  th e criteri a ob -
serve d i n trainin g ca n neve r  produc e a  judgmen t  outsid e 
th e observe d rang e (Delos h e t  al. ,  1997) .  Th e mos t 
extrem e judgment s ar e mad e fo r  criteri a c=5 1 an d 59 . 

Wit h th e cu e abstractio n mode l  ther e shoul d b e n o 
systemati c differenc e betwee n judgment s fo r  th e " N e w " 
and "Old "  exemplar s wit h c=55 ,  56 ,  an d 57 :  th e proces s 
i s essentiall y  th e sam e i n bot h cases .  However ,  wit h th e 
exempla r  mode l  ther e i s mor e accurat e judgment s fo r 
Ol d exemplars :  thes e judgment s benefi t  fi-om  retrieva l 
of  identica l  exemplar s wit h th e correc t  criterion . 

One wa y t o predic t  th e relativ e importanc e o f  menta l 
cu e abstractio n an d exempla r  memor y i n th e binar y an d 
th e continuou s task s i s b y computationa l  consideration s 
(se e Jusli n e t  al. ,  2002) .  Fo r  judgment s o f  a  continuou s 
variable—assumin g a  linea r  additiv e model ,  a s peopl e 
ten d t o (e.g. ,  Brehmer ,  1994)—observatio n o f  fiv e 
exemplar s wit h thei r  criteri a is ,  i n principle ,  sufficien t 
t o identif y th e structur e o f  th e task .  Thi s syste m o f  five 
linea r  equation s ha s th e uniqu e solutio n provide d b y 
Eq.  1 .  Give n a  psychologica l  bia s toward s linea r  addi -
tiv e models ,  th e tas k thu s ha s a  well-define d rule-base d 
solutio n tha t  ca n b e induce d fro m a  smal l  numbe r  o f 
observations .  Binar y judgmen t  afford s n o uniqu e solu -
tion ,  eve n i f  th e correc t  functio n for m i s assume d an d 
al l  1 6 exen^lar s ar e considered .  Give n th e difficult y o f 
inducin g a  rule-base d solution ,  th e participant s ma y 
hav e littl e alternativ e bu t  t o rel y o n exempla r  memor y 
(se e Smit h &  Minda ,  2000 ,  fo r  simila r  arguments) . 

Not e th e alternativ e hypothesi s suggeste d b y a  single -
system s accoun t  (Nosofsk y &  Johansen ,  2000) :  tha t  th e 
participant s rel y o n exempla r  memor y i n bot h tasks .  O n 
computationa l  ground s ther e seem s t o b e n o reaso n w h y 
exempla r  memor y shoul d no t  b e equall y applie d i n bot h 
tasks .  Bot h task s allo w a  linea r  combinatio n o f  criteri a 
store d wit h exemplars .  Th e hypothesi s propose d her e i s 
base d o n a  dual-proces s account .  Becaus e rule-base d 
knowledg e afford s bette r  communicatio n an d system -
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ati c elaboration ,  w e expec t  explici t  rule-base d proccsse i 
t o b e applie d w h e n th e tas k structur e a n d th e feedbac k 
al lo w participant s t o induc e th e tas k structure ,  w h e r e a s 
e x e m p l a r  m e m o r y prov ide s a  genera l  a n d flexible  back -
u p sys te m w h e n th e tas k structur e o r  feedbac k i s poor . 
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Figur e 2 :  Prediction s fo r  th e b inar y task .  Pane l  A :  C u e 
abstractio n m o d e l s w i t h n o nois e a n d nois e fo r  th e 
complet e trainin g set .  Pane l  B :  Exempla r  mode l  wit h al l 
similarit y paramete r  s  equa l  t o .000 1 an d . 1 fo r  th e 
complet e set .  Pane l  C :  Cu e abstractio n mode l  wit h 
nois e fo r  th e constraine d set .  Pane l  D :  Exempla r  mode l 
wit h similarit y paramete r  *= .  1  fo r  th e constraine d set . 
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Figur e 3 :  Prediction s fo r  th e continuou s task .  Pane l  A : 
Cue abstractio n model s wit h n o nois e an d nois e fo r  th e 
complet e trainin g set .  Pane l  B :  Exempla r  mode l  wit h al l 
similarit y paramete r  s  equa l  t o .000 1 an d . 1 fo r  th e 
complet e set .  Pane l  C :  Cu e abstractio n mode l  wit h 
nois e fo r  th e constraine d set .  Pane l  D :  Exempla r  mode l 
wit h similarit y paramete r  s=. l  fo r  th e constraine d set . 

M e t h o d 

Participants 

Sixty-fou r  person s participate d i n th e experimen t  (3 5 
women an d 2 9 men ,  wit h a n averag e ag e o f  23. 5 years) . 
Al l  participant s wer e undergraduat e student s a t  Ume i 
Universit y an d rewarde d wit h 7 0 S E K (app .  7  U S $ )  fo r 
thei r  participatio n i n th e experiment . 

Materials and Procedure 

The writte n instruction s informe d th e participant s tha t 
ther e wer e differen t  subspecie s o f  a  Deat h bug .  Th e 
subspecie s differe d i n toxicit y betwee n 5 0 an d 6 0 ppm , 
toxicit y belo w 5 5 i s  harmles s an d toxicit y abov e 5 5 i s 
dangerous .  I n th e binar y tas k condition ,  th e instructio n 
aske d th e participant s t o categoriz e th e subspecie s int o 
dangerou s an d harmless .  Th e trainin g phas e provide d 
trial-by-tria l  outcom e feedbac k abou t  th e binar y crite -
rio n ("Thi s bu g i s  dangerous") .  I n th e continuou s tas k 
condition ,  th e tas k wa s t o directl y estimat e th e toxicit y 
of  th e subspecie s a s a  numbe r  betwee n 5 0 an d 60 .  I n 
tuttsing ,  th e participant s receive d feedbac k abou t  th e 
continuou s criterio n ('Thi s bu g ha s toxicit y 5 7 ppm" ) . 
Th e questio n o n th e compute r  scree n wa s "I s thi s sub -
specie s harmles s o r  dangerous ? (binar y task) "  o r  "Wha t 
i s th e toxicit y o f  thi s subspecies ? (continuou s task)" . 

Th e subspecie s varie d i n term s o f  fou r  binar y cues ; 
le g lengt h (shor t  o r  long) ,  nos e lengt h (shor t  o r  long) , 
spot s o r  n o spot s o n th e for e back ,  an d tw o pattern s o n 
th e buttock .  Th e cue s ha d th e weight s 4 ,  3 ,  2 ,  an d 1  (Eq . 
1) .  Th e weight s determin e th e portio n o f  toxicit y tha t 
eac h cue s add s t o th e tota l  amount .  I n th e analogu e 
stimulu s condition ,  th e participant s wer e presente d wit h 
picture s o f  th e subspecies ,  i n th e propositiona l  stimulu s 
conditio n the y wer e presente d wit h fou r  proposition s 
tha t  provide d informatio n abou t  th e cu e values . 

Th e trainin g phas e consiste d o f  22 0 trials ,  wher e th e 
11 trainin g exen^lar s i n Tabl e 1  wer e presente d 2 0 
time s each .  Th e remainin g fiv e exemplar s wer e omitte d 
i n th e trainin g phase .  T w o differen t  trainin g set s wer e 
use d (Set s A  an d B  i n Tabl e 1) .  I n Se t  A ,  Exemplar s 5 , 
6,  an d 7  wer e omitted ;  i n Se t  B ,  Exemplar s 4 ,  9 ,  an d 10 . 
Th e exemplar s i n th e tw o trainin g set s wer e pair-wis e 
equa l  i n toxicit y an d th e omissio n o f  thes e exemplar s 
was thu s counterbalance d acros s th e trainin g sets . 

I n th e tes t  phase ,  al l  participant s judge d al l  1 6 exem -
plars ,  twic e wit h a n analogu e stimulu s forma t  an d twic e 
wit h a  propositiona l  stimulu s format .  Th e stimulu s 
format s wer e presente d i n tw o 2x1 6 blocks ,  th e orde r  o f 
whic h wa s counterbalance d acros s th e participants .  N o 
feedbac k wa s provide d i n th e tes t  phase .  Hal f  o f  th e 
participant s wer e traine d wit h analogu e stimul i  an d th e 
othe r  hal f  wit h propositiona l  stimuli ,  wherea s al l  par -
ticipant s wer e teste d wat h bot h presentatio n formats . 
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Resul t s 

Result s an d mode l  fit s  wer e collapse d ove r  th e ana -
logu e an d prepositiona l  conditions ,  a s th e ai m o f  thi s 
pape r  i s t o investigat e th e relativ e importanc e o f  menta l 
cu e abstractio n an d exempla r  memor y i n binar y an d 
continuou s tasks .  Figur e 4  present s mode l  fit s  (r ^  & 
Root  M e a n s Squar e Deviation )  an d m e a n judgments . 

Modal  ni l  Blnir y  In k Modal  til l  Conllnuou i  Ili t 

• i  MUD 
• 1 St H 

I—I  I — , n r -
•  HMID 

h i 

Crllarlo n Cnlanof l 

Figur e 4 :  Pane l  A :  M o d e l  fit s  fo r  th e binar y task .  Pane l 
B:  M o d e l  fits  fo r  th e continuou s task .  Pane l  C :  R e -
spons e proportion s i n th e binar y task .  Pane l  D :  M e a n 
judgment s i n th e continuou s task . 

Inspection of Figure 4C suggests exemplar effects in 
th e binar y judgmen t  tas k (notic e th e differenc e betwee n 
n e w an d ol d exemplar s wit h criterio n 55 ,  56 ,  an d 57) . 
T h e m e a n differenc e i n proportio n o f  dangerou s deci -
sion s betwee n ol d an d n e w intermediat e exen:q>lar s w a s 
-.3 3 ( 9 5 % C I :  -.4 5 — -.21) .  Bot h th e cu e abstractio n 
m o d el  an d th e exempla r  mode l  wer e fitted  t o data .  T h e 
fou r  parameter s i n eac h mode l  wer e estimate d wit h a 
Quas i -Newto n procedur e tha t  minimize d th e s u m o f 
square d deviation s betwee n dat a an d mode l  prediction s 
fo r  th e las t  11 0 trial s i n th e trainin g block .  Thes e pa -
rameter s wer e use d t o predic t  dat a i n th e tes t  phas e (i.e. , 
al l  fre e parameter s wer e determine d b y  trainin g dat a 
an d thu s produc e cross-validatio n fo r  trainin g exem -
plar s an d genuin e prediction s fo r  n e w exemplars) . 

T h e exeir^la r  m o d e l  i s clearl y superio r  i n th e binar y 
judgmen t  task .  T h e mode l  fit  indexe s i n Figur e 4 A fo r 
th e binar y task ,  R M S D an d r̂ ,  suggest s predominan t  us e 
o f  exen^la r  processe s wit h mode l  fits  almos t  identica l 
t o th e m e a n standar d erro r  i n dat a {SEKf )  an d t ^  abov e 
.90 .  I n th e continuou s task ,  th e mode l  fits  ar e m o r e 
ambiguous ,  althoug h ther e i s a  sligh t  advantag e fo r  th e 
cu e abstractio n mode l  (Figur e 4 B ) .  H o w e v e r ,  ther e ar e 
nonetheles s sign s o f  exempla r  effect s (e.g. ,  th e judg -
ment s fo r  th e extrem e exen:̂ >lar s ar e a t  th e leve l  of ,  o r 
below ,  th e judgment s fo r  th e second-to-mos t  extreme) . 

A compariso n betwee n th e t w o task s reveale d tha t  th e 
percentag e o f  participant s showin g exempla r  effect s 
droppe d fro m 8 1 % i n th e binai y tas k t o 6 3 % i n th e 
continuou s tas k ( p =  .06) . 

=i.:^.^.^.i.^i. i . j 

flo  ee i  sa a ss 3 aB 4 so a oe a aa 7 aaB.ea e a 
Criterio n 

Criterio n 

Figur e 5 :  Exempla r  effec t  i n th e dat a fo r  continuou s 
judgment s wit h di e s a m e trainin g an d tes t  stimuli .  Pane l 
A:  M e a n differenc e (slope )  wit h 9 5 % C I  betwee n eac h 
successiv e dat a poin t  Pane l  B :  M e a n absolut e differ -
enc e fro m th e correc t  valu e fo r  eac h dat a point . 

T h e sign s o f  exempla r  effect s ar e eviden t  i n Figur e 5 
presentin g dat a fo r  continuou s judgment s wit h th e s a m e 
trainin g an d tes t  stimuli .  Pane l  5 A plot s th e differenc e 
betwee n eac h successiv e dat a poin t  (slope )  i n a  grap h 
lik e Figur e 4 D .  Thi s slop e i s 1  fo r  perfec t  judgments . 
Pane l  5 A als o provide s th e slop e o f  th e bes t  fitting 
linea r  regressio n o f  th e m e a n judgment s o n th e crite -
rion.  Pane l  5 B present s th e m e a n absolut e erro r  o f 
judgmen t  fo r  eac h criterion .  I t  i s  clea r  tha t  th e slope s 
tur n negativ e fo r  th e extrem e criteri a (inabilit y t o ex -
trapolate )  wit h m o r e erro r  i n th e judgment s fo r  n e w 
exemplars .  Ther e i s  poore r  abilit y t o extrapolat e th e 
continuou s judgment s w h e n trainin g an d tes t  stimul i 
wer e i n th e s a m e forma t  (F(l ,  30 )  =  4.62 ,  p  =  .04) ,  thu s 
suggestin g m o r e exempla r  retrieval . 

T h e ambiguou s result s fo r  th e continuou s judgment s 
sugges t  tha t  th e group-leve l  dat a m a y actuall y b e a  m i x 
o f  th e tw o processes .  Investigatio n o f  individua l  par -
ticipant s indee d reveale d individua l  differences .  S o m e 
participant s relie d o n cue-abstraction ,  other s o n exem -
pla r  retrieva l  (Figur e 6) .  S o m e w h a t  arbitrarily ,  bu t  a s 
bench-mark ,  w e deeme d best-fittin g model s accountin g 
fo r  m o r e tha n 7 0 % o f  th e varianc e i n individua l  dat a a s 
producin g acceptabl e fit  O n thi s criterion ,  1 1 partici -
pant s ( 3 4 % )  wer e bes t  accounte d fo r  b y th e exempla r 
mode l ,  1 3 ( 4 1 % )  wer e bes t  accounte d fo r  b y th e cu e 
abstractio n mode l ,  wherea s 8  ( 2 5 % )  wer e no t  accounte d 
fo r  (r^<. 7 fo r  bot h models) .  I n sum :  althoug h ther e ar e 
exenpla r  effect s als o wit h a  continuou s criterion ,  ther e 
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i s  a n increase d prevalenc e o f  cu e abstractio n wit h som e 
participant s clearl y relyin g o n cu e abstraction . 

Figur e 6 :  Individual-participan t  data :  Pane l  A  exempli -
fie s a  participan t  guide d b y exempla r  retrieva l  an d 
pane l  B  a  participan t  guide d b y cu e abstraction . 

Discussion 

The questio n addresse d i n thi s articl e i s wh y th e theo -
retica l  conclusion s from  categorizatio n an d multipl e 
cue judgmen t  researc h ar e different ,  considerin g tha t 
th e tas k structur e i s s o simila r  (Figur e 1) .  Perhaps ,  th e 
most  salien t  differenc e betwee n th e paradigm s i s tha t 
categorizatio n ofte n involve s a  binar y wherea s multi -
ple-cu e judgmen t  ofte n involve s a  continuou s criterion . 

The result s sugges t  tha t  th e differentia l  emphasi s i n 
th e conclusion s i s no t  accidenta l  t o differen t  researc h 
traditions ,  wit h mor e cognitiv e modelin g i n categoriza -
tio n researc h an d mor e statistica l  modelin g i n multipl e 
cue judgmen t  research .  Changin g th e criterio n from 
binar y t o continuou s thu s create s a  shif t  from  exempla r 
memory t o a  mi x o f  exemplar -  an d rule-base d process -
in g tha t  involve s cu e abstractio n i n trainin g an d cue -
integratio n a t  th e tim e o f  judgment .  I n th e continuou s 
judgmen t  conditio n jus t  a s man y individua l  participant s 
extrapolate d appropriatel y an d relie d o n cu e abstractio n 
as o n exempla r  memory .  Figur e 6  highlight s th e indi -
vidua l  difference s i n preferre d representationa l  mod e 
(se e Shank s &  Darby ,  1998 ,  fo r  simila r  results) .  Thes e 
result s rais e th e questio n o f  th e appropriatenes s o f  th e 
routin e procedur e o f  applyin g quantitativ e model s t o 
group-leve l  data .  Th e exen^la r  retrieva l  wit h continu -
ous judgment s moreove r  seem s t o increas e whe n train -
in g an d tes t  condition s coincide . 

Ther e i s n o reaso n wh y exempla r  memor y shoul d no t 
be use d i n bot h task s (a s i t  indee d wa s b y som e partici -
pants) .  Exempla r  retrieva l  i s a n equall y efficien t  wa y t o 
solv e bot h tasks .  However ,  i t  seem s tha t  a s soo n a s th e 
feedbac k i s informativ e enough ,  peopl e eagerl y induc e 
explici t  rule-base d representations ,  correspondin g t o th e 
"rule-bias "  suggeste d b y Ashb y e t  al .  (1998) .  Thi s sug -
gest s tha t  peopl e chang e betwee n qualitativel y distinc t 
representatio n level s dependin g o n th e tas k propertie s 
(Ashb y e t  al. ,  1998 ;  Jone s e t  al ,  2000 ;  Jusli n e t  al. , 
2002) .  Jone s e t  al .  showe d tha t  peopl e spontaneousl y 
ten d t o integrat e cue s i n a  tas k lik e th e on e use d here , 
eithe r  explicitl y  b y cu e abstractio n o r  in:̂ )licitl y  b y 
exempla r  retrieval .  A  principle d understandin g o f  th e 

interpla y betwee n -  an d propertie s o f  -  thes e distinc t 
level s o f  representatio n i n huma n judgmen t  an d catego -
rization  shoul d b e a  prim e goa l  o f  cognitiv e science . 
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Abstrac t 

Natural language comprehension involves processing a 
multitud e o f  word s tha t  var y alon g man y dimensions ,  som e 
of  whic h ma y reflec t  statistica l  regularitie s i n language . 
Thes e variable s ma y diffe r  i n thei r  relativ e importanc e 
acros s variou s type s o f  word s an d tasks .  Thi s stud y use d a 
multipl e regressio n approac h t o investigat e potentiall y 
importan t  predictor s o f  noun-ver b processin g acros s 
naming,  grammatica l  categorization ,  an d sentenc e 
completio n tasks .  Althoug h ther e wer e som e indication s 
of  differen t  predictor s fo r  noun s v s ver b processing ,  th e 
stronges t  predictor s o f  respons e latencie s wer e primaril y 
determine d b y th e type s o f  processin g mos t  importan t  fo r  a 
give n task .  On e variabl e o f  particula r  interes t  wa s th e 
newl y create d Noun-Ver b Distributiona l  Differenc e 
( N V D D)  metri c develope d b y Chiarell o e t  al .  (1999) . 
N V DD value s reflec t  statistica l  regularitie s i n languag e 
regardin g th e typicalit y o f  th e context s i n whic h noun s 
and verb s ten d t o occur .  Th e result s sugges t  tha t  althoug h 
noun-ver b typicality ,  a s assesse d vi a th e N V D D,  i s a  vali d 
measur e o f  regularitie s i n noun-ver b context s withi n a 
linguisti c corpus ,  individual s ma y no t  b e ver y sensitiv e t o 
thi s dimensio n i n standar d psycholinguisti c processin g 
tasks . 

Introduction 

Single word recognition is a central component of language 
processing .  Th e typica l  approac h ha s bee n t o us e a  namin g 
or  lexica l  decisio n ( L D )  tas k an d a  factoria l  desig n t o 
investigat e th e processin g effec t  o f  on e o r  mor e variable s 
suc h a s familiarit y o r  imageabilit y  whil e holdin g othe r 
potentiall y  confoundin g variable s constant .  I n addition , 
most  singl e wor d recognitio n researc h ha s tende d t o us e 
word s o f  diffiden t  part s o f  speec h withou t  considerin g 
grammatica l  clas s (e.g. ,  noun s vs .  verbs) ,  o r  ha s focuse d o n 
concrete ,  imageabl e nouns .  Natura l  languag e 
comprehension ,  however ,  involve s processin g a  multitud e o f 
word s varyin g alon g m a n y dimensions .  Thes e dimension s 
m ay b e relativel y mor e o r  les s importan t  fo r  variou s wor d 
types ,  an d thei r  relativ e importanc e i s likel y t o var y acros s 
differen t  form s o f  languag e processin g (e.g. ,  wor d 
pronunciatio n v s grammatica l  identificatio n v s sentenc e 
integration) . 

Wit h a  fe w exception s (e.g. ,  Balot a &  Chumbley ,  1984 ; 
Balota ,  Cortese ,  &  Pilotti ,  1999) ,  ther e hav e bee n few 
attempt s t o investigat e th e relativ e importanc e o f  variou s 
orthographi c an d semanti c dimension s fo r  respondin g t o 

word s acros s task s usin g multipl e regressio n procedures . 
Thi s approac h provide s th e opportunit y t o sOid y man y 
variable s simultaneously ,  t o determin e whic h lexica l 
dimension s accoun t  fo r  th e greates t  amoun t  o f  varianc e i n 
reactio n tim e (RT )  an d accurac y fo r  a  particula r  task ,  an d t o 
asses s whethe r  th e varianc e accounte d fo r  i s  unique ,  o r  i s 
share d b y othe r  variables . 

Such a  regressio n approac h wa s use d i n th e presen t  stud y 
t o investigat e th e relativ e importanc e o f  differen t  lexica l 
dimension s acros s thre e languag e tasks .  T o ou r  knowledg e 
no prio r  regressio n stud y ha s examine d whethe r  variou s 
predicto r  variable s ar e equall y applicabl e t o word s o f 
differen t  grammatica l  class .  Thi s i s  a n importan t  issu e 
becaus e neuropsychologica l  researc h ha s show n tha t  noun s 
an d verb s appea r  t o b e processe d differend y i n th e brai n 
(e.g. ,  Daniel e e t  al. ,  1994 ;  Koeni g &  Lehmann ,  1996 ; 
Sereno ,  1999) .  I t  i s unclea r  whethe r  thes e difference s ar e du e 
t o neurall y separat e nou n an d ver b processin g systems ,  o r 
whethe r  thes e processin g difference s ar e mainl y du e t o 
differen t  semanti c dimension s tha t  covar y wit h wor d class . 
Investigatin g severa l  potentiall y  relevan t  dimension s usin g a 
regressio n approac h m a y b e informativ e regardin g thes e 
processin g difference s betwee n noun s an d verbs . 

O ne possibl e reaso n wor d recognitio n researc h ha s 
generall y bee n limite d t o concrete ,  imageabl e nouns ,  i s th e 
lac k o f  wor d normin g corpor a availabl e fo r  othe r  wor d types . 
A recen t  stud y b y Chiarello ,  Shears ,  an d Lun d (1999) , 
however ,  provide s imageabilit y  ratings ,  frequency  value s 
fro m th e Usene t  tex t  corpu s o f  th e Lun d an d Burges s (1996 ) 
Hyperspac e Analo g t o Languag e ( H A L )  model ,  an d a  ne w 
measur e o f  noun-ver b distributiona l  typicalit y (th e Noun -
Ver b Distributiona l  Difference ,  N V D D ,  metric) ,  fo r  a  se t  o f 
119 7 words :  55 5 "pure "  nouns ,  42 7 "pure "  verbs ,  an d 21 5 
word s "balanced "  fo r  noun-ver b usage ,  a s classifie d b y th e 
Franci s an d Kucer a (FK ,  1982 )  norms . 

Noun-Verb Distributional Typicality 

The ne w measur e o f  noun-ver b usag e develope d b y 
Chiarell o e t  al .  (1999 )  use s contex t  vector s fro m th e Lun d 
and Burges s (1996 )  H A L model ,  wher e word s occurrin g i n 
simila r  phrasa l  an d sententia l  context s ar e nearb y i n hig h 
dimensiona l  contex t  space .  Contex t  distance s wer e 
compute d betwee n eac h wor d an d eac h o f  th e 55 5 "pure " 
noun s (accordin g t o Franci s &  Kucera ,  1982 )  an d average d 
t o ge t  a  mea n nou n contex t  distanc e score .  M e a n ver b 
distanc e score s wer e similarl y obtaine d b y computin g an d 
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averagin g th e contex t  distance s betwee n eac h wor d an d th e 
42 7 "pure "  verb s (Franci s &  Kucera ,  1982) .  Th e mea n ver b 
contex t  distanc e wa s the n subtracte d fro m th e mea n nou n 
contex t  distance ,  fo r  eac h word ,  resultin g i n a  measur e 
referre d t o a s N V D D (Noun-Ver b Distributiona l  Difference) , 
indicatin g th e exten t  t o whic h th e wor d occur s i n context s 
tha t  ar e mor e typica l  o f  noun s o r  verbs .  Chiarell o e t  al . 
(1999 )  validate d th e N V D D measur e b y demonstratin g thei r 
stron g correlatio n wit h Franci s &  Kucer a (1982 )  estimate s o f 
noun-ver b usage ,  a s wel l  a s b y examinin g actua l  par t  o f 
speec h occurrence s fo r  a  subse t  o f  word s i n sentenc e context s 
from  th e Usene t  corpus . 

The N V D D measur e i s purel y computational ,  however , 
reflectin g statistica l  regularitie s o f  noun-ver b usag e i n th e 
languag e corpus .  Give n th e man y compellin g 
demonstration s o f  ho w informatio n abou t  statistica l 
regularitie s i n a  learner' s environmen t  ca n b e extracte d t o 
resul t  i n th e learnin g o f  variou s languag e phenomen a (e.g. , 
Elman ,  2001 ;  Saffran ,  2001a,b) ,  i t  wa s o f  interes t  t o 
determin e whethe r  th e N V D D i s psychologicall y relevan t  fo r 
languag e processing .  W e therefor e examine d whethe r 
individual s woul d demonstrat e a  sensitivit y t o th e 
contextua l  typicalit y  o f  noun s an d verb s i n thei r  performanc e 
on psycholinguisti c tasks .  Th e presen t  pape r  furthe r 
investigate s th e psychologica l  validit y o f  N V D D acros s 
thre e differen t  linguisti c tasks ,  whos e fmding s ca n b e 
compare d wit h ou r  previou s lexica l  decisio n results . 

Prior Lexical Decision Results 

Kacinik ,  Shears ,  an d Chiarell o (2000 )  reporte d regressio n 
result s investigatin g th e influenc e o f  imageabilit y  (eas e wit h 
whic h a  wor d arouse s a  menta l  image) ,  wor d length , 
experientia l  familiarity ,  N V D D ,  an d 2  measure s o f  frequency 
(FK ,  1982 ,  an d Usene t  corpus )  o n nou n an d ver b lexica l 
decisio n (LD )  respons e time s (RTs) . 

The result s indicate d tha t  noun-ver b typicalit y ( N V D D ) 
accounte d fo r  a  significan t  portio n o f  ver b R T o n it s own , 
but  i t  di d no t  accoun t  fo r  an y uniqu e varianc e wit h th e othe r 
variable s i n th e model .  Fo r  nouns ,  th e opposit e occurred , 
suc h tha t  N V D D di d accoun t  fo r  a  small ,  bu t  significan t 
portio n o f  uniqu e variance .  Thes e L D result s onl y partiall y 
suppor t  th e psychologica l  relevanc e o f  th e recentl y 
develope d N V D D metric ,  becaus e i t  wa s no t  a  ver y 
importan t  predictor .  L D ,  however ,  require s discriminatin g 
word s fro m nonwords ,  an d a s noun s an d verb s ar e bot h 
words ,  noun-ver b typicalit y m a y no t  reall y b e a  relevan t 
dimensio n fo r  makin g thi s discrimination .  Experiment s 2 
and 3  o f  th e curren t  stud y investigate d grammatica l 
categorizatio n an d sentenc e completio n tasks ,  bot h o f  whic h 
shoul d involv e languag e processe s fo r  whic h noun-ver b 
typicalit y coul d b e mor e relevant . 

The L D result s als o showe d differen t  variable s t o b e mor e 
or  les s importan t  fo r  predictin g nou n vs .  ver b R T . 
Specifically ,  imageabilit y  appeare d t o b e a  mor e importan t 
predicto r  fo r  ver b responses ,  wherea s frequency  appeare d t o 
be mor e importan t  fo r  nouns .  Mos t  importantly ,  however , 
th e result s indicate d tha t  althoug h frequency,  imageability . 

and N V D D coul d eac h accoun t  fo r  a  portio n o f  th e R T 
varianc e individually ,  the y faile d t o accoun t  fo r  m u c h uniqu e 
variance . 

The bigges t  predicto r  o f  R T wa s familiarity ,  individuall y 
accountin g fo r  5 0 % o r  6 0 % o f  th e variance ,  fo r  noun s an d 
verbs ,  respectively .  Moreover ,  whe n contribution s o f  th e 
othe r  variable s wer e partialle d out ,  aroun d hal f  o f  th e R T 
varianc e accounte d fo r  b y familiarit y appeare d t o b e uniqu e 
( 3 3 % fo r  noun s an d 3 0 % fo r  verbs) .  Familiarity' s 
importanc e i n predictin g L D R T s i s no t  surprisin g (e.g. , 
Balot a e t  al. ,  1999 ;  Gemsbacher ,  1984) ,  suggestin g tha t 
familiarit y i s probabl y th e mos t  importan t  dimensio n fo r 
discriminatin g betwee n word s an d nonwords .  Mor e 
surprising ,  however ,  wa s tha t  abou t  hal f  o f  th e varianc e 
accounte d fo r  b y familiarit y wa s unique . 

T o continu e examinin g predictor s o f  noun-ver b 
processing ,  an d th e psychologica l  relevanc e o f  th e N V D D 
metri c acros s variou s linguisti c processes .  Experimen t  1 
examine d wor d naming .  Experimen t  2  involve d noun-ver b 
decision ,  an d Experimen t  3  investigate d sentenc e 
completion . 

Experiment 1 

Thi s experimen t  investigate d whic h variable s woul d b e th e 
most  importan t  predictor s fo r  nou n an d ver b namin g 
latencies .  Wor d namin g entail s activatin g phonologica l 
representation s t o produc e a  voca l  pronunciatio n response , 
an d i s no t  though t  t o requir e muc h semanti c processin g 
(Balot a e t  al. ,  1999) .  Thi s i s i n contras t  t o lexica l  decision , 
as wel l  a s th e grammatica l  categorizatio n an d sentenc e 
completio n task s examine d i n Experiment s 2  an d 3 ,  whic h 
mainl y involv e activatin g semantic s t o mak e a  decisio n an d 
subsequen t  ke y pres s response .  Familiarity ,  frequency ,  an d 
lengt h wer e expecte d t o b e mos t  influentia l  becaus e o f  thei r 
likel y importanc e i n th e initia l  recognitio n processe s 
involve d i n activatin g phonologica l  representation s (Balot a 
et  al. ,  1999) .  I n addition ,  becaus e noun s an d verb s primaril y 
diffe r  i n meanin g an d grammatica l  class ,  w e di d no t  expec t 
difference s fo r  th e relativ e importanc e o f  predicto r  variable s 
i n thi s pronunciatio n task . 

Method 

M e an latencie s from  Spiele r  an d Balota' s (1997 )  youn g 
adul t  namin g corpu s wer e obtaine d fo r  25 1 noun s an d 13 1 
verb s foun d i n ou r  databas e o f  119 7 words .  Spiele r  an d 
Balot a repor t  tha t  thes e mea n R T s wer e obtaine d fro m 3 1 
Washingto n Universit y undergraduate s (mea n ag e =  22.6) , 
w ho name d a  tota l  o f  287 0 monosyllabi c words . 

Th e wor d length ,  N V D D ,  F K an d Usene t  frequencies, 
imageability ,  an d familiarit y value s fo r  eac h o f  thes e word s 
wer e take n fro m th e Chiarell o e t  al .  (1999 )  database .  Thes e 
6 predicto r  variable s wer e combine d wit h th e Spiele r  an d 
Balot a namin g latencie s a s th e dependen t  variable . 

Results and Discussion 

The multipl e regressio n result s fo r  nou n an d ver b namin g 
latencie s ar e show n i n Tabl e 1 .  W h e n al l  6  variable s wer e i n 
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Tabl e 1 :  N o u n an d ver b regressio n analyse s fo r  th e namin g task ,  Experimen t  1 . 

NOUNS 

NVDD 
Image 

Lengt h 
FK Fre q 

Usenet  Fre q 
Fam 

VERBS 

NVDD 
Image 

Lengt h 
FKFre q 

Usene t  Fre q 
Fam 

Spl ? ? T ^ m < ) ^ 
Varianc e 

.0 0 

.0 1 

.1 1 

.0 6 

.0 5 

.0 5 
Sol e Predicto r 

Varianc e 

.0 1 

.0 0 

.0 7 

.0 2 

.0 3 

.0 5 

Uniqu e Varianc e 
fsemi-partia l  î ) 

.0 0 

.0 0 

.1 2 

.0 1 

.0 0 

.0 3 
Uniqu e Varianc e 
(semi-partia l  i' ) 

.0 2 

.0 0 

.0 5 

.0 0 

.0 0 

.0 3 

Bet a 

-.0 0 
-.0 1 
.3 5 
-.2 4 
.0 9 

-.1 9 

Bet a 

.1 7 
-.0 1 
.2 3 
.0 4 

-.1 0 
-.2 5 

t  valu e 

-0.0 8 
-0.1 1 
6.0 8 
-1.6 9 
0.6 4 
-2.7 8 

t  valu e 

1.6 7 
-0.1 5 
2.5 2 
0.3 3 
-0.7 3 
-2.0 2 

t-tes t  sia .  o f  B 

E< 
ns 
ns 

.000 1 
ns 
ns 
.0 1 

t-tes t  si|j .  o f  P 

E< 
ns 
ns 
.0 5 
ns 
ns 
.0 5 

Note :  R ^  =  .21 .  F(6 .  245 )  =  70.57 ,  E<.0001.fo r  nouns ,  a n d R '  =  .12 .  F(6 .  121 )  =  2.87 .  s^.OS.fo r  verb s 

th e regression ,  the y significantl y accounte d fo r  2 1 % o f  th e 
R T varianc e fo r  nouns ,  an d onl y 1 2 % o f  varianc e fo r  verbs . 
I t  thu s appear s tha t  th e lexica l  dimension s typicall y though t 
t o influenc e wor d namin g ar e relativel y mor e importan t  fo r 
noun s tha n verbs .  Furthe r  examinatio n o f  th e results , 
however ,  suggest s tha t  althoug h bot h frequency  measure s 
appea r  t o b e additionall y influentia l  fo r  nouns ,  the y d o no t 
accoun t  fo r  an y uniqu e variance .  Th e varianc e the y accoun t 
fo r  appear s t o b e subsume d b y lengt h an d familiarity . 
Indeed ,  th e mai n conclusio n from  thes e result s i s  tha t 
simila r  dimension s (lengt h an d familiarity )  wer e mos t 
importan t  predictor s fo r  bot h nou n an d ver b R T s .  Thes e 
finding s ar e i n contras t  t o th e previou s L D result s where , 
afte r  familiarity ,  ther e wa s som e indicatio n tha t  differen t 
predictor s wer e importan t  fo r  nou n v s ver b processing .  Thi s 
suggest s tha t  noun-ver b processin g difference s ar e du e t o 
semantic s and/o r  resul t  from  postlexica l  processing . 

N V DD wa s no t  foun d t o b e a  significan t  predicto r  fo r 
nou n latencies ,  an d wa s onl y marginall y significan t  fo r 
verbs ,  accountin g fo r  2 % uniqu e variance .  Thus ,  bot h th e 
L D an d namin g result s provid e minima l  suppor t  tha t 
individual s ar e sensitiv e t o regularitie s i n th e context s i n 
whic h noun s an d verb s occur .  Anothe r  possibilit y i s  tha t 
neithe r  o f  thes e task s involve s explicitl y  activatin g wor d 
clas s information .  Perhap s a  tas k tha t  doe s requir e explici t 
activatio n o f  nou n o r  ver b meanin g and/o r  grammatica l  clas s 
information ,  wil l  sho w greate r  effect s o f  noun-ver b 
typicality . 

E x p e r i m e n t  2 

This  experiment investigated the relevance of the typicality 
of  context s i n whic h noun s an d verb s ten d t o occu r  ( N V D D ) 
fo r  decidin g whethe r  a  wor d i s a  nou n o r  verb .  I n contras t  t o 
L D an d naming ,  thi s tas k require s th e explici t  activatio n o f 

grammatica l  clas s informatio n i n orde r  t o mak e th e noun -
ver b decision . 

Method 

Participants 
Fort y nativ e Englis h speakin g Universit y o f  California , 
Riversid e undergraduate s (2 0 males )  participate d i n th e 
experimen t  i n exchang e fo r  cours e credi t  o r  pa y ($6.00) . 

Stimuli 
The sam e se t  o f  15 2 noun s an d 13 7 verbs ,  varyin g i n 
N V D D,  from  Kacini k e t  al .  (2000 )  wer e employe d here . 

Procedure 
Each tria l  bega n wit h th e presentatio n o f  a  40 0 m s fixation 
point ,  followe d b y 10 0 m s blan k screen ,  whic h wa s 
followe d b y presentatio n o f  th e targe t  word .  Participant s 
wer e require d t o decid e whethe r  eac h ite m wa s a  nou n o r  a 
ver b b y makin g a  butto n pres s respons e a s quickl y a s 
possible .  Target s remaine d o n th e scree n unti l  the y 
responded ,  an d th e inter-tria l  interva l  wa s 150 0 ms . 
Participant s wer e tol d tha t  noun s wer e word s namin g a 
quality ,  person ,  place ,  o r  thing ,  whil e verb s ar e word s tha t 
expres s a n actio n o r  th e occurrenc e o f  a n event ,  an d give n 
some example s o f  each .  Fiftee n practic e trial s precede d th e 
experiment . 

Results and Discussion 

The nou n an d ver b multipl e regressio n analyse s ar e 
presente d i n Tabl e 2 .  W h e n al l  th e variable s wer e include d 
i n th e regressio n model ,  i t  wa s bette r  a t  predictin g noun -
ver b decisio n tha n namin g latency ,  suc h tha t  4 4 % o f  th e R T 
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Tabl e 2 :  Nou n an d ver b regressio n analyse s fo r  th e noun-ver b decisio n task ,  Experimen t  2 . 

NOUNS 

NVDD 
Image 
Lengt h 

FKFre q 
Usenet  Fre q 

Fam 
VERBS 

NVDD 
Image 
Lengt h 

FKFre q 
Usenet  Fre q 

Fam 

Sol e Predicto r 
Varianc e 

.0 4 
37 
.0 2 
.0 1 
.0 1 
.0 5 

Sol e Predicto r 
Varianc e 

.1 0 

.2 4 

.0 0 

.0 1 

.0 2 

.1 8 

Uniau e Varianc e 
fsemi-partia l  î ) 

.0 3 

.2 8 

.01 

.0 0 

.0 0 

.01 
Uniqu e Varianc e 
(semi-partia l  i' ) 

.0 7 

.1 7 

.0 0 

.01 

.01 

.0 3 

Bet a 

.1 9 
-.5 7 
.1 2 

-.0 1 
-.1 0 
-.1 1 

Bet a 

-.2 8 
-.4 4 
.0 1 
.1 1 
-.1 2 
-.2 0 

t  valu e 

2.8 7 
-8.5 0 
1.8 2 
-0.0 6 
-0.8 9 
-1.4 3 

t  valu e 

-3.7 9 
-6.0 8 
0.0 9 
1.1 6 
-1.3 0 
-2.4 0 

t-tes t  sie .  o f  B 

E< 
.00 5 
.000 1 

ns 
ns 
ns 
ns 

t-tes t  sis .  o f  p 

E< 
.00 1 
.000 1 

ns 
ns 
ns 
.0 5 

Note:R^ = .44 .  F(6 .  144) = 18.57 .  p<.0001 .  fornouns .  an d R ^  =  .40 .  F(6 .  123) = 14.39 .  2<.0001 .  fo r  verb s 

varianc e fo r  nouns ,  an d 4 0 % o f  th e R T varianc e fo r  verbs , 
was accounte d for . 

For  nouns ,  imageabilit y  followe d b y N V D D wa s th e mos t 
significan t  predicto r  o f  noun-ver b decisio n times .  Althoug h 
familiarit y individuall y accounte d fo r  5 % o f  th e nou n R T 
variance ,  i t  wa s no t  foun d t o contribut e a  significan t  amoun t 
of  uniqu e variance .  Imageabilit y  an d N V D D wer e als o th e 
most  importan t  predictor s o f  uniqu e varianc e fo r  verbs . 
Familiarit y wa s als o a  stron g predicto r  o f  ver b latenc y o n it s 
own,  bu t  i n contras t  t o th e nou n results ,  i t  als o accounte d 
fo r  a  smal l  significan t  uniqu e amoun t  o f  variance . 

Imageabilit y  therefor e appear s t o b e th e mos t  influentia l 
dimensio n fo r  decidin g whethe r  a  wor d i s a  nou n o r  a  verb . 
Furthermore ,  muc h o f  imageability' s contributio n an d th e 
varianc e i t  account s fo r  seem s t o b e unique .  Ther e i s als o 
some indicatio n tha t  imageabilit y i s  mor e importan t  fo r 
noun s tha n verb s i n th e noun-ver b decisio n task .  Thi s i s 
contrar y t o th e L D results ,  wher e imageabilit y  appeare d 
somewhat  mor e importan t  fo r  verbs .  A  possibl e explanatio n 
fo r  thes e result s i s  tha t  sinc e noun s ar e generall y mor e 
imageabl e tha n verbs ,  a  highl y imageabl e concret e wor d 
encountere d i n th e contex t  o f  th e noun-ver b decisio n tas k 
must  b e a  nou n an d coul d b e responde d t o ver y rapidl y 
(Chiarell o e t  al. ,  1999) .  A  negativ e correlatio n shoul d thu s 
be expecte d betwee n imageabilit y  an d decisio n latencie s fo r 
verbs ,  becaus e lo w imageabilit y  word s ar e mor e likel y t o b e 
verb s (Chiarell o e t  al. ,  1999) ,  an d shoul d b e responde d t o 
quickly .  Th e obtaine d correlation ,  however ,  wa s positive , 
suggestin g tha t  imageabilit y  doe s no t  facilitat e th e noun -
ver b decisio n pe r  se .  Instead ,  w e sugges t  i t  facilitate s earlie r 
processe s suc h a s th e spee d o f  wor d meanin g activation , 
enablin g subsequen t  noun-ver b decision s t o b e mad e mor e 
rapidly . 

As expected ,  noun-ver b typicalit y ( N V D D )  wa s 
significantl y correlate d wit h bot h nou n an d ver b decisio n 

latencie s ( r  =  .21 ,  e<.01 ,  an d r  =  -.32 ,  e<.0001 , 
respectively) .  Give n tha t  noun-ver b decisio n doe s explicitl y 
involv e processin g par t  o f  speec h information ,  i t  i s 
surprisin g tha t  N V D D wa s no t  mor e importan t  an d onl y 
accounte d fo r  3 % an d 7 % uniqu e varianc e fo r  noun s an d 
verbs ,  respectively .  Recall ,  however ,  tha t  th e N V D D i s a 
measur e o f  th e typicalit y o f  context s i n whic h noun s an d 
verb s occur .  Al l  task s investigate d thu s fa r  involve d singl e 
wor d processing ,  an d m a y no t  reflec t  th e influenc e o f  th e 
fundamentall y contextua l  natur e o f  th e N V D D metric .  I t  i s 
possibl e tha t  N V D D m a y b e mos t  relevan t  fo r  processin g 
word s i n sentenc e contexts . 

Experiment 3 

Thi s experimen t  investigate d whethe r  noun-ver b contextua l 
typicalit y woul d influenc e respons e spee d fo r  decidin g 
whethe r  a  wor d coul d b e sensibl y integrate d int o a n 
incomplet e sentence .  I f  sentenc e contex t  i s  assume d t o 
constrai n possibl e completions ,  faste r  latencie s woul d b e 
expecte d fo r  word s tha t  ar e highl y typica l  noun s o r  verb s 
tha n fo r  word s les s typica l  o f  thei r  grammatica l  class . 

Method 

Participants 
Fort y nativ e Englis h speakin g Universit y o f  California , 
Riversid e undergraduate s (2 0 males )  participate d i n th e 
experimen t  i n exchang e fo r  cours e credi t  o r  pa y ($6.00) . 

Stimuli 
Incomplet e sentenc e frames,  whic h coul d b e sensibl y 
complete d b y eithe r  a  hig h o r  lo w N V D D nou n o r  verb , 
wer e created .  Fo r  example ,  punis h an d smac k ar e hig h an d 
lo w N V D D ver b completion s fo r  "th e fathe r  wante d t o 
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hi s so n " ,  respectively ,  an d taver n an d pu b ar e hig h 
and lo w typicalit y nou n completion s fo r  "The y walke d int o 
th e " .  W c create d suc h incomplet e sentence s fo r  8 0 
verb s (4 0 hig h an d 4 0 low )  an d 8 8 noun s (4 4 hig h an d low ) 
from  th e se t  o f  15 2 noun s an d 13 7 verb s use d b y Kacini k e t 
al .  (2000) .  Sentence s wer e norme d an d balance d fo r 
sensibilit y  an d cloz e probability .  Nonsensica l  completion s 
wer e create d b y re-pairin g sentenc e frames  an d targe t  word s 
(e.g. ,  Sh e ha d t o punis h th e text) . 

Procedure 
Each tria l  bega n wit h th e presentatio n o f  a  50 0 m s fixatio n 
point ,  immediatel y followe d b y th e î pearanc e o f  th e 
incomplet e sentence .  Afte r  120 0 m s ,  th e targe t  wor d 
appeare d abov e th e sentence ,  allowin g participant s enoug h 
tim e t o rea d th e sentenc e prio r  t o th e target' s appearance . 
Bot h th e sentenc e an d targe t  wor d remaine d o n th e scree n 
unti l  the y responded .  Participant s ha d t o decid e whethe r  th e 
targe t  wor d wa s a  sensibl e completio n t o th e sentenc e an d 
responde d b y pressin g a  ke y a s quickl y an d accuratel y a s 
possible .  Th e inter-tria l  interva l  wa s 100 0 ms .  Twenty-fou r 
practic e trial s wer e complete d prio r  t o th e experiment . 

Results and Discussion 

Tabl e 3  present s result s from  regressio n analyse s fo r  th e 
relate d conditio n (i.e. ,  whe n th e nou n o r  ver b wa s a  goo d 
completio n t o th e sentence) .  Contrar y t o ou r  predictions , 
noun-ver b contextua l  typicalit y ( N V D D )  wa s no t  foun d t o 
be relevan t  fo r  sentenc e integration ,  a  tas k wher e i t  wa s 
expecte d t o strongl y influenc e processing .  Indeed ,  i t  i s 
surprisin g tha t  wit h th e exceptio n o f  Usene t  frequency  fo r 
noun s ( r  =  -.22 ,  B < 0 1 )  an d imageabilit y  fo r  verb s ( r  =  -.25 , 
g<.01) ,  non e o f  th e variable s wer e significantl y correlate d 
wit h decisio n latencies .  N o u n R T di d no t  correlat e wit h 
N V DD ^  =  - .  18 ,  ns) ,  imageabilit y  ( r  =  -.20 ,  ns) ,  lengt h ( r  = 

.07 ,  ns) ,  F K freq(r  =  -.12 ,  na) ,  an d familiarit y ( r  =  -.11 , 
ns) .  Ver b R T wa s als o no t  correlate d wit h N V D D ( r  =  - .  16 , 
as) ,  lengt h ( r  =  .09 ,  nj) ,  F K freq  ( r  =-.01 ,  nj) ,  Usene t  freq 
(r  -  - .  10 ,  m ) ,  an d familiarit y ( i  =» - .  11 ,  qs) .  Thes e result s 
sugges t  tha t  lexical -  semanti c dimension s identifie d a s bein g 
importan t  fo r  singl e wor d recognitio n ar e muc h les s relevan t 
fo r  integratin g word s int o sentences .  Indeed ,  whe n al l  th e 
variable s ar e i n th e regressio n model ,  the y onl y accoun t  fo r  a 
marginall y significan t  (13% )  portio n o f  varianc e fo r  nouns , 
and a  non-significan t  1 2 % o f  th e varianc e fo r  verbs . 

One possibl e explanatio n i s  tha t  thes e ar e lexica l 
variables ,  representin g characteristic s o f  singl e words ,  an d 
thi s tas k i s primaril y measurin g sentenc e integration .  Th e 
natur e o f  th e sentence ,  therefore ,  i s als o a n importan t  sourc e 
of  varianc e fo r  thi s task .  Indeed ,  i t  m a y eve n b e th e mos t 
important ,  suggestin g tha t  perhap s "sentence-leve l 
variables "  suc h a s sentenc e length ,  imageability ,  o r 
meaningfulness ,  woul d b e bette r  predictor s o f  decisio n 
latency .  Anothe r  possibilit y  i s  tha t  thes e lexica l  variable s 
ar e stil l  importan t  fo r  initia l  wor d recognitio n an d meanin g 
activation ,  bu t  tha t  thei r  influenc e dissipate s onc e a  wor d 
has bee n recognized ,  suc h tha t  the y ar e no t  involve d i n 
higher-leve l  sentenc e integratio n processes .  Thi s woul d 
predic t  thes e lexica l  dimensions ,  an d possibl y N V D D ,  t o 
significantl y contribut e t o initia l  wor d recognitio n processe s 
tha t  happe n i n on-lin e sentenc e comprehension . 

General Discussion 

The relativ e influenc e o f  variable s o n processin g noun s an d 
verb s i n naming ,  noun-ver b decision ,  an d sentenc e 
completio n task s wa s investigated .  Ther e wer e som e 
indication s i n ou r  previou s lexica l  decisio n result s that ,  afte r 
familiarity ,  differen t  dimension s migh t  var y i n term s o f  thei r 
relativ e importanc e fo r  nou n versu s ver b processing . 

Tabl e 3 :  Noun-ver b regressio n analyse s fo r  th e sentenc e completio n task .  Experimen t  3 . 

NOUNS 

NVDD 
Image 
Lengt h 

FKFre q 
Usenet  Fre q 

Fam 
VERBS 

NVDD 
Image 
Lengt h 

FKFre q 
Usene t  Fre q 

Fam 

Sol e Predicto r 
Varianc e 

.0 3 

.0 4 

.0 0 

.0 1 

.0 5 

.01 
Sol e Predicto r 

Varianc e 

.0 3 

.0 6 

.01 

.0 0 

.01 

.0 4 

Uniqu e Varianc e 
(semi-partia l  t' ) 

.0 3 

.0 5 

.0 0 

.0 0 

.0 4 

.01 
Uniqu e Varianc e 
(semi-partia l  i' ) 

.0 3 

.0 5 

.0 0 

.01 

.01 

.0 0 

BeU 

-.1 8 
-.2 5 
.0 1 
.0 3 

-.2 8 
.1 1 

Bet a 

-.1 7 
-.2 5 
.0 1 
.1 9 

-.2 0 
-.0 5 

t  valu e 

-1.5 7 
-2.2 4 
-0.0 8 
0.1 8 
-1.8 5 
0.8 1 

t  valu e 

-1.4 5 
-2.1 2 
0.1 0 
1.0 4 
-1.0 2 
-0.3 8 

t-tes t  sig .  o f  B 

E< 
ns 
.0 5 
ns 
ns 
.1 0 
ns 

t-tes t  sie .  o f  B 

E< 
ns 
.0 5 
ns 
ns 
ns 
ns 

Note:R^ = .13 ,  F(6 .  81 )  =  1.96 .  ̂ . 1 0 ,  fo r  nouns ,  an d R ^  =  .12 ,  F(6 .  73 )  =  1.66 .  ns^forverb s 
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Althoug h th e presen t  stud y als o foun d som e evidenc e tha t 
differen t  variable s wer e relativel y mor e importan t  fo r  th e 
processin g o f  noun s v s verb s acros s tasks ,  thes e difference s 
wer e fairl y  subtle .  The y generall y involve d difference s i n th e 
strength s o f  relationship s betwee n variable s an d R T ,  o r  i n 
th e uniqu e amoun t  o f  varianc e accounte d fo r  b y eac h 
variable .  Thus ,  th e mai n conclusio n fro m thi s stud y shoul d 
be tha t  th e stronges t  predictor s o f  R T d o no t  depen d o n 
wor d clas s pe r  se ,  bu t  ar e determine d primaril y b y th e typ e 
of  processin g necessar y fo r  a  give n task .  Specifically ,  wor d 
lengt h an d familiarit y wer e mos t  importan t  fo r  namin g bot h 
noun s an d verbs ,  familiarit y i s th e mos t  importan t 
dimensio n fo r  discriminatin g word s an d nonword s 
(regardles s o f  whethe r  th e ite m i s a  nou n o r  verb) , 
imageabilit y  an d noun-ver b typicalit y wer e mos t  relevan t  fo r 
decidin g whethe r  a  wor d i s a  nou n o r  verb ,  an d imageabilit y 
was th e mos t  relevan t  lexica l  variabl e fo r  integratin g word s 
int o sentences . 

A variabl e o f  particula r  interes t  i n th e curren t  stud y wa s 
th e typicalit y o f  context s i n whic h noun s an d verb s ten d t o 
occur ,  a s measure d b y Chiarell o e t  al.' s  (1999 )  recen t 
N V DD metric .  Despit e th e fac t  N V D D capture s statistica l 
regularitie s o f  noun-ver b usag e base d o n th e typicalit y o f 
context s i n whic h the y ten d t o occu r  (Chiarell o e t  al. , 
1999) ,  i t  doe s no t  see m ver y relevan t  fo r  th e processin g o f 
noun s an d verb s acros s a  variet y o f  tasks .  Som e result s di d 
find  noun-ver b typicalit y t o correlat e wit h lexica l  an d noun -
ver b decisio n latencies .  I n thes e cases ,  however ,  par t  o f  tha t 
correlatio n wit h R T wa s als o accounte d fo r  b y othe r 
variables ,  suc h tha t  th e uniqu e portion s o f  varianc e 
accounte d fo r  b y N V D D wer e rathe r  small .  Thi s wa s tru e 
eve n i n task s wher e noun-ver b typicalit y wa s expecte d t o 
influenc e processing . 

Ther e i s n o doub t  tha t  individual s ar e sensitiv e t o som e 
statistica l  regularitie s presen t  i n th e languag e environment , 
many o f  whic h ca n affec t  processin g (e.g. ,  Saffran ,  2001a) , 
The presen t  findings  suggest ,  however ,  tha t  thi s ma y no t  b e 
tru e fo r  al l  suc h regularities .  Th e typicalit y o f  context s i n 
whic h noun s an d verb s ten d t o occur ,  a s measure d vi a 
N V D D,  appear s t o b e a  vali d regularit y withi n a  linguisti c 
corpus .  Ye t  individual s ma y no t  b e ver y sensitiv e t o thi s 
dimensio n i n standar d psycholinguisti c tasks . 
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Abstrac t 

This research adapts theories of graph comprehension to 
investigat e th e foctors  afficctin g ho w easil y a  grap h ca n b e 
described .  W e fin d tha t  th e structur e o f  a  graph—th e numbe r 
of  visua l  chunk s (visuall y distinc t  unit s o f  information )  t o b e 
described—influence s * c conununicativ e qualit y o f  elicite d 
descriptions .  Th e wor k extend s ou r  understandin g o f  grap h 
comprehensio n b y investigatin g th e relationshi p betwee n 
con îfehensio n an d descriptio n processes .  Thi s researc h 
occur s i n th e contex t  o f  understandin g ho w t o desig n 
graphica l  descriptio n task s fo r  th e Tes t  o f  Spoke n English . 

Introduction 

Grain s ar e a  ubiquitou s communicatio n tool .  Instructor s 
describ e graph s t o communicat e concq)ts ,  perhap s requirin g 
student s t o uncove r  a  graph' s mai n point .  A  doao r  m i ^ t 
describ e a  grap h t o a  patien t  t o m a k e a  poin t  abou t  treatmen t 
("se e h o w you r  cholestero l  leve l  ha s bee n decreasin g sinc e 
yo u bega n th e ne w diet?') .  Ye t  w e kno w littl e abou t  th e 
cognitiv e processe s engage d whe n peopl e describ e a  grai^ . 
Researc h o n grap h descriptio n ca n contribut e t o oa i 
understandin g o f  h o w peopl e integrat e visua l  an d verba l 
inframatio n i n th e performanc e o f  everyda y tasks .  Fro m a 
practica l  standpoint ,  suc h researc h ca n provid e guideline s 
fo r  designin g graph s tha t  facilitat e description . 

Instead ,  m u c h o f  th e researc h o n graph s ha s focuse d o n 
grap h comprehension—ho w w e encod e an d interpre t 
element s o f  a  grap h t o dra w ou t  ke y piece s o f  informatio n 
(CarpentC T &  Shah ,  1998 ;  Lohse ,  1993 ;  Pinker ,  1990) , 
typicall y i n respons e t o relativel y narro w task s (e.g. ,  " W h o 
ha d a  greate r  marke t  shar e i n 19837') .  Th e fe w studie s tha t 
investigat e spontaneou s description s o f  graph s hav e focuse d 
on wha t  i s describe d (e.g. ,  globa l  ti-ends  vs .  local ,  piecemea l 
description s [Carswell ,  1993 ;  Carswel l  e t  al. ,  1998] ;  ti-ends 
vs .  comparison s [Zack s &  Tversky ,  1999] )  an d th e 
organizatio n o f  th e description s (Shah ,  Hegarty ,  &  Mayer , 
1999 ;  se e below )  ratho -  tha n o n th e communicativ e qualit y 
of  th e description .  O n e reaso n fo r  thi s oversigh t  migh t  b e 
th e lac k o f  a  rigorou s measur e o f  communicativ e quality . 

I n th e wor k presente d herein ,  w e appl y a  theor y o f  grap h 
comprehoisio n t o predic t  th e characteristic s o f  graph s tha t 
facilitat e descriptiv e conununication .  T o measur e th e 
qualit y o f  description s produce d b y alternativ e graphs ,  w e 
us e a  theoreticall y grounde d an d empiricall y validate d 
measur e o f  conununicativ e qualit y th e scorin g rubri c fro m 
th e Tes t  o f  Spoke n Englis h (TSE*) . 

Th e nex t  sectio n provide s som e backgroun d o n th e TSE , 
it s scorin g rubric ,  an d th e real-worl d proble m tha t  motivate d 
thi s research . 

The Test of Spoken English 

The real-world problem 

Th e goa l  o f  th e Tes t  o f  Spoke n Englis h (TSE )  i s t o measur e 
a test-taker' s communicativ e competenc e i n Norther n 
America n English .  I t  i s take n b y approximatel y 30,00 0 non -
U.S .  citizen s eac h year ,  w h o ar e seekin g t o b e teachin g 
assistant s o r  healthcar e professional s i n th e U.S .  Th e tes t 
consist s o f  1 2 question s dia t  elici t  a  rang e o f  communicatio n 
function s (e.g. ,  describe ,  compare ,  stat e opinion )  throug h a 
variet y o f  visua l  an d verba l  prompts ,  lii e question s ar e 
presente d visuall y i n a  bookle t  an d aurall y b y a  tape d 
interviewer ;  test-takers '  spoke n response s ar e recorded . 
Response s ar e score d b y traine d rater s employin g a  well -
define d scorin g rubri c (se e below) . 

O ne questio n (illustî te d i n Figur e 1 )  prompt s fo r  a 
descriptio n o f  a  statistica l  graph .  Test-taker s ar e give n on e 
minut e t o respond .  Th e tas k mirror s th e typ e o f 
communicatio n usin g graph s don e b y teachin g assistant s 
and healthcar e professionals .  Non e o f  th e othe r  1 1 question s 
present s a  dat a graph . 

The grap h belo w show s wha t  peopl e o f  tw o ag e group s valu e abou t 
thei r  wor k Describ e th e informatio n give n i n th e graph . 

WHAT PEOPLE VALUE ABOUT WORK 

B Goo d Hour s 
•  Salar y 
n Interestin g Wock 
D Lo w Stres s 
•  Pleasan t  Colleague s 

Age5ft« ) 

Figur e 1 :  Dlustrativ e grap h questio n [Fewe r  visua l  chunks] . 

This type of graph-descnption question occasionally 
pose s problem s fo r  T S E scoring .  Accordin g t o th e raters , 
CCTtai n graph s elici t  speec h tha t  display s a  lowe r  abilit y  i n 
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Englis h tha n woul d b e expecte d base d o n response s t o al l 
othe r  tes t  questions .  However ,  man y graph s evidence d n o 
suc h difficulties .  Analyse s o f  dat a fro m th e pas t  tw o year s 
of  T S E administration s confir m tha t  grap h descriptio n 
question s ar e mor e likel y tha n question s wit h non-grap h 
prompt s t o elici t  suc h discrepan t  performanc e (Katz ,  Xi , 
Kim ,  &  Cheng ,  2002) . 

The issu e o f  wha t  charactaistic s o f  a  grap h lea d t o 
description s tha t  communicat e bette r  i s critica l  t o th e T S E . 
I f  a  grap h i s har d t o describe ,  i t  migh t  giv e a n unfai r 
advantag e t o test-taker s wit h bette r  graph-readin g skill s  (i.e. , 
a mor e sophisticate d "grap h schema" ;  Pinker ,  1990) ,  w h o 
can mak e sens e o f  poorl y constructe d graphs .  A  test-tako-' s 
abilit y  t o rea d an d interpre t  graph s shoul d no t  influenc e 
thei r  scor e o n a  grap h question .  Indeed ,  th e accurac y o f  a 
person' s respons e t o a  grap h ite m i s no t  considere d i n th e 
score ,  oil y  th e degre e t o whic h th e perso n evidence s certai n 
competencie s associate d wit h spoke n English . 

The challeng e i s t o creat e graph s tha t  oxitai n enoug h 
informatio n s o a s no t  t o trivializ e th e descriptio n (whic h 
woul d eliminat e an y difference s betwee n test-takCTs )  ye t  ar e 
straightforwar d t o describe ,  allowin g test-taker s t o sho w of f 
thei r  conmiunicativ e skil l  withou t  othC T factor s gettin g i n 
th e way .  Ultimatel y w e see k t o develo p guideline s fo r  th e 
developmen t  o f  grap h question s tha t  validl y measur e 
communicativ e competence . 

TSE Scoring Rubric 

Response s t o T S E prompt s ar e score d accordin g t o th e 
publishe d 'TS E S C O RE B A N D D E S C R I P T OR C H A R T ' 
(TOEFL ,  2001) .  Thi s scorin g rulMi c define s fou r  ke y 
communicativ e competencies :  discourse ,  fiinctional , 
sociolinguistic ,  an d linguisti c competence .  Th e char t  als o 
specifie s th e type s o f  respons e characteristic s fo r  thes e 
competencie s a t  eac h o f  th e five  possibl e scor e level s (20 , 
30 ,  40 ,  50 ,  an d 60) .  Althoug h thes e severa l  competencie s 
ar e considere d durin g scoring ,  eac h respons e receive s a 
single ,  holisti c scor e representin g th e raters '  judgmen t  o f 
whic h scor e ban d leve l  wa s bes t  evidence d i n th e response . 
The scor e ban d char t  an d associate d trainin g material s wer e 
develope d base d o n researc h int o th e component s o f 
communicativ e competenc e (Dougla s &  Smith ,  1997 ; 
Powers ,  Schedl ,  Wilsai-Leung ,  &  BuiIct ,  1999) . 

T wo communicativ e competencie s ar e particularl y 
relevan t  t o th e issu e o f  grap h comprehaision :  discours e 
competenc e an d functiona l  com[>etence . 

Discours e competenc e relate s t o th e coherenc e an d 
cohesivenes s o f  a  response .  I s th e respons e wel l  organize d 
and wel l  developed ,  an d doe s th e speake r  cu e th e listene r  t o 
th e organizatio n (e.g. ,  "Firs t  w e se e that..., "  "I n 
contrast...") ? Fo r  th e grap h i n Figur e 1 ,  a  partia l  respons e 
demonstratin g lo w discours e competenc e is :  (ellipse s refe r 
t o shor t  pause s i n speech ) 

the good hours...ah for age...ah,...between age ...50 
(I )  an d 6 0 i s te n percent....And...th e pleasan t 

...colleagues...for...ah...fo r  age...2 0 t o 30...i s  te n 
percent...and..a h for...5 0 t o 6 0 i s twent y percent... . 

Response s lo w i n discours e competenc e ten d t o b e list -
like ,  consistin g o f  phrase s connecte d b y "and "  bu t  showin g 
neithe r  a  stron g organizin g structur e no r  development .  A 
respons e showin g stronge r  discours e competenc e is : 

...for adults...uh....between age two,...20 to 30,...they 
valu e interestin g wor k a s thei r  mos t  importan t 

(2 )  thing....well...fo r  th e ol d man...that' s no t 
important....Othe r  point s 1  shoul d compar e i s uh,—i s 
th e lo w stres s ...fo r  th e ol d m a n they...the y prefe r  lo w 
stres s and..whil e fo r  th e younge r  men.. . 

This response guides the listener better by using phrases 
suc h a s "fo r  th e ol d man... "  an d "Othe r  point s I  shoul d 
compare..." . 

Functiona l  cranpetenc e i s th e abilit y  t o us e languag e t o 
transfe r  informatio n an d idea s t o accomplis h a  goal .  I t  i s 
demonstrate d b y th e exten t  t o whic h a  perso n conununicate s 
an intende d goal .  Fo r  example ,  w e al l  kno w pwopl e w h o 
"bea t  aroun d th e bush "  whil e yo u ar e wonderin g whe n the y 
wil l  ge t  t o thei r  point .  Fo r  th e grap h i n Figur e 1 ,  a  partia l 
respons e demonstratin g lo w functiona l  competenc e is : 

Ok, people...around the age...20 to 30...1 guess 
starte d like...ah...jus t  youngsters...the y are...um.. . 

(3 )  the y goo d hour s u p lik e twent y percen t  ...and. . 
only...ah...a t  th e ag e o f  2 0 t o 3 0 ...thepeopl e wh o 
ar e intereste d ...ar e onl y fort y percen t 

This response does not communicate what information 
was provide d i n th e graph ,  partiall y  becaus e th e speake r 
misrepresent s th e meanin g o f  "goo d hours "  an d "interestin g 
work. "  Respons e (1) ,  i n contrast ,  doe s a  goo d jo b o f 
describin g th e informatio n an d s o wa s rate d higho '  o n 
functiona l  competenc e tha n wa s respons e (3) . 

Th e othe r  tw o competencie s appea r  les s likel y t o b e 
affecte d b y th e particula r  charactraistic s o f  a  graph . 
Sociolinguisti c competenc e i s th e abilit y  t o demonstrat e a n 
awarenes s o f  audienc e an d situatini .  Linguisti c 
competenc e refer s t o mor e basi c speec h issue s suc h a s 
vocabular y selection ,  pronunciation ,  an d syntax . 

The Theory 

Most  theorie s o f  grap h comprehensio n includ e th e 
processe s o f  (a )  encodin g a  visua l  featur e o f  th e grap h o r 
dat a (sometime s referre d t o a s a  "visua l  chunk" )  an d (b ) 
interpretin g tha t  featur e wit h respec t  t o basi c grap h 
knowledg e (e.g. ,  a  lin e goin g u p mean s somethin g i s 
increasing )  an d specifi c g r ^ h conten t  (e.g. ,  'Tsicycl e sale s 
ar e increasing") .  CarpentC T an d Sha h (1998 )  provid e 
evidenc e tha t  comprehensio n occur s throug h repeate d cycle s 
of  encodin g an d interpretation ,  buildin g u p mra- e inclusiv e 
understandin g o f  th e graph .  Thus ,  th e mor e informatio n (th e 
greate r  th e numbe r  o f  visua l  chunks )  i n a  grap h t o integrate , 
th e longe r  i t  take s t o comprdien d a  graph . 

We hypothesiz e tha t  fewe r  visua l  chunk s similarl y lea d t o 
highe r  qualit y descriptions .  Fewe r  piece s o f  informatio n t o 
describ e leave s mor e tim e an d cognitiv e resource s fo r 
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communicativ e task s suc h a s providin g cue s fo r  th e listene r 
as t o th e wganizatio n o f  th e description ,  describin g eac h 
piec e o f  informatio n succinctly ,  an d s o forth . 

W h at  ar e th e visua l  chunk s i n multi-variabl e ba r  graphs ? 
Shah,  Hegarty ,  an d Maye r  (1999 )  argu e tha t  eac h grou p o f 
bar s associate d wit h a  particula r  valu e o n th e x-axi s for m a 
visua l  chunk .  Consisten t  wit h thi s theory ,  participants ' 
description s o f  bar s grap h ten d t o b e organize d aroun d thes e 
chunks .  However ,  thi s impoverishe d definitio n depend s 
solel y M l  th e x-axi s scal e o f  th e graph,  accountin g neithe r 
fo r  th e visua l  propertie s o f  th e dat a no r  wha t  informatio n i s 
represente d b y eac h grou p o f  bars .  Th e presen t  wor k 
require s a  riche r  definitio n o f  visua l  chunks . 

Our  theoretica l  clai m i s tha t  a  visua l  chun k shoul d pla y 
di e sam e rol e a s a  propositio n i n tex t  comprehensio n model s 
(e.g. ,  Kintsch ,  1998) .  Tha t  is ,  i n additio n t o bein g visuall y 
distinc t  a s guide d b y Gestal t  principles ,  a  visua l  chun k mus t 
encod e a  singl e uni t  o f  infcxmation .  A  grou p o f  bar s nee d 
not  b e a  singl e visua l  chun k a s i s claime d b y Sha h e t  al . 
Rather ,  tha t  grou p woul d b e encode d a s a  singl e uni t  onl y i f 
i t  represente d a  singl e uni t  o f  informatio n (e.g. ,  "Olde r 
peopl e valu e salar y th e most") . 

Conside r  th e graph s show n i n Figure s 1  an d 2 .  Thes e 
graph s represen t  th e sam e dat a set ,  bu t  switc h th e variable s 
represente d alon g di e x  an d z  (ba r  shades )  dimoisions . 
Whic h dioul d b e easie r  t o describe ? Figur e 1  incorporate s 
fewe r  visua l  chunk s tha n doe s Figur e 2  (tw o vs .  five) ,  s o 
accordin g t o ou r  hypothesi s shoul d elici t  description s wit h 
highe r  communicativ e quality .  Figur e 1  ha s tw o group s o f 
bars ,  eac h wit h on e categor y tha t  i s m u d i  higho -  tha n th e 
rest :  describin g thi s featur e succinctl y summarize s th e dat a 
represente d i n di e group .  Thus ,  a  straightforwar d descriptio n 
woul d b e t o m a k e th e globa l  comparisc m withi n on e ag e 
grou p (e.g. ,  "Fo r  A g e 20-30 ,  interestin g wor k i s di e mos t 
important" )  an d die n di e othe r  ag e group .  Whil e suc h a 
respons e doe s no t  necessaril y  captur e ever y nuanc e o f  di e 
data ,  i t  doe s captur e th e essentia l  differenc e betwee n di e tw o 
groups .  B y ou r  enriche d definitio n o f  visua l  chunks ,  i t  i s 
importan t  tha t  eac h x-axi s grou p o f  bar s i n Figur e 1  contai n 
an obviousl y maxima l  value .  OthCTwise ,  eac h grou p migh t 
be perceive d a s separat e chunk s (eac h bar) ,  potentiall y 
diminishin g th e qualit y o f  description s tha t  th e grap h elicits . 

W H AT PEOPLE VALIN E A B O UT W O RK 

40%T 

30 % 4 

20 % ^ . 

10 % h 

n Ag e 20-3 0 
Age 5 0 ^ 

GoodHoun Sila y Inleralin t  Lo w Stret i  Pkata m 
Work (Mlagut t 

Figur e 2 ,  i n condast ,  ha s five  visua l  chunks :  di e reladv e 
heigh t  o f  di e bar s widii n eac h category .  Thus ,  mor e tim e i s 
neede d t o comprehen d th e graph ,  an d di e communicativ e 
qualit y o f  an y description s o f  thi s grap h shoul d b e lowe r 
dia n thos e o f  Figur e 1 . 

Thi s tas k analysi s i s no t  necessaril y  intuitivel y obvious . 
Althoug h dier e ar e fewe r  visua l  chunk s i n Figur e 1 ,  di e 
grap h introduce s five  differen t  shade-categor y mapping s 
dia t  migh t  nee d t o b e eidic r  remembere d o r  refi-eshe d b y 
lookin g a t  di e legen d (Lohse ,  1993) .  Fro m dii s alternativ e 
tas k analysis .  Figur e 1  migh t  impos e a  heavie r  working -
m e m o ry ( W M )  burde n dia n Figur e 2  becaus e di e lattC T ha s 
onl y tw o shade s representin g di e tw o ag e groups .  Thi s 
alternativ e tas k analysi s predict s dia t  Figur e 2  woul d elici t 
description s o f  superio r  communicativ e quality . 

T o tes t  th e visua l  chun k hypothesis ,  w e conducte d a n 
experimen t  dia t  manipulate d tw o factor s wit h th e potentia l 
t o affec t  th e descriptiv e eas e o f  a  graph .  First ,  a s illustrate d 
by Figure s 1  an d 2 ,  w e create d tw o gra; ^  organization s fo r 
eac h o f  fou r  dat a set s b y switchin g di e variable s represente d 
alon g di e x-axi s an d b y di e differenti y shade d bar s (di e z -
variable) .  O n e grap h wganizatio n present s a  smallC T numbe r 
of  visua l  chunk s (2- 3 chunk s dependin g o n th e dat a set )  dia n 
di e othe r  organizatio n (4- 6 chunks) .  Thes e tw o grap h 
organization s wil l  b e referre d t o a s di e few-chunk s (e.g. . 
Figur e 1 )  an d many-chunk s (e.g. .  Figur e 2 )  graphs .  Th e 
few-chunk s graphs '  organizatio n minimize s th e amoun t  o f 
informatio n t o b e described ,  an d i s dierefor e predicte d t o 
elici t  bette r  descriptions . 

A n alternativ e t o th e visua l  chunk s hypothesi s i s dia t  a 
compariso n betwee n tw o group s i s simpl y a  mor e natura l 
w ay t o describ e a  graph .  I n odie r  words ,  an y superiorit y o f 
di e few-chunk s graph s migh t  b e du e t o a  particula r 
descriptiv e strategy . 

Thi s alternativ e hypothesi s suggest s th e possibilit y  o f 
drawin g participants *  attentio n t o th e fewe r  chunk s eve n 
withi n a  many-chunk s grap h (e.g. ,  seein g th e maxima l 
value s fo r  th e tw o ag e group s i n th e many-chunk s graph) . 
T o investigat e thi s possibility ,  w e introduce d alternativ e 
tas k prompts .  Open-ende d prompt s wer e th e sam e fo r  al l 
graph s an d aske d th e participan t  t o "Describ e th e 
informatio n give n i n th e graph. "  Directiv e prompt s 
identifie d di e critica l  contras t  i n th e graph ,  suggestin g mor e 
directl y wha t  shoul d b e described .  Fo r  example ,  fo r  Figur e 1 
th e promp t  wa s "Describ e th e change s i n wor k value s 
betwee n th e tw o ag e groups. " 

Method 

Participants 

Thirty-nin e student s (1 9 female ,  1 8 male )  participate d i n di e 
experiment .  Te n students '  wer e recruite d fro m eac h o f  fou r 
universitie s i n th e U.S. ,  an d student s participate d a t  diei r 
loca l  institution .  Eighty-fiv e percen t  o f  participant s wer e 

Figur e 2 :  Alternativ e for m o f  Figur e 1 
[Mor e visua l  chunks ] '  Du e t o technica l  difficulties ,  on e participants '  dat a wer e lost ,  s o 

one schoo l  contribute d onl y nin e students . 
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doin g graduat e o r  post-graduat e work ;  other s wer e junior s 
or  seniors .  Participant s range d i n ag e fro m 2 1 t o 45 ,  wit h a n 
averag e ag e o f  29 .  Students '  reporte d field s o f  stud y wer e 
medicin e (20%) ,  mat h o r  scienc e (18%) ,  humanitie s (12%) , 
busines s (8%) ,  an d socia l  scienc e (7%) . 

Each institutio n wa s aske d t o recrui t  eigh t  non-nativ e 
Englis h speaker s an d tw o nativ e Englis h speakers .  Mos t  o f 
th e participant s ( n =  19 )  wer e nativ e speaker s o f  a  Chines e 
dialect ;  othe r  language s wer e repwte d b y n o mor e tha n tw o 
or  thre e participant s ( a mi x o f  Asian ,  European ,  an d Middl e 
Easter n languages) .  Ther e wer e seve n nativ e Englis h 
participant s becaus e on e institutio n recruite d onl y on e 
nativ e Englis h speake r  instea d o f  th e reques t  two .  Mos t  o f 
th e student s ha d bee n livin g i n th e U.S .  fo r  fewe r  tha n tw o 
year s (n=22) ;  th e remainin g student s wer e evenl y spli t 
betwee n thos e tha t  ha d live d i n th e U.S .  1 0 o r  mor e year s 
(n=9 )  an d betwee n 2  an d 1 0 year s (n=8) . 

Materials 

We constructe d fou r  dat a set s t o b e graphe d a s ba r  charts . 
Each dat a se t  ha d it s o w n stor y line ,  whic h ha d bee n 
reviewe d b y professiona l  tes t  devel(^r s fo r 
comprehensibilit y  t o non-nativ e speaker s o f  English .  Th e 
dat a represente d th e into-actio n o f  tw o independen t 
variables ,  wit h on e variabl e havin g fewe r  level s (2-3 )  tha n 
th e othe r  (3-5) .  Th e variable s wit h fewe r  level s wer e eitho " 
year s o r  ag e group s (a s i n Figur e 1) .  Th e oth w variable s 
wer e eitho -  nomina l  categorie s (e.g. ,  wor k values )  o r 
intCTval s (e.g. ,  hour s i n a  day) . 

We create d tw o graph s fi'o m eac h dat a set ,  fo r  a  tota l  o f 
eigh t  graphs .  O n e grap h i n a  pai r  place d th e 2- 3 leve l 
variabl e alon g th e x-axi s an d represente d th e othe r  variabl e 
on th e z  dimensio n (th e differen t  shade s o f  bars)—thi s 
organizatio n create d th e few-chunk s graphs .  A s pe r  ou r 
enriche d definitio n o f  visua l  chunks ,  o n th e few-chunk s 
graphs ,  eac h grou p o f  bar s include d on e ba r  (uniqu e t o tha t 
group )  clearl y highe r  tha n th e others .  Th e many-chunk s 
grap h wa s create d b y switchin g th e variable s represente d 
alon g th e x  an d z  dimensions . 

Design 

The independen t  variable s o f  gra[ ^  organizatic m an d promp t 
directnes s wer e implemente d i n a  completel y within -
subject s design :  eac h participan t  receive d al l  fou r  grap h 
types .  Th e organizatio n typ e alternated ,  wit h hal f  th e 
subject s receivin g few-chunk s graph s firs t  an d hal f 
receivin g many-chunk s graph s first.  Becaus e o f  th e 
possibilit y  o f  on e promp t  typ e influencin g th e next ,  tha t 
variabl e wa s implemente d usin g a n A B B A design ,  wit h hal f 
th e subject s receivin g a n ojjen-ende d promp t  firs t  an d hal f 
receivin g a  directiv e promp t  first . 

Preliminar y analyse s suggeste d n o a  prior i  difference s 
among th e participant s fro m eac h schoo l  i n term s o f  thei r 
communicativ e competenc e i n Englis h o r  i n thei r  familiarit y 
wit h readin g graphs . 

P rocedur e 

Each universit y conducte d on e dat a collectio n sessio n o f  1 0 
students .  Session s wer e typicall y conducte d i n a  languag e 
la b o r  simila r  equippe d facility .  Beside s a  tes t  booklet ,  eac h 
studen t  ha d a  tap e recorde r  an d headphones .  Studoit s hear d 
th e prompt s ove r  thei r  headphone s an d spok e thei r 
responses ,  whic h wer e recorde d o n audiotape . 

Th e question s wer e administere d i n tw o sets ,  wit h a  shor t 
brea k betwee n th e sets ;  eac h se t  consiste d o f  nin e non-grap h 
question s followe d b y tw o o f  th e experimenta l  questions . 
Afte r  bot h set s wer e administered ,  student s wer e give n a 
brie f  grap h familiarit y questionnaire .  Th e questionnair e 
consiste d o f  severa l  question s concernin g grap h 
interpretation ,  a  sectio n o n self-reporte d grap h familiarity , 
and a  shor t  demographi c questionnaire . 

Measures 

We obtaine d thre e type s o f  dependen t  measure s from  eac h 
response :  respons e latency ,  holisti c scores ,  an d fou r 
componen t  scores .  Respons e latenc y i s th e numbe r  o f 
second s betwee n th e en d o f  th e spcdce n promp t  an d who i  th e 
participan t  bega n speaking .  Th e timin g wa s don e b y a 
researc h assistan t  unawar e o f  th e purpos e o f  th e experiment , 
usin g a n on-lin e stopwatc h whil e listenin g t o eac h tape . 

Eac h respons e wa s als o score d b y highl y experience d 
T S E raters ,  eac h rate r  havin g participate d i n m a n y ratin g 
session s eac h yea r  fo r  fiv e o r  mor e years .  Rato' s produce d a 
hdisti c scor e i n a  wa y identica l  t o h o w actua l  T S E 
response s ar e scored .  T o provid e finer-grai n score s tha n th e 
5-leve l  scal e describe d earlier ,  eac h rate r  wa s aske d t o 
indicat e whethe r  a  scor e fel l  int o th e high ,  middle ,  o r  lo w 
en d o f  th e scor e band .  Thus ,  rater s provide d score s suc h a s 
"hig h 40 "  o r  'lo w 60. "  Rater s ofte n discus s response s i n 
thi s way ,  s o producin g thi s additiona l  informatio n wa s no t 
difficult .  I n convertin g thes e relativ e ranking s int o scores , 
"middle "  score s wer e unadjuste d t o facilitat e compariso n 
betwee n thes e score s an d th e typica l  scor e scal e fo r  th e T S E . 
I n th e analyses ,  a  "high "  scor e add s 3. 3 t o th e ban d leve l 
(e.g. ,  "hig h 40 "  become s 43.3 )  wherea s a  'low "  scor e 
subtract s 3. 3 from  th e ban d leve l  ("lo w 6 0 "  become s 56.7) . 

Finally ,  eac h rate r  wa s aske d t o provid e a  scor e fo r  eac h 
of  th e componen t  competencie s i n th e T S E Scor e Ban d 
Chart ,  a s describe d earlier .  Thus ,  eac h respons e receive d a 
discourse ,  functioial ,  sociolinguistic ,  an d linguisti c score . 
Thes e score s wer e rate d o n th e typica l  5-leve l  (20-60 )  scale . 

Results 

We loo k a t  th e effect s o f  grap h organizatio n an d promp t 
typ e from  thre e perspectives .  First ,  wha t  ar e th e effect s o n 
respons e latency ? Accordin g t o Carpente r  an d Sha h (1998) , 
a greate r  numbe r  o f  visua l  chunk s shoul d lea d t o longe r 
latencie s becaus e o f  th e greato -  numbe r  o f  encode-interpre t 
cycle s nee d fo r  comprehension .  Second ,  wha t  ar e th e effect s 
on holisti c scores ? A s w e ar e lookin g a t  within-subjec t 
performance ,  an y effect s sugges t  a n influenc e othe r  tha n a 
person' s o w n communicativ e competenc e o n th e scor e (i.e. , 
varianc e irrelevan t  t o th e construc t  intende d t o b e 
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measured) .  Finally ,  a s a  follow-u p t o th e effect s o n score , 
we loo k a t  th e effect s o n th e component s o f  th e score—th e 
individua l  score s o n discourse ,  functional ,  sociolinguistic , 
and linguisti c competence . 

We ra n a  2x 2 repeated-measure s M A N O V A,  wit h grap h 
organizatio n (few -  o r  many-chunk s graphs )  an d promp t  typ e 
(directiv e o r  open )  a s within-subject s factor s an d respons e 
latenc y a s th e dependen t  measure .  Ther e wa s a  significan t 
mai n effec t  o f  grap h organizatio n (F (  1,37 )̂=4.0 ,  p=.034) . 
Participant s spen t  les s tim e inspectin g th e few-chunk s 
graph s befor e respondin g (A/=5.5 ;  SZ>=3.7 )  compare d t o th e 
many-chunk s graph s (A/=6.8 ;  SD=4.6) .  Th e mai n effec t  o f 
promp t  typ e wa s no t  significan t  no r  wa s th e interactio n o f 
grap h organizatio n an d promp t 

Simila r  result s wer e obtaine d fo r  hohsti c scores .  A n 
identica l  2x 2 r^>eated-measure s M A N O VA reveale d a 
significan t  effec t  o f  grap h organizatio n (/Xl,38)=8.1 , 
p=.007) .  Participant s receive d highe r  score s whe n 
respondin g t o th e few-chunk s grafrfi s  (Af=47.7 ;  SD=9.l ) 
compare d t o th e many-chunk s graph s (Af=46.1 ;  5Z?=9.5) . 
The mai n effec t  o f  promp t  typ e wa s no t  significan t  no r  wa s 
th e interactio n o f  grap h organizatio n an d promp t 

Th e effect s o f  grap h organizatio n o n respons e latenc y an d 
holisti c score s wer e als o observe d i n th e sub-sampl e o f 
seve n nativ e Englis h speakers ,  albei t  attenuate d du e t o 
ceilin g effects .  Nativ e speaker s wer e quicke r  t o respon d t o 
few-chunk s graph s (3. 6 sec )  tha n t o many-chunk s graph s 
(4. 2 sec )  an d produce d bette r  response s t o thos e few-chunk s 
(60. 7 versu s 59.5) .  Thes e trend s ar e consisten t  wit h th e ide a 
tha t  th e effect s o f  gra; *  structur e ar e no t  jus t  du e t o 
languag e skill ,  bu t  rathe r  tha t  b y usin g non-nativ e speaker s 
we accentuate d difference s tha t  otherwis e migh t  hav e bee n 
difficul t  t o detect . 

Table 1. Mean (SD) scores by graph type. 

Competenc e 

Component 

Discours e 

Functiona l 

Sociolinguisti c 

Linguisti c 

Gra^rfiTyp e 

Few-chunk s 

47. 1 

(8.6 ) 

47. 1 

(8.7 ) 

46. 2 

(8.8 ) 

48. 0 
(8.8 ) 

Many-chunk s 

45.3 * 

(9.9 ) 

45. 8 

(9.9 ) 

45. 5 

(9.1 ) 

47. 2 

(8.5 ) 
Note .  Eac h grap h typ e scor e i s th e mea n o f  th e tw o 
scOTes fo r  eac h participant .  N  =  3 7 pe r  cel l  becaus e 
on e participant' s componen t  scotc s wer e 
unavailable .  p < .0 5 

What  type s o f  effect s doe s grap h organizatio n hav e o n 
participants '  responses ? Ar e response s t o few-chunk s 
graph s mor e expressiv e o r  mor e linguisticall y precise ? 
Whil e w e migh t  expec t  grap h organizatio n t o affec t  h o w 
wel l  organize d a  respons e i s (i.e. ,  discours e competence) ,  i t 
migh t  b e th e cas e tha t  a  poorl y organize d grap h increase s 
W M load ,  s o impinge s o n al l  languag e competencies . 

Tabl e 1  show s th e effec t  o f  grap h organizatio n o n eac h o f 
th e competenc y scores .  A s expected ,  discours e score s wer e 
significantl y highe r  (vi a two-tailed ,  paired-sample s t-test ) 
fo r  th e few-chunk s graphs :  response s t o thes e graph s wer e 
rate d a s mor e coheren t  an d cdiesive .  Ther e wa s a n almos t 
significan t  differenc e o n th e functiona l  scores ,  whereb y 
participants '  response s t o few-chunk s graph s reflecte d 
languag e mor e appropriat e t o th e tas k tha n di d thei r 
response s t o many-chunk s graphs .  Ther e wer e n o 
difference s betwee n th e grap h type s i n participants '  abilit y 
t o expres s thei r  knowledg e o f  audienc e (sociolinguistic )  o r 
i n thei r  pronunciatio n o r  gramma r  Oinguistic) . 

Thu s far ,  th e result s ar e consisten t  wit h th e mode l  tha t 
bette r  performanc e i s achieve d wit h graph s tha t  hav e fewe r 
visua l  chunks .  Bu t  ar e participant s describin g th e visua l 
chunk s predicte d b y th e theory ? Fo r  th e few-chunk s grap h 
i n Figur e 1 ,  participants '  description s shoul d includ e th e 
globa l  compariso n betwee n th e highes t  categor y i n a  ba r 
grou p an d th e othe r  bar s i n tha t  grou p (e.g. ,  "Interestin g 
W o rk i s mos t  importan t  fo r  th e 20-3 0 yea r  olds") .  Fo r  th e 
many-chunk s graph ,  description s shoul d instea d includ e 
discret e compariscxi s withi n a  categor y (e.g. ,  "Interestin g 
W o rk i s mor e importan t  t o th e 20-3 0 yea r  old s tha n t o th e 
50-6 0 yea r  olds") . 

T o addres s wheth w participant s describ e th e expecte d 
visua l  chunk s fo r  thes e tw o graphs ,  w e analyze d th e first 
piec e o f  informatio n mentione d i n thei r  responses .  Give n 
th e speede d natur e o f  th e task ,  th e first  grap h featur e 
mentione d shoul d b e th e mos t  salien t  t o th e participan t 

Participants '  description s wer e consisten t  wit h thei r 
describin g th e tw o grajA s i n term s o f  th e predicte d visua l 
chunk s (Tabl e 2) .  Participant s mentione d first  th e globa l 
feature s o f  th e dat a significantl y mor e ofte n whe n th e grap h 
was organize d t o accentuat e thes e feature s (few-chunk s 
graph )  an d mentione d firs t  th e discret e comparison s (th e 
relative-heigh t  visua l  chunks )  o f  th e many-chunk s grap h 
(X'(l)=11.8,p<.001) . 

Table 2. Graph type by first description. 

Grap h Typ e 
Few-chunk s 
(Figur e 1 ) 

Many-chunk s 
(Figur e 2 ) 

Globa l 
Compariso n 

Discret e 
Compariso n 

19 1 

10 

^  E)u e t o technica l  difficulty ,  on e participants '  latenc y wa s no t 
obtained . 
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Discussio n 

The researc h presente d i n thi s pape r  replicate s an d 
extend s basi c researc h o n grap h comprehension .  Th e result s 
provid e suppor t  fo r  th e hypothesi s tha t  graph s wit h fewe r 
visua l  chunk s ar e easie r  t o describe .  Participant s too k les s 
tim e t o sca n th e few-chunk s graph s befor e speaking ,  >^ic h 
replicate s Sha h an d Carpenters '  (1998 )  results .  Gr£ )̂h s wit h 
fewe r  chunk s als o elicite d description s o f  greato -
conmiunicativ e quality .  Furthomore ,  th e organizatio n o f  a 
grap h ha d a  ver y specifi c  influenc e o n th e description s 
provide d b y participants :  graph s wit h fewe r  visua l  chunk s 
le d t o mor e cohesiv e an d coha-en t  descriptions .  I f  th e many -
chunk s graph s wer e wors e becaus e o f  lowe r  overal l 
comprehensibility ,  w e woul d expec t  mor e aspect s o f 
descriptiv e competenc e t o b e affected .  Futur e researc h 
migh t  furthe r  exten d Sha h an d Carpenter' s processin g 
model  t o explai n th e mechanism s b y whic h th e high ^ 
qualit y description s ar e facilitated . 

Interestingly ,  incorporatin g a  directiv e promp t  ha d n o 
influenc e o n participants '  descriptions .  Althoug h i t  i s 
dango-ou s t o dra w conclusion s from  nul l  results ,  thi s lac k o f 
effec t  i s  consisten t  wit h th e ide a tha t  visua l  chunk s ar e a 
visua l  processin g phenomeno n an d migh t  no t  b e influence d 
by direction s o n problem-solvin g strategy . 

The visua l  chunk s hypothesis—fewe r  visua l  chunk s 
leadin g t o description s o f  highe r  communicativ e quality — 
has practica l  implications ,  suggestin g desirabl e 
characteristic s o f  grap h question s fo r  ttie  Tes t  o f  Spoke n 
English .  Fo r  example ,  tw o o r  thre e visua l  chunk s i n a  grap h 
migh t  b e th e limi t  o f  wha t  i s  reasonabl y possibl e t o describ e 
withi n on e minute .  Fo t  multi-variabl e ba r  graphs ,  thi s 
reconunendatio n woul d mea n limitin g th e numbe r  o f  bar -
group s place d alon g th e x-axi s and ,  a s pe r  th e enriche d 
definitio n o f  visua l  chunks ,  ensurin g tha t  eac h grou p 
encode s a  singl e uni t  o f  infrarmation . 

The visua l  chunk s hypothesi s i s applicabl e t o a  wide r 
rang e o f  grap h types ,  a s lon g a s w e ca n adequatel y defin e 
th e visua l  chunks .  Fo r  example ,  othe r  researc h (Carpente r  & 
Shah,  1998 ;  Carswell ,  1993 ;  Shah ,  Hegarty ,  &  Mayer , 
1999 )  suggest s definition s o f  visua l  chunk s fo r  multi -
functio n lin e graphs :  eac h non-paralle l  lin e i s a  visua l 
chunk ,  althoug h eac h "reversal "  i n a  lin e (e.g. ,  changin g 
from  a n upward s t o a  downward s slope )  i s perceive d a s a 
separat e chunk .  B y assurin g tha t  an y lin e graph s hav e n o 
more tha n tw o o r  s o visua l  chunk s accordiii g t o thes e 
definitions ,  w e woul d predic t  suc h graph s t o b e 
straightforwar d t o describe . 

I n lin e wit h th e overal l  them e o f  th e conference ,  applie d 
researc h shoul d adap t  theorie s an d result s from  th e basi c 
researc h literatur e t o solv e real-worl d problems ,  an d the n 
contribut e bac k t o th e theoretica l  literatur e from  whic h i t 
drew .  B y applyin g theorie s o f  grap h comprehensio n t o 
produc e empiricall y supporte d recommendation s fo r  th e 
desig n o f  T S E grap h question s and ,  i n th e process ,  enrichin g 
th e theoretica l  construc t  o f  visua l  chunks ,  th e applie d 
researc h presente d i n thi s pape r  achieve s thes e goals . 

A c k n o w l e d g m e n t s 

Thi s researc h wa s fiinde d b y th e Tes t  o f  Spoke n Englis h 
progra m o f  th e T O E F L Polic y Council .  Pete r  Chen g wa s 
supporte d b y th e U K Economi c an d Socia l  Researc h 
Counci l  throug h th e Centr e fo r  Researc h i n Develq)ment , 
Instruction ,  an d Training .  W e than k Shaun a Cooper ,  Susa n 
Lyn n Martin ,  an d Venu s Mifsu d f w thei r  assistanc e wit h 
thi s work ,  an d Malcol m Bauer ,  A i m Gallagher ,  Patric k 
Kyllonen ,  an d Valeri e Shut e fo r  usefu l  comment s o n earliC T 
draft s o f  thi s paper .  W e ar e gratefu l  t o th e T S E progra m 
staff—especiall y Emili e Pooler ,  Joh n Miles ,  an d Evelyn e 
Aguin e Patterson—an d t o th e T S E rater s fo r  thei r 
contribution s t o thi s project . 

References 

CarpaitCT ,  P .  A. ,  &  Shah ,  P .  (1998) .  A  mode l  o f  th e 
perceptua l  an d conceptua l  processe s i n grap h 
comprehoision .  Journa l  o f  Experimenta l  Psychology : 
Applied ,  4 ,  75-100 . 

Carswell ,  C .  M .  (1993) .  Stimulu s complexit y an d 
informatio n integratio n i n th e spontaneou s inteipretation s 
of  lin e graphs .  Applie d Cognitiv e Psychology ,  7 ,  341-357 . 

Carswell ,  C .  M. ,  Bates ,  J .  R. ,  Pregliasco ,  N .  R. ,  Lonon ,  A. , 
& Urban ,  J .  (1998) .  Findin g graph s useful :  Linkin g 
preferenc e t o performanc e fo r  on e cognitiv e tool . 
IntemationalJouma l  o f  Cognitiv e Technology ,  3 ,  4-18 . 

Douglas ,  D. ,  &  Smith ,  J .  (1997) .  Theoretica l  underpining s 
of  th e Tes t  o f  Spoke n Englis h revisio n projec t  (ET S 
Researc h Rep .  No .  RM-97-02) .  Princetcm ,  NJ : 
Educationa l  Testin g Service . 

Katz ,  I.R. ,  Xi ,  X. ,  Kim ,  H-J. ,  &  Cheng ,  P .  C - R (2002) . 
Elicite d speec h from  grap h item s ot  th e Tes t  o f  Spoke n 
Englis h (ET S Researc h Repor t  RR-02-XX) .  Princeton , 
NJ:  Educationa l  Testin g Service . 

Kintsch ,  W .  (1998) .  Comprehension :  A  paradig m fo r 
cognition .  N e w York :  Cambridg e Universit y Press . 

Lohse ,  G .  L .  (1993) .  A  cognitiv e mode l  fo r  understandin g 
graphica l  perception .  Human-Compute r  Interaction ,  8 , 
353-388 . 

Pinker ,  S .  (1990) .  A  theor y o f  grap h comprdiensicm .  I n R . 
Freedl e (Ed.) ,  Artificia l  intelligenc e an d th e futur e o f 
testing .  Mahwah ,  NJ :  Erlbaum . 

Powers ,  D. ,  Schedl ,  M. ,  Wilson-Leung ,  S. ,  &  Butler ,  K 
(1999) .  Validatin g th e reviste d Tes t  o f  Spoke n Englis h 
agains t  a  criterio n o f  communicativ e success .  Languag e 
Testing ,  16 ,  399-425 . 

Shah,  P. ,  Hegarty ,  M. ,  &  Mayer ,  R .  E .  (1999) .  Graph s a s 
aid s t o knowledg e construction :  Signalin g technique s fo r 
guidin g th e proces s o f  grap h comprehoision .  Journa l  o f 
Educationa l  Psychology .  91 ,  690-702 . 

Test  o f  Englis h a s a  Foreig n Languag e (TOEFL )  (2001) . 
TSE an d S P E A K scor e use r  guide .  Princeton ,  NJ : 
Educationa l  Testin g SCTvic e [als o availabl e throug h 
http://www.toefl.org/pubs/pubsindx.html ] 

Zacks ,  J. ,  &  Tversky ,  B .  (1999) .  Bar s an d lines :  A  stud y o f 
graphi c communication .  Memor y an d Cognition ,  27 , 
1073-1079 . 

535 

http://www.toefl.org/pubs/pubsindx.html


Sex,  Myths ,  an d Adolescents *  Conceptua l  Understandin g o f  H I V 

Alia Keselman (ak454@columbla.edu) and Vlmla L. Patel (patel(g).dml.columbia.edu) 
Laborator y o f  E)ecisio n Makin g an d Cognition ,  Departmen t  o f  Medica l  Informatics ,  Columbi a Universit y 

62 2 Wes t  168 *  Street ,  V C - 5 ,  N e w York ,  N Y ,  10032-37 2 

Abstrac t 

Research on knowledge organization and how this 
develop s wit h educatio n an d trainin g ma y provid e 
insigh t  int o th e alarmingl y limite d effectivenes s o f 
schoo l  HI V educatio n curricula .  Th e presen t  stud y 
investigate s th e natur e o f  adolescen t  knowledg e o f  HI V 
and it s relationshi p t o reasoning .  Middl e an d hig h schoo l 
student s wer e interviewe d abou t  thei r  understandin g o f 
HTV an d wer e als o aske d t o criticall y examin e proble m 
scenario s dia t  containe d myth s abou t  HIV .  Th e findings 
sugges t  tha t  adolescent s lac k understandin g o f  basi c 
biologica l  concept s aroun d whic h the y coul d buil d well -
structure d schemat a o f  HIV .  A s a  result ,  thei r  Hf V 
knowledg e exist s a s a  collectio n o f  disjointe d focts,  no t 
conduciv e t o effectiv e applicatio n fo r  reasoning .  Th e 
implication s fo r  school-base d HI V intervention s ar e 
discussed . 

Introduction 

Despit e growin g awarenes s abou t  H T V an d A I D S ,  th e 
outbrea k o f  th e diseas e continue s unabated .  Curren t 
assessment s o f  th e demographic s o f  A I D S indicat e tha t 
th e diseas e disproportionatel y hurt s th e young ,  th e poor , 
and urba n minoritie s ( C D C ,  1999) .  School s respon d t o 
th e proble m b y producin g educationa l  interventions , 
aime d t o teac h adolescent s abou t  H I V risk s an d 
prevention .  I n particular ,  th e N e w Yor k Cit y Boar d o f 
Educatio n mandate s it s school s t o provid e si x hour s o f 
H I V Educatio n atmuall y a t  ever y grad e level . 

Unfortunately ,  i n spit e o f  suc h educationa l  efforts , 
th e statistic s remai n grim .  Evaluation s sho w tha t  m a n y 
existin g interventions ,  whil e succeedin g i n increasin g 
teenagers '  knowledg e abou t  H I V an d A I D S ,  d o no t  lea d 
t o th e decreas e i n high-ris k behavior s (Brow n e t  al. , 
1992 ;  Lange r  &  Tubman ,  1997) .  Thes e failure s lea d 
H I V educator s t o a  conclusion ,  currentl y prevalen t  i n 
H I V educatio n literature ,  tha t  knowledg e abou t  H I V ha s 
littl e bearin g o n real-lif e behavior . 

We believ e tha t  i n m a n y previou s studies ,  th e 
relationship  betwee n knowledg e o f  H I V an d it s real-lif e 
applicatio n w a s obscure d b y methodologica l 
weaknesse s o f  H T V knowledg e assessmen t  measures . 
Typically ,  thes e studie s asses s knowledg e a s th e abilit y 
t o answe r  simpl e factua l  question s b y selectin g fro m 
true/fals e o r  multiple-choic e answe r  option s (Siege l  e t 
al. ,  1995) .  Suc h measure s d o no t  provid e an y insigh t 
int o th e natur e an d organizatio n o f  adolescents '  H I V 
knowledg e whic h i s  critica l  t o it s applicability .  Th e 
presen t  stud y addresse s tw o questions .  First ,  wha t  i s th e 

natur e o f  adolescen t  knowledg e abou t  H I V ? Second ,  t o 
what  exten t  d o adolescent s apply  thi s knowledg e whe n 
reasonin g an d evaluatin g informatio n i n th e contex t  o f 
H I V ? Answerin g thes e question s employin g cognitiv e 
method s coul d provid e importan t  informatio n fo r 
improvin g H I V Educatio n curricul a fo r  America n 
schools . 

Researc h o n expertis e ha s lon g establishe d tha t 
difference s betwee n exper t  an d non-exper t  knowledg e 
exten d wel l  beyon d th e differenc e i n conten t  richness. 
Studie s sho w tha t  som e form s o f  knowledg e 
organizatio n ar e mor e suite d fo r  effectiv e applicatio n 
tha n others .  Exper t  knowledg e i s  coheren t  an d i s 
organize d i n meaningfu l  pattern s aroun d ke y concept s 
and idea s (Ch i  e t  al. ,  1981) .  I n contrast ,  novice s 
frequentl y organiz e thei r  knowledg e schemat a aroun d 
superficia l  surfac e attributes ,  rathe r  tha n bi g idea s (Ch i 
et  al. ,  1982) .  Compare d t o novices' ,  experts '  knowledg e 
schemat a als o contai n mor e interrelation s amon g 
individua l  concept s an d idea s (Ch i  e t  al. ,  1981) .  A s a 
result ,  expert s hav e mor e efficien t  method s o f  decidin g 
whic h chunk s o f  informatio n ar e essentia l  fo r  solvin g a 
particula r  problem ,  o f  retrievin g tha t  informatio n 
efficientl y an d o f  applyin g i t  correctly .  Whil e novic e 
and exper t  knowledg e represent  tw o endpoint s o f  th e 
trajectory ,  th e developmen t  o f  expertis e i s  a  lon g 
process ,  whic h m a y b e conceptualize d a s a  gradua l  shif t 
fro m fla t  an d fragmentar y t o systemati c an d multi -
layere d knowledg e structure s (diSessa ,  1993) .  Thi s 
proces s i s  non-monotonic ;  often ,  a n increas e i n 
knowledg e result s i n a  temporar y dro p i n performance , 
whil e th e n e w knowledg e i s bein g integrate d wit h th e 
existin g knowledg e (Pate l  &  Groen ,  1991) . 

Studie s o f  la y understandin g o f  healt h an d diseas e 
provid e u s wit h domain-specifi c  informatio n abou t  th e 
kind s o f  knowledg e tha t  la y peopl e us e whe n reasonin g 
abou t  healt h issues .  W h e n reasonin g abou t  health ,  la y 
adult s frequentl y rel y o n thei r  intuition ,  a s wel l  a s 
cultural ,  socia l  an d experientia l  knowledg e 
(Sivaramakrishna n &  Patel ,  1993) .  I n doin g so ,  the y 
ofte n misattribut e diseas e causality ,  viewin g symptom s 
or  co-factor s o f  disease s a s thei r  causes .  La y scientifi c 
knowledg e o f  relevan t  biologica l  concept s i s 
dissociate d fi-om  experientia l  an d culhira l  knowledge , 
fragmente d an d i s  ofte n use d opportunistically .  Thi s 
result s i n lo w interna l  consistency ,  self-contradictions , 
"loos e ends" ,  factua l  error s an d misconception s (Patel , 
Kaufinan ,  &  Arocha ,  1999) . 
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Finding s from  researc h o n expertis e an d healt h 
cognitio n sugges t  tha t  i n orde r  t o assis t  cfTcctiv e real -
lif e reasoning ,  adolescen t  model s o f  H I V nee d t o 
integrat e superficia l  factua l  knowledge ,  conceptua l 
biologica l  knowledge ,  an d experiential/practica l 
knowledg e int o a  coherent ,  imifor m system .  However , 
school s typicall y teac h student s abou t  H I V withi n 
healt h educatio n curriculum ,  whic h i s separate d from 
science/biolog y curriculum .  H I V educatio n i s factua l  i n 
nature .  Moreover ,  whil e H I V educatio n i s usuall y 
introduce d i n earl y grades ,  th e firs t  comprehensiv e 
biolog y cours e i s taugh t  i n hig h school ,  vnt h littl e 
connectio n t o adolescen t  real-lif e healt h concerns . 

We hypwthesiz e tha t  i n th e prevalenc e o f  th e curren t 
educationa l  practice ,  integratio n o f  differen t  kind s o f 
knowledg e an d dee p understandin g o f  th e mechanis m 
of  H I V wil l  no t  occur .  Therefore ,  adolescent s ar e likel y 
t o hav e mode l  o f  H I V tha t  i s incomplet e an d saturate d 
wit h misconceptions ,  base d o n practica l  analogie s an d 
non-nortnativ e intuitiv e biolog y (Carey ,  1985) .  I n spit e 
of  it s  deficiency ,  thi s mode l  i s likel y t o includ e accurat e 
factua l  knowledg e o f  H I V risks  an d preventio n factors . 
As a  result ,  relianc e o n thi s mode l  o f  H I V i s likel y t o 
enabl e adolescent s t o successfull y pas s multiple-choic e 
surve y assessments ,  bu t  i s  no t  likel y t o hel p the m 
reaso n tiirou^  comple x real-lif e situation s tha t  requir e 
deepe r  understanding .  W e als o hypothesiz e tha t  whil e 
olde r  adolescent s ma y hav e mor e basi c biologica l 
knowledg e tha n younge r  adolescents ,  thei r  knowledg e 
i s likel y t o b e fragmented  an d no t  assimilate d int o 
coheren t  conceptua l  model ,  essentia l  fo r  effectiv e 
reasonin g an d proble m solving .  A s a  result ,  adolescen t 
abilit y  t o reaso n abou t  nove l  situation s i n th e contex t  o f 
H FV i s expecte d t o b e limited .  I f  confirmed ,  ou r 
hypothese s hav e importan t  implication s fo r  th e 
structur e o f  knowledge-base d H I V interventions . 

M e t h o d 

Subject s 

The subject s includ e twent y adolescent s from  tw o N e w 
Yori c inner-cit y schools ,  includin g te n seventh-grad e 
middl e schoo l  student s ( 4 boy s an d 6  giris )  an d te n hig h 
schoo l  student s from  grade s 9  throug h 1 2 ( 5 girl s an d 5 
boys) .  Th e subject s ar e referre d t o b y th e schoo l  leve l 
( M S =  middl e school ;  H S =  hig h school) . 

Procedure 

Each subjec t  participate d i n a n individuall y 
administere d 45-minut e sessio n whic h include d tw o 
assessmen t  measures ,  a  semi-structure d intervie w abou t 
H I V an d a  reasonin g tas k tha t  require d evaluatin g 
informatio n o n a  simulate d websit e abou t  way s t o 
reduc e th e risk  o f  H I V infection .  Th e purpos e o f  th e 
intervie w wa s t o asses s students '  knowledg e abou t  H I V 

risks  an d prevention ,  a s wel l  a s thei r  understandin g o f 
th e underlyin g biologica l  concepts .  Question s o f  th e 
intervie w wer e designe d t o cove r  th e scop e o f  H I V 
issue s withou t  requirin g specialize d biologica l 
knowledge .  I n th e reasonin g task ,  subject s wer e 
presente d wit h a  simulate d w e b sit e abou t  H IV , 
supposedl y create d b y a  grou p o f  hig h schoo l  students . 
Th e sit e containe d fou r  passage s tha t  presente d an d 
supporte d thre e erroneou s claim s an d on e accurat e 
clai m abou t  way s t o reduc e th e risk  o f  H I V infection . 
Understandin g th e erroneou s natur e o f  th e informatio n 
i n th e passage s require d basi c knowledg e abou t  H I V 
infectio n an d diseas e progression .  Afte r  readin g eac h 
passage ,  student s ha d t o expres s an d justif y thei r 
opinio n abou t  th e truthfiibes s o f  th e information .  Thi s 
pape r  present s analysi s o f  students '  performanc e o n on e 
of  th e erroneou s passage s whic h i s presente d below . 

Passage 2 
Ifvo u ha d unprotecte d sex ,  vo u ca n minimiz e th e ris k o f 
becomin g HIV-positiv e b y expellin g th e viru s fro m 
you r  bod y throug h urin e an d sweat . 
As yo u probabl y know ,  H I V i s transmitte d throug h 
bodil y fluids :  blood ,  sperm ,  etc .  Thi s mean s H I V live s 
i n thos e fluid s an d travel s wit h them .  I f  on e person' s 
infecte d fluid s ge t  insid e anothe r  person ,  th e secon d 
perso n als o become s infected .  Logically ,  i f  infectio n 
get s insid e a  bod y throug h fluids ,  i t  ca n als o ge t  ou t  o f 
di e bod y throug h fluids .  Fluid s tha t  leav e huma n bod y 
ar e urin e an d sweat .  So ,  i f  you r  condo m broke ,  makin g 
a lo t  o f  fluid  leav e you r  bod y ca n minimiz e you r  risk  o f 
gettin g HIV .  T o los e fluids ,  drin k lot s o f  wate r  (thi s wil l 
make yo u g o t o th e bathroo m a  lot) ;  pu t  o n w a r m 
clothe s an d d o somethin g physicall y active .  Th e tric k i s 
t o d o thes e thing s early ,  befor e th e viru s ha s a  chanc e t o 
multipl y an d becom e strong . 

Coding Scheme for Conceptual Understanding 

The analysi s o f  students '  knowledg e draw s o n cognitiv e 
researc h i n scienc e educatio n concerne d wit h 
characterizin g progression s o f  conceptua l 
understandin g (e.g. ,  Vosniadou ,  1999 )  an d o n researc h 
i n th e developmen t  o f  biomedica l  understandin g (Pate l 
et  al ,  1995) .  Base d o n consultation s wit h H I V 
educators ,  pilo t  testin g an d students '  response s t o th e 
interview ,  thre e conceptua l  model s o f  H I V wer e 
generated :  advanced ,  intermediate ,  an d naive .  Th e 
model s reflec t  students '  understandin g o f  thre e 
concepts :  th e natur e o f  HIV ,  th e mechanis m o f  HIV -
infection ,  an d diseas e progression .  Student s wer e 
assigne d t o a  model ,  i f  a t  leas t  tw o ou t  o f  thes e thre e 
concept s wer e consisten t  wit h th e mode l  description . 
T wo investigator s score d a  portio n o f  th e protocols ,  t o 
ensur e satisfactor y leve l  o f  inter-rate r  reliability . 
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Advance d Mode l  involve s understandin g o f  HIV -
relevant  biologica l  structure s an d processe s o n th e 
cellula r  level ,  withou t  requirin g specialize d biologica l 
knowledge .  Thi s understandin g shoul d b e eviden t  o n 
th e followin g dimensions :  I V Definitio n o f  HIV . 
Student s recogniz e dia t  H I V i s a  viru s wit h specifi c 
cellular-leve l  structura l  an d functiona l  component s 
(e.g. ,  lack s organelles) .  2) .  Mechanis m o f  HI V 
infection .  H I V enter s th e bod y throug h exchang e o f 
bodil y fluids  an d penetrate s T-cell s o f  th e immun e 
system .  3) .  Diseas e proprssion .  HI V replicate s withi n 
T-cell s an d eventuall y destroy s the m an d disable s th e 
immune system . 

Intermediate Model involves understanding of HIV on 
systemic ,  bu t  no t  o n th e cellula r  level ,  a s reflecte d o n 
th e followin g dimensions :  I V Definitio n o f  HIV .  HI V i s 
a biologica l  entit y (detail s o f  th e vira l  structur e an d 
characteristic s ar e no t  provided ;  replicatio n i s no t 
mentioned )  2 V Mechanis m o f  HI V infection .  HI V 
enter s th e bod y throug h exchang e o f  bodil y fluids. 
Enterin g T-cell s i s  no t  mentioned .  J Y Diseas e 
progression .  HT V compromise s th e immun e system ,  an d 
th e bod y succumb s t o opportunisti c infections .  Th e rol e 
of  T-cell s  ma y b e mentioned ,  bu t  withou t  an y notio n o f 
intracellula r  processes . 

Naive Model does not en^Ioy relevant biological 
concq)t s o n eithe r  systemi c o r  cellula r  level .  Instead ,  i t 
i s  buil d aroun d intuitiv e la y concept s o f  healt h an d 
disease .  Scientifi c  biologica l  concept s ar e eithe r  no t 
known ,  o r  no t  integrate d wit h HT V knowledge .  Student s 
characterize d b y thi s mode l  lac k basi c biologica l 
concqjt s aroim d whic h the y coul d organiz e thei r 
knowledg e o f  HTV .  Thi s model ,  however ,  doe s no t 
preclud e individual s wh o hol d i t  from  knowin g a n 
extensiv e collectio n o f  fact s abou t  HI V ris k factor s an d 
preventio n measures .  Th e naKv e mode l  i s reflecte d i n 
th e followin g understandin g o f  th e thre e critica l 
concepts :  1) .  Defmitio n o f  HIV .  HI V i s a n illness .  N o 
mentio n i s  mad e o f  th e viru s a s a  causa l  agent .  2} . 
Mech^ iy m o f  HT V infection .  HI V enter s th e body . 
Bodil y fluids  ar e no t  implicate d i n th e process .  3 1 
Diseas e progression .  I t  make s th e perso n sick .  N o 
mentio n i s mad e o f  th e effec t  o f  HI V upo n th e immun e 
system . 

Coding Scheme for the Reasoning Task 

The metho d o f  semanti c representation s wa s chose n fo r 
th e analysi s o f  excerpt s o f  protocol s o f  students ' 
reasonin g an d informatio n evaluation .  Semanti c 
networ k analysi s i s a  forma l  metho d fo r  representin g 
relation s amon g concept s throug h directed ,  labele d 
grap h structure s (Pate l  &  Groen ,  1986) .  I n thes e 
structures ,  node s represen t  concept s an d link s 
(directiona l  arrows )  represen t  relation s amon g the m 

(se e Figure s 1  an d 2  fo r  examples) .  Th e relation s ar e 
binar y relations ,  suc h a s causal ,  conditional , 
alternatin g o r  an d exclusiv e o r  relations .  Semanti c 
networ k i s a  metho d tha t  allow s on e t o analyz e verba l 
protocol s fo r  th e directio n o f  reasonin g (forwar d vs . 
backward) ,  coherenc e an d granularit y  o f  concepts . 

Results and Discussion 

The Result s an d Discussio n sectio n i s organize d int o 
tw o parts .  Th e first  part .  Conceptua l  Understandin g o f 
HIV ,  present s th e analysi s o f  students '  model s o f  HI V 
base d o n thei r  response s t o th e semi-structure d 
interview .  Th e secon d par t  o f  th e results .  Reasonin g i n 
th e Contex t  o f  HIV ,  present s adolescents '  response s t o 
th e reasonin g task ,  describe d i n th e Method s section . 

Conceptual Understanding of HIV 

The classificatio n o f  individua l  students '  HI V model s i s 
presente d i n Tabl e I .  O n th e basi s o f  th e state d criteria , 
9 middl e (MS )  an d 2  hig h schoo l  (HS )  students '  model s 
wer e classifie d a s naive ,  5  H S student s wer e classifie d 
as intermediat e an d 3  H S wer e designate d a s advanced . 
Numbers i n bol d represen t  dimension s consisten t  wit h 
th e mode l  assignmen t  fo r  tha t  student . 

Table 1: Classification of students' HTV models. 

Naiv e Interme d Advance d 
1 Viru s 1 

Middl e 

Hig h 

1,  2 ,  3 ,  4 .  5 , 
6.7,8. 9 
1,3,2. 5 

10 

6,8. 9 4,7,1 0 
1 Infectio n | 

Middl e 

Hig h 

1,  2 ,  3 ,  4 ,  5 , 
6,7,8.9,1 0 
1,3, 9 2.  5 ,  6 ,  8 4.7.1 0 

1 Progres s | 
Middl e 

Hig h 

2,  3 ,  4 ,  5 ,  6 , 
7. 9 
1.3. 6 

1,  8,1 0 

2,5,8, 9 4.7,1 0 

Understandin g a t  th e Naive-Mode l  Level .  Th e eleve n 
student s assigne d t o thi s mode l  (M S 1-9 ,  H S I ,  HS3 ) 
showe d aintios t  n o understandin g o f  A e biologica l 
concept s o f  virus ,  infection ,  an d immun e system , 
crucia l  fo r  developin g a  mor e advance d mode l  o f  HIV . 
W h en aske d wha t  a  viru s was .  thes e student s eithe r 
characterize d i t  a s "sickness "  (MSI .  M S 2 ,  M S 4 ,  MS9) , 
or  provide d specifi c  example s (e.g. ,  "stomac h virus" , 
"coughin g virus" )  (MS3 ,  M S 7 .  HSl ,  HS2) .  Students ' 
characterizatio n o f  infectio n wa s simila r  t o thei r 
characterizatio n o f  virus .  Nin e student s (MS2 ,  M S 3 , 
HSl  an d HS2 )  showe d n o evidenc e o f  havin g a 
conceptio n o f  th e immun e system .  Onl y tw o student s 
(MSI  an d M S B)  wer e abl e t o stat e tha t  HI V destroye d 
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T-celi s an d weakene d th e immun e syste m (e.g. ,  M S I 
describe d T-cell s  a s "polic e ofTicers "  tha t  hel p fight 
diseases) . 

Not  havin g a  basi c understandin g o f  infection ,  thes e 
student s ha d n o c o m m o n them e tha t  woul d unit e 
differen t  route s o f  H I V transmissio n (e.g. ,  exchang e o f 
fluids).  Al l  th e childre n associate d H I V wit h sex .  Olde r 
childre n als o associate d i t  wit h drug s (HS2 )  an d 
exchang e o f  bloo d (HS l  an d HS2) ,  thu s illustratin g tha t 
an increas e i n H I V knowledg e ma y no t  correspon d wit h 
an increas e i n understanding .  Withou t  seein g exchang e 
of  fluids  a s th e c o m m o n them e i n al l  o f  th e route s o f 
transmission ,  adolescent '  understandin g o f  h o w 
protectio n measure s wor k remain s wea k (e.g. , 
Interviewer :  "I f  yo u us e a  condom ,  ca n yo u stil l  catc h 
H I V o r  not? "  M S 3 :  " I  don' t  know") .  Suc h lac k o f 
understandin g o f  ho w exactl y H I V i s transmitte d durin g 
sexua l  intercours e ma y lea d student s t o believ e tha t 
the y ca n contro l  H I V b y regulatin g th e amoun t  o f  se x 
tha t  the y have .  Indeed ,  tw o adolescent s ( M S 2 an d M S 4 ) 
mentione d tha t  peopl e w h o ha d H I V coul d mak e 
themselve s fee l  better ,  i f  the y stoppe d havin g sex . 

Withou t  perceivin g a  viru s a s a  microorganism , 
student s ha d t o find  a n alternativ e causa l  agen t  fo r  th e 
disease .  Som e subject s avoide d th e challeng e b y 
providin g n o causa l  agen t  a t  all ,  whil e tw o subject s 
( M S4 an d H S 2 )  mentione d dirt .  Th e followin g exampl e 
illustrate s a  7'''-grader' s (MS4 )  misconceptio n abou t  th e 
proces s o f  infection ,  whic h involve s se x an d dirt :  "See , 
most  people ,  like ,  the y don' t  actuall y was h afte r  havin g 
sex .  See ,  i f  th e perso n i s dirt y yo u know ,  lik e th e 
dirt ,  i t  goe s int o skin ,  like ,  i t  stay s ther e fo r  a  lon g time , 
the n i t  start s t o g o furthe r  in ,  the n i t  start s mixin g wit h 
blood ,  an d that' s ho w A I D S coul d probabl y form. "  Thi s 
misconceptio n make s student s vubierabl e t o th e 
erroneou s beUe f  tha t  washin g afte r  se x m a y preven t 
infection .  Additiona l  potentia l  misconception s resul t 
from  students '  lac k o f  understandin g o f  th e proces s o f 
disease .  No t  knowin g h o w H I V affect s th e huma n bod y 
ove r  time ,  student s i n thi s mode l  als o typicall y di d no t 
understan d th e connectio n betwee n H I V an d A IDS . 
They referre d t o the m a s tw o differen t  diseases ,  wit h 
one bein g mor e dangerou s tha n th e othe r  (MSI ,  M S 2 , 
M S 3,  M S 7 ,  M S 9 ,  HS l ,  HS2) . 

Understanding at the Intermediate-Model Level. 
The si x student s assigne d t o thi s leve l  ( M S 10 ,  H S 2 , 
H S 5,  HS6 ,  H S 8 an d H S 9 )  ha d som e biologica l 
understandin g o f  H I V a t  th e systemi c level .  Althoug h 
non e o f  th e student s coul d describ e th e vira l  structur e o r 
lif e cycle ,  fou r  o f  the m realize d tha t  H I V wa s a  particl e 
wit h physica l  properties ,  suc h a s shap e an d siz e (e.g. , 
HS6:  "I t  migh t  b e a  cell-lookin g thing") .  Thei r 
understandin g tha t  th e proces s o f  H I V infectio n 
involve d exchang e o f  fluids  allowe d the m t o unit e 
variou s route s o f  H I V transmissio n aroun d a  singl e 

theme .  Fiv e o f  th e student s understoo d tha t  H I V affect s 
th e immun e syste m -  an d thu s destroy s body' s defense s 
-  an d define d A I D S a s th e advance d stag e o f  H I V 
infectio n (e.g. ,  H S 3 :  " A I D S i s th e sicknes s itself.") . 
Overall ,  tfiese  student s ha d conceptio n o f  H I V tha t  wa s 
sufficientl y biologicall y grounde d t o provid e som e 
framewor k fo r  organizin g fact s abou t  HIV .  A s a 
consequence ,  the y di d no t  shar e an y o f  th e 
misconceptions ,  exhibite d b y th e naiv e students . 

Understanding at the Advanced Model Level. The 
thre e student s w h o demonstrate d thi s leve l  o f 
understandin g (HS4 ,  H S 7 an d HS IO )  define d H I V a s a 
virus ,  an d describe d th e viru s a s a  microorganis m tha t 
lack s organelles ,  bu t  contain s geneti c materia l  an d ca n 
replicat e insid e o f  a  host .  The y kne w tha t  th e viru s 
entere d huma n bod y throug h exchang e o f  fluids  an d 
penetrate d whit e bloo d cells ,  replicate d insid e o f  thes e 
cell s an d eventuall y destroye d them .  Bot h student s 
state d tha t  a s th e numbe r  o f  vira l  cell s increase d an d th e 
number  o f  whit e bloo d cell s decreased ,  th e bod y 
became unabl e t o fight  opportunisti c diseases . 

Reasoning in the Context of HIV 

Reasonin g a t  th e Naive-Mode l  Level .  Refutin g th e 
erroneou s informatio n i n reasonin g Passag e 2  require s 
understandin g tha t  mos t  H I V particle s ar e "anchored " 
i n whit e bloo d cell s i n th e bloo d stream ,  an d therefore , 
ca n no t  b e expelle d from  th e bod y throug h fluids. 
Student s whos e conceptio n o f  H I V i s a t  th e naiv e leve l 
do no t  hav e thi s understanding :  i n thei r  model ,  H I V 
affect s no t  specifi c  cell s tha t  ar e locate d i n th e blood , 
and (fo r  most ,  thoug h no t  al l  student s i n thi s group )  no t 
eve n th e bloo d i n general ,  bu t  "th e body. "  Swea t  an d 
urin e flow  ou t  o f  "th e body" ,  s o th e scenari o shoul d 
soun d convincin g t o thes e students .  Th e followin g 
justificatio n o f  th e agreemen t  wit h passag e provide d b y 
a seventh-grade r  (MSB )  demonstrate s th e effec t  o f 
naifv e mode l  o f  H I V o n reasoning ,  "I t  make s sense.. . 
becaus e th e stuf f  i s  i n th e body ,  an d yo u jus t  nee d a 
release ,  releas e al l  o f  i t  out.. .  befor e i t  reall y catche s 
you r  body. "  Semanti c networ k o f  thi s student' s 
reasonin g i s provide d i n Figur e 1 .  Th e networ k 
illustrate s h o w thi s student' s reasoning ,  whil e coherent , 
involve s th e leve l  o f  conceptua l  granularit y tha t  i s  to o 
crud e t o expos e th e fallac y o f  th e myth . 

Nin e ou t  o f  eleve n naive-leve l  student s ( M S 3-9 ,  H S l 
and HS2 )  agree d tha t  H I V ca n b e expelle d throug h 
urin e an d sweat .  S o m e o f  thes e student s ( M S 7  an d M S 
8)  initiall y  sai d tha t  H I V coul d no t  b e expelled ,  bu t  late r 
foun d th e explanatio n i n th e passag e convincin g enoug h 
t o chang e thei r  mind .  On e o f  th e student s (HSl )  gav e 
additiona l  suppor t  t o hi s reasonin g b y providin g a n 
experientia l  analog y t o th e cas e o f  a  perso n defeatin g 
cancer ,  "Yeah ,  thi s i s true ,  thi s i s true .  Caus e peopl e ca n 
sto p i t  lik e that .  B y exercising ,  lik e the y said .  Lik e tha t 
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lady ,  lik e I  tol d you ,  sh e exercise d he r  w a y ou t  o f 
cancer ,  s o I  thin k thi s i s  true ,  yo u ca n exercis e you r  w a y 
ou t  o f  H I V ptx>bably. "  Suc h opportunisti c us e o f 
practica l  knowledg e i s typica l  o f  la y reasonin g abou t 
healt h (Sivaramakrishna n &  Patel ,  1993) .  Notably ,  th e 
subjec t  w h o provide d th e analog y ha d explicitl y  state d 
i n th e cours e o f  th e intervie w tha t  H I V i s incurabl e 
( H S l :  " O n c e yo u ge t  H I V ,  it' s  like ,  that' s  it ,  ther e i s n o 
comin g bac k t o it." ) 

1 ' 

Expel 

1 
r  OR^ALT: 

Sweat 

Stuf f  (HIV ) 

1 
OR-I iXC: 

COND: 
TEM:ORD 

i 

' 

Uiinat e 

1 
ACT; 

• Catc h 

1 
LOC: 

Body 

1 
RSLT: 

Can' t  Expe l 

A C T:  Action ,  A L T :  Alternative ,  C O N D:  Conditiona l 
Relation ,  E X C :  Exclusive ,  L O C :  Location ,  R S L T : 
Result ,  T E M :  Temporalit y 

Figure 1: Semantic network of naive-model reasoning. 

Two students showed resistance to the myth 
presente d i n di e passage ,  i n spit e o f  lo w biologica l 
understandin g o f  H I V .  O n e studen t  ( M S 2 )  rejecte d th e 
ide a o n th e basi s o f  c o m m o n sense/practica l  reasoning , 
assertin g tha t  ha d informatio n i n th e passag e bee n true , 
H TV wou l d hav e bee n defeate d b y n o w .  Howeve r ,  sh e 
als o concede d tha t  th e informatio n i n th e passag e w a s 
" a little-littl e tru e caus e somebod y wrot e it. "  Thi s 
illustrate s tha t  whil e c o m m o n sens e m a y b e ver y usefu l 
i n everyda y healt h reasoning ,  it s effectivenes s i s 
limited ,  i f  no t  supporte d b y biologica l  understanding . 
On l y on e naive-leve l  studen t  ( M S I )  refute d th e my t h o n 
th e basi s o f  biologica l  reasoning ,  statin g tha t  H I V coul d 
no t  b e expelle d from  th e bod y throug h urin e an d sweat . 

Reasoning at the Intermediate-Mode! Level. 
C o m p a r e d t o th e student s assigne d t o th e nalfv e model , 
th e adolescent s i n thi s grou p ha d deepe r  understandin g 
o f  th e biologica l  basi s o f  H I V .  Howeve r ,  th e expertis e 
literatur e characterize s a  stag e o f  developmen t  i n whic h 
an increas e i n knowledg e i s accompanie d b y a 
temporar y decremen t  i n performance .  Pate l  an d Groe n 
(1991 )  describ e thi s a s th e intermediat e effect . 

characteristi c o f  a  perio d durin g whic h recen t 
knowledg e i s no t  ye t  ftilly  assimilated .  Thi s phas e o f 
temporar y disorientatio n i s eviden t  i n th e reasonin g o f 
intermediate  leve l  students .  Fo r  example ,  unlik e naYv e 
model  students ,  mos t  intermediat e mode l  student s 
understoo d th e rol e o f  bodil y fluid s i n H I V 
transmission .  Howeve r ,  the y ofte n faile d t o utiliz e thi s 
informatio n b y inferrin g tha t  differen t  fluid s containe d 
differen t  amount s o f  viru s an d di d no t  interac t  wit h on e 
another .  A s a  consequence ,  fou r  ou t  o f  si x student s 
assigne d t o thi s mode l  stil l  foun d th e "i n wit h fluids , 
othe r  wit h fluids "  explanatio n convincin g (e.g. ,  H S 6 , 
" A flui d i s wha t  make s yo u ge t  AIDS. . .  drinkin g get s 
fluid s ou t  o f  you r  system.. .  I t  probabl y woul d help." ) 
T w o student s ( H S 2 an d H S 8 )  wer e abl e t o refut e th e 
myth ,  althoug h wit h s o m e hesitations .  Overall , 
intermediate  mode l  leve l  understandin g o f  H I V doe s 
no t  ye t  provid e sufficien t  conceptua l  basi s fo r 
consisten t  efficien t  reasonin g i n th e contex t  o f  HTV . 

Reasoning at the Advanced-Model Level. All three 
student s characterize d a t  thi s leve l  ( H S 3 ,  H S 7 ,  H S I O ) 
rejecte d th e m y t h wit h ver y hig h degre e o f  certainty . 
Thi s i s no t  surprising ,  give n thei r  relativel y rich 
conceptua l  mode l  o f  H I V .  I n additio n t o knowin g tha t 
H I V coul d ente r  h u m a n bod y wit h fluid s an d trave l 
wit h them ,  dies e student s als o k n e w tha t  th e viru s 
entere d th e bloo d stream ,  penetrate d whit e bloo d cell s 
an d replicate d withi n them .  Thi s allowe d the m t o 
understan d h o w th e majorit y o f  th e H I V particle s wer e 
anchore d i n th e bloodstream ,  thu s uncoverin g th e fla w 
o f  th e passage ,  e.g. ,  " A I D S virus ,  it' s  foun d i n sweat.. . 
bu t  onl y i n mino r  quantities ,  s o yo u can' t  jus t  expe l  it , 
i f  yo u d o it ,  ther e i s goin g t o b e viru s stil l  i n you r  bloo d 
tha t  wil l  jus t  kee p replicating. " 

AID S Vim s 
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> 
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1 
PRT: 
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Relation ,  E X C :  Exclusive ,  L O C :  Location ,  P R T :  Par t 

Figure 2: Semantic network of advanced model reasoning. 
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Figur e 2  provide s a  semanti c networ k o f  tha t 
student' s (HS7 )  reasoning .  Th e figur e illustrate s tha t 
whil e th e complexit y o f  th e reasonin g i s comparabl e t o 
tha t  o f  th e naiv e mode l  i n Figur e 1 ,  th e explanator y 
reasonin g an d us e o f  conceptua l  knowledg e 
demonstrate s a  greate r  degre e o f  understanding . 

Conc lus ion s 

I n thi s study ,  student s wit h adequat e factua l  knowledg e 
of  H T V risk s an d preventio n ofte n lacke d genuin e 
conceptua l  understandin g o f  HIV .  Wit h littl e 
conceptua l  understanding ,  student s ha d difficult y 
evaluatin g dubiou s claim s an d reasonin g abou t  practica l 
issue s i n th e contex t  o f  HIV .  Th e dissociatio n betwee n 
factua l  knowledg e an d conceptua l  understandin g o f 
H I V parallel s th e dissociatio n betwee n H I V an d scienc e 
educatio n i n th e schools .  Wit h biolog y taugh t  separatel y 
from  factua l  H I V educatio n an d introduce d i n late r 
grades ,  adolescent s hav e littl e understandin g o f  th e 
concept s o f  viru s an d immun e system ,  whic h ar e 
critica l  t o buildin g accurat e conceptua l  model s o f  HIV . 
As a  consequence ,  H I V knowledg e remain s i n th e for m 
of  a  disjointe d an d sometime s erroneou s collectio n o f 
facts ,  whic h hav e minima l  applicabilit y  t o proble m 
solving .  W h e n adolescent s enrol l  i n a  hig h schoo l 
biolog y course ,  the y receiv e som e groimdin g i n th e 
concept s tha t  ar e relevan t  t o imderstandin g HIV . 
However ,  the y d o no t  receiv e a n opportunit y t o 
integrat e thi s biologica l  knowledg e wit h factua l 
knowledg e an d th e biologica l  knowledg e remain s inert . 

The presen t  stud y caution s researcher s agains t 
makin g a  hast y conclusio n abou t  th e lac k o f  connectio n 
betwee n knowledg e o f  H T V an d sexua l  behavior .  W e 
ar e no t  implyin g tha t  understandin g o f  H I V i s th e onl y 
facto r  tha t  influence s sexua l  ris k taking .  Non-cognitiv e 
factor s (e.g. ,  sexua l  arousal )  ca n exer t  stron g influenc e 
on decision-makin g (Lowenstein ,  1996) .  However ,  in -
dept h understandin g o f  basi c H I V concept s i s crucia l  t o 
th e succes s o f  an y educationa l  intervention .  Thi s stud y 
i s par t  o f  a  researc h progra m designe d t o impar t  robus t 
conceptua l  understandin g o f  H I V t o adolescents . 
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Abstrac t 

Wc present an analysis of hypothesized advantages of 
pictoria l  representation s fo r  improvin g learnin g an d 
understandin g o f  pre-algebrai c quantitativ e reasoning . 
We discus s a  "Pictur e Algebra "  strateg y tha t  ha s bee n 
use d successfull y b y 6 *  grad e student s a s par t  o f  a  ne w 
middl e schoo l  madiematic s curriculum .  Thi s strateg y 
support s student s i n sens e makin g bot h a s the y construc t 
pictoria l  representation s an d a s the y us e the m t o cu e 
appropriat e computations .  Althoug h w e demonstrat e tha t 
6*  grad e student s ca n us e thi s strateg y t o successfull y 
solv e algebra-leve l  problems ,  ou r  detaile d productio n 
rul e analysi s reveale d limiution s i n ou r  instructiona l 
approac h an d targete d area s fo r  improvement . 

Introduction 

As par t  o f  a  large r  effor t  t o develo p a  6" "  grad e 
mathematic s cours e includin g bot h a  textboo k an d 
Cognitiv e Tuto r  softwar e (cf. ,  Koedinger ,  Anderson , 
Hadley ,  &  Mark ,  1997) ,  w e hav e bee n explorin g th e 
us e o f  pictoria l  representation s t o suppor t  studen t 
reasonin g an d learnin g (Rittle-Johnso n &  Koedinger , 
2001) .  Her e w e investigat e th e clai m tha t  pictoria l 
representation s ca n hel p student s gai n earl y entr y int o 
algebrai c reasonin g an d buil d a  foundatio n tha t  wil l 
facilitat e mor e effectiv e learnin g o f  forma l  algebra . 

W hy migh t  usin g picture s o r  diagram s b e 
advantageous ? Cognitiv e scientist s hav e presente d 
argument s an d experiment s fo r  th e advantage s o f 
diagram s (e.g. ,  Cheng ,  1999 ;  Larki n &  Simon ,  1987) . 
Accordin g t o Larki n an d Simo n (p .  98) ,  " a diagra m ca n 
be superio r  t o a  verba l  descriptio n fo r  solvin g 
problems "  fo r  thre e reasons .  First ,  diagram s reduc e 
problem-solvin g searc h b y providin g localize d 
grouping s o f  relevan t  information .  Second ,  diagram s 
reduc e th e nee d fo r  matchin g symboli c labels .  Third , 
diagram s suppor t  perceptua l  inference s tha t  ar e ofte n 
easie r  tha n correspondin g symboli c inferences . 

Other s hav e presente d argument s fo r  th e us e o f 
diagram s fo r  mathematic s instructio n i n particular .  Th e 
mathematic s standard s o f  th e Nationa l  Counci l  o f 
Teacher s o f  Mathematic s ( N C T M ,  2000 )  recommend s 

us e o f  picture s t o suppor t  student s i n developin g a 
conceptua l  understandin g o f  mathematics .  Pictoria l 
representation s ar e use d extensivel y i n Asia n curricul a 
(cf ,  Singapor e Ministry ,  1999) .  Thi s usag e m a y b e a 
facto r  i n th e succes s o f  Asia n countrie s o n internationa l 
mathematic s assessment s (TIMSS ,  1996) . 

Despit e thes e argument s fo r  th e advantage s o f 
pictures ,  ther e i s als o reaso n fo r  caution .  O n e argumen t 
fo r  th e us e o f  alternativ e representations ,  lik e pictures , 
i s tha t  traditiona l  instructio n focuse s to o muc h o n error -
pron e rot e learning .  However ,  student s m a y als o 
acquir e rot e procedure s w h e n learnin g t o us e 
alternativ e representations .  Further ,  learnin g a n 
alternativ e representatio n take s tim e tha t  migh t  b e 
bette r  spen t  learnin g th e standar d representation . 

I n thi s pape r  w e introduc e th e "Pictur e Algebra " 
strategy ,  presen t  studen t  dat a o n th e us e o f  it ,  an d 
discus s a  productio n rul e mode l  o f  th e strateg y an d 
implication s fo r  transfe r  an d instructiona l  design . 

Picture Algebra 

Tr y t o solv e th e Can s proble m show n i n Tabl e 1  an d 
reflec t  o n th e strateg y Uia t  yo u us e t o d o so .  W e hav e 
informall y observe d tha t  m a n y adult s d o no t  directl y 
infe r  wha t  arithmeti c operation s ar e neede d t o solv e 
thi s problem .  Instead ,  mos t  begi n b y translatin g th e 
proble m statemen t  t o on e o r  mor e algebrai c equations , 
fo r  instance ,  x  +  ( x +  9 )  +  ( x +  17 )  =  227 .  The y the n 
perfor m transformation s o n th e equatio n t o arriv e a t  a 
solution .  Althoug h a  fe w us e othe r  mean s (cf ,  Hal l  e t 
al. ,  1989) ,  mos t  fin d thi s proble m difficul t  withou t  th e 
us e o f  algebrai c equations .  I n othe r  words ,  thi s i s 
arguabl y a n "algebr a problem "  tha t  w e migh t  expec t  t o 
be ou t  o f  reac h o f  student s withou t  algebr a instruction , 
fo r  instance ,  6 *  graders . 

Figur e 1 A show s a  6  *  grad e student' s solutio n t o thi s 
proble m usin g a  "Pictur e Algebra "  strateg y tha t  wa s 
taugh t  t o student s a s par t  o f  ou r  middl e schoo l 
mathematic s curriculum .  Lik e othe r  problem-solvin g 
strategies .  Pictur e Algebr a ca n b e describe d i n tw o 
phases :  a  representatio n phas e an d a  solutio n phase .  I n 
th e representatio n phase ,  th e studen t  firs t  translate s th e 
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Tabl e 1 .  Thre e Problem s Solve d b y 6 *  Grader s 
Cans:  Th e sixth ,  sevent h an d eigh t  grad e claue i  brough t  i n 
canne d good s fo r  th e needy .  The y collecte d 22 7 can s betwee n 
th e grades .  Sixt h grad e collecte d 9  mor e can s tha n eight h 
grade ,  an d sevent h grad e collecte d 1 7 mor e can s tha n th e 8t h 
grade .  Ho w man y can s di d eac h grad e collect ? 
Beanie :  Robi n ha s 6  fewe r  beani e babie s tha n Angle .  I f  the y 
hav e 4 2 beani e babie s altogether ,  ho w man y beani e babie s 
does Robi n have ? 
C D:  Cariss a want s t o bu y th e lates t  Ou t  o '  Syn c CD .  Sh e als o 
want s t o bu y a  magazin e an d a  poste r  abou t  he r  favorit e band . 
The magazin e cost s S 8 les s tha n CD ,  an d th e poste r  cost s S1 2 
les s tha n CD .  Th e tota l  cos t  fo r  al l  thre e item s i s $46 .  H o w 
much doe s eac h ite m cost ? 

phras e "sixt h grad e collecte d 9  mor e can s tha n eight h 
grade "  int o a  bo x diagra m b y drawin g a  bo x t o 
represen t  th e can s collecte d b y th e 8" "  grad e an d a 
large r  bo x t o represen t  th e can s collecte d b y th e 6" " 
grade .  Th e large r  bo x i s mad e u p o f  tw o smalle r  boxes , 
one tha t  i s th e sam e siz e a s th e 8" *  grad e bo x an d on e 
tha t  represent s th e 9  mor e can s th e 6 ^  grad e collected . 
Similarly ,  th e studen t  draw s tw o boxe s t o represen t  th e 
7" "  grad e cans .  I n bot h cases ,  th e extr a bo x of f  t o th e 
righ t  i s  labele d wit h th e give n "more-than "  values ,  9 
and 17 .  I n th e final  ste p o f  th e representatio n phase , 
th e studen t  represent s th e tota l  numbe r  o f  cans ,  227 ,  b y 
drawin g a  bracke t  t o th e righ t  o f  al l  th e boxes . 

Thi s pictur e representatio n an d th e algebr a equation , 
x +  ( x +  9 )  +  ( X +  17 )  =  227 ,  ar e "informationall y 
equivalent "  i n Larki n &  Simon' s terms .  Th e thre e equa l 
size d boxe s o n th e lef t  ar e analogou s t o th e thre e x' s i n 
th e equation ,  th e extr a boxe s represen t  th e +  9  an d + 
17,  an d th e bracke t  an d th e 22 7 represen t  th e equa l  sig n 
and righ t  han d sid e o f  th e equation .  Despit e thi s 
similarity ,  th e pictur e an d equatio n representation s ar e 
not  "computationall y equivalen t  .  Wherea s th e 
equatio n i s a  I D "horizontal "  representation ,  th e pictur e 
i s 2 D an d take s advantag e o f  bot h th e horizonta l  an d 
vertica l  dimension s t o bette r  suppor t  th e inference s 
neede d t o solv e th e problem . 

As w e ste p throug h th e Pictur e Algebr a solutio n 
phase ,  notic e h o w inference s ar e visuall y supporte d i n 
a wa y the y ar e no t  i n th e analogou s equatio n solvin g 
steps .  Th e first  ste p i n th e solutio n phas e i s t o pars e o r 
comprehen d th e representation ,  pictur e o r  equation . 
Past  researc h ha s show n tha t  bot h equatio n 
comprehensio n (Payn e &  Squibb ,  1990 )  an d equatio n 
productio n (Heffema n &  Koedinger ,  1998 )  ar e 
particularl y difficul t  set s o f  skill s  fo r  student s t o 
acquire .  Fo r  instance ,  student s mus t  lear n whe n the y 
ca n an d canno t  rearrang e element s o f  a n equation . 
Althoug h expert s k n o w the y ca n i n effec t  ignor e th e 
parenthese s i n " x +  ( x +  9 )  +  ( x +  17) "  an d transfor m 
th e expressio n int o " x +  x  +  x  +  9  +  17 "  an d the n "3 x + 
26" ,  th e step s involve d ar e non-obviou s t o student s an d 
pron e t o error .  I n contrast ,  th e analogou s step s i n th e 

Pictur e Algebr a strateg y ar e visuall y supported .  Th e 
vertica l  organizatio n o f  th e bar s make s i t  mor e apparen t 
tha t  th e thre e equa l  unknow n boxe s ca n b e groupe d 
separatel y fro m th e tw o extr a boxe s fo r  9  an d 17 .  A s a 
consequence ,  student s ca n "see "  tha t  i f  the y subtrac t 
thes e extr a boxes ,  the y wil l  b e lef t  wit h th e thre e equa l 
boxes .  Notic e th e arithmeti c o n th e lef t  i n Figur e I A 
wher e th e studen t  compute s bot h 9  +  1 7 =  2 6 an d 22 7 — 
26 =  201 .  Thi s ste p i s analogou s t o th e "subtrac t  fro m 
bot h sides "  transformatio n i n equatio n solving , 
however ,  i t  i s  mor e perceptuall y intuitiv e a s student s 
ca n visualiz e choppin g oI T th e extr a boxes .  Nex t  th e 
studen t  divide s 20 1 b y 3  (se e th e botto m middl e o f 
Figur e lA )  t o ge t  th e value ,  67 ,  o f  th e thre e equa l 
boxes .  Finally ,  th e studen t  add s bac k th e 9  an d 1 7 t o 
get  th e value s o f  can s collecte d b y th e 6" "  an d 7" '  grade . 

Student Solution Data 

We analyze d 3 5 sixt h graders '  solution s t o th e thre e 
problem s show n Tabl e 1 .  Th e Can s an d Beani e 
problem s wer e give n a s par t  o f  a  uni t  test .  T o ge t  a 
sens e fo r  whethe r  th e representatio n o r  solutio n phas e 
of  Pictur e Algebr a i s mor e difficul t  fo r  students ,  w e 
provide d a  correc t  pictur e representatio n fo r  som e 
student s bu t  no t  fo r  others .  Hal f  th e student s wer e 
give n a  tes t  i n whic h a  diagra m wa s give n fo r  th e Can s 
proble m bu t  no t  fo r  th e Beani e problem .  Th e remainin g 
student s wer e give n a  tes t  i n whic h a  diagra m wa s 
give n fo r  th e Beani e problem ,  bu t  no t  th e Can s 
problem .  Student s solve d th e C D proble m (wit h n o 
diagra m provided )  a s par t  o f  a  warm-u p activit y o n a 
late r  day .  (On e studen t  wa s absen t  o n eac h day. ) 

The Can s proble m involve s thre e unknow n quantitie s 
(can s collecte d b y 6* '  7* ,  an d 8 *  grades )  an d more-tha n 
relation s betwee n thes e quantities .  Student s wer e 
initiall y  instructe d o n Pictur e Algebr a wit h simple r  tw o 
quantit y more-tha n problems .  Th e Beani e proble m als o 
has tw o quantitie s bu t  i s mor e difficul t  becaus e o f  th e 
less-tha n (o r  "fewer" )  relatio n betwee n the m (Lewis , 
1989) .  Th e C D proble m combine s bot h dimension s o f 
difficult y a s i t  involve s thre e quantitie s an d less-tha n 
relations .  O n e questio n o f  interes t  i s  whethe r  thes e 
dimension s o f  difficult y ar e independent . 

Overall Performance Results 

Th e firs t  resul t  o f  not e i s tha t  6" '  grader s ca n effectivel y 
us e pictoria l  representation s t o solv e "algebraic " 
problems .  The y wer e 6 8 % correc t  o n bot h th e Can s an d 
Beani e problem s an d 3 2 % correc t  o n th e C D problem . 
Such problem s ar e challengin g fo r  man y olde r  students . 
For  instance ,  Bednar z &  Janvie r  (1996 ,  p .  120 )  foun d 
tha t  pre-algebr a student s (sam e ag e a s U S 7" '  graders ) 
wer e onl y 5 % correc t  o n th e followin g problem : 

380 student s ar e registere d i n sport s activitie s fo r  th e 
season .  Basketbal l  ha s 7 6 mor e student s tha n skatin g an d 
swimmin g ha s 11 4 mor e tha n basketball .  H o w man y 
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(C )  Wron g pictur e fo r  C D proble m (D )  correc t  abstrac t  pictur e fo r  C D proble m 

Figur e 1 .  Correc t  an d incorrec t  6 *  grad e students '  Pictur e Algebr a solutions . 

student s ar e ther e i n eac h o f  th e activities ? 
As anothe r  reference  point ,  Koedinge r  &  Alibal i  (1999 ) 
collecte d dat a o n colleg e students '  performanc e o n th e 
followin g relatively  simpl e problem : 

Ther e ar e 3 8 smdent s i n class .  I f  ther e ar e 6  mor e girl s  tha n 
boys ,  ho w man y boy s ar e i n th e class ? 

Student s i n a  colleg e algebr a cours e wer e onl y 5 4 % 
correc t  an d eve n C M U student s wit h a  mea n mat h S A T 
of  71 9 wer e 8 6 % correct . 

Student s give n a  pictur e o n th e Can s an d Beani e 
problem s wer e 7 1 % correc t  i n bot h case s an d wer e 
6 5 % correc t  o n bot h withou t  th e picture .  Tha t  bein g 
give n th e pictur e di d no t  hel p muc h o n thes e problem s 
indicate s tha t  th e representatio n phas e wa s relativel y 
eas y fo r  students .  I n contrast ,  th e representatio n phas e 
on th e C D proble m wa s no t  easy .  Student s dre w a 
goo d pictur e i n onl y 3 2 % o f  C D solutions ,  bu t  wer e 
6 4 % correc t  whe n the y did .  The y wer e onl y 1 7 % 
correc t  whe n a  pictur e wa s missin g o r  incorrect . 

We wer e surprise d a t  student s relativel y poo r 
performanc e o n th e C D proble m (32% )  give n tha t  tw o 
ke y source s o f  difficult y i n tha t  problem ,  3  quantitie s 
and less-tha n relations ,  wer e eac h presen t  individuall y 
i n eithe r  th e Can s proble m ( 3 quantities )  o r  th e Beani e 
proble m (less-tha n relation) .  A  simpl e surface-leve l 
analysi s o f  proble m difficult y factor s woul d predic t 
tha t  student s woul d be ,  a t  worst ,  4 2 % correc t  (.65*.65 ) 
on th e C D problem .  Clearly ,  suc h a  surfac e leve l 
analysi s i s  insufficien t  t o understan d w h y th e C D 
proble m wa s s o har d fo r  students .  Ou r  productio n rul e 
analysi s belo w provide s a  bette r  explanation . 
D i a g r a m m i n g Strategie s 

We classifie d th e picture s student s dre w int o 5 
categories :  size-preserving ,  incomplete ,  wrong , 
abstract ,  an d no-diagram .  I n a  "size-preserving " 
picture ,  al l  quantities ,  o r  part s o f  quantities ,  ar e 
represente d b y boxe s whos e size s correspon d wit h th e 
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relativ e size s o f  th e quantities .  Tha t  is ,  bigge r  quantitie s 
ar c represente d b y bigge r  boxes .  U n k n o w n quantitie s 
ca n b e an y size ,  bu t  equa l  quantitie s mus t  b e 
represente d b y equa l  siz e boxes .  Al l  quantitie s ar e 
represente d an d al l  k n o w n quantitie s o r  part s o f 
quantitie s ar e labele d wit h thei r  give n value .  Figure s 
lA- B sho w example s o f  "size-preserving "  pictures .  A n 
"incomplete "  pictur e wa s on e tha t  wa s otherwis e 
correct ,  bu t  wa s missin g quantitie s o r  labels .  A 
"wrong "  pictur e ha s boxe s tha t  ar e th e wron g relativ e 
sizes .  Figur e \ C show s a n exampl e wher e th e bo x fo r 
th e magazin e cos t  (to p box )  i s th e sam e siz e a s th e bo x 
fo r  th e poste r  cos t  (botto m box )  when ,  i n fact ,  th e 
magazin e cos t  i s  bigge r  tha n th e poste r  cost . 

An "abstract "  pictur e i s show n i n Figur e ID .  Th e 
boxe s i n Figur e I D violat e th e siz e preservin g 
constraint .  Wherea s th e C D cos t  i s  largest ,  i t  appear s a s 
th e smalles t  bo x (th e to p one) .  However ,  som e student s 
correctl y interprete d thes e extr a boxe s (labele d — 1 2 an d 
— 8)  as ,  i n essence ,  havin g a  negativ e size . 

A potentia l  advantag e o f  th e abstrac t  pictur e i s tha t  i t 
m ay incrementall y mov e student s towar d th e kind s o f 
abstrac t  inference s neede d fo r  symboli c algebr a 
transformations .  O n th e easie r  Can s an d Beani e 
problems ,  th e 7  solution s employin g a n abstrac t  pictur e 
wer e al l  correct .  However ,  on e disadvantag e o f  th e 
abstrac t  pictur e i s tha t  withou t  th e size-preservin g cues , 
student s ca n easil y confiis e th e operation s tha t  nee d t o 
be performe d and ,  fo r  instance ,  subtrac t  whe n the y 
shoul d add .  Thi s confusio n le d 4  o f  th e 1 0 student s 
w ho use d a n abstrac t  pictur e o n th e C D proble m t o a n 
incorrec t  answer .  Further ,  eve n amon g th e 6  student s 
whos e abstrac t  pictur e le d t o a  correc t  solution ,  ther e i s 
evidenc e o f  confusion .  Notic e th e arithmeti c o n th e lef t 
i n Figur e I D wher e th e studen t  incorrectl y subtract s 2 0 
from  4 6 rathe r  tha n addin g 2 0 an d 46 .  Th e studen t 
abandon s thi s approac h whe n h e notice s tha t  3  doe s no t 
divid e evenl y int o 26 .  Thi s correc t  solutio n m a y no t 
hav e com e fro m understanding ,  bu t  from a  shallo w 
schoo l  heuristi c tha t  problem s usuall y com e ou t  even . 

Production Rule Model of Picture Algebra 

We performe d a  production-rul e analysi s o f  typica l 
correc t  an d incorrec t  studen t  solution s t o th e thre e 
problems .  Tabl e 2  show s example s o f  ke y productions . 

Production Trace of Cans Solution 

The correc t  solutio n t o th e Can s proble m wit h a  size -
preservin g diagra m (se e Figur e lA )  i s trace d wit h 1 3 
productions .  Thes e production s ar e th e sam e one s 
neede d t o solv e a  more-tha n proble m dealin g wit h tw o 
unknow n quantitie s an d thu s w e woul d expec t  goo d 
transfe r  from  clas s instruction .  T o proces s 3  unknow n 
quantitie s rathe r  tha n 2 ,  som e production s ar e execute d 
multipl e times .  W h e n drawin g a  size-preservin g pictur e 
th e mode l  first  ha s t o dra w a  "base "  bo x (P2 a i n Tabl e 

Tibl e 2 .  Pictur e Algebr a Productio n Rul e Example s 
POt:  Change-lesi-than-to-more-tha n 
I f  goa l  i s  t o dra w boxe s t o represen t 

=Ql  i s = X les s tha n = Q 2 
the n se t  goa l  t o dra w boxe s t o represen t 

=Q2 i s = X mor e tha n =Q 1 
POb:  Change-leu-than-to-more-than-negadv e 
I f  goa l  i s  t o dra w boxe s t o represen t 

=Q1 i s = X les s tha n =Q2 , 
the n se t  goa l  t o dra w boxe s t o represen t 

=Q\  i s minu s = X mor e tha n =Q 2 
P2a:  Draw-base-box-more-tha n 
I f  goa l  i s  t o dra w boxe s t o represen t 

=Q2 i s = X mor e tha n = Q 1 
and n o bo x ha s bee n draw n 

the n dra w a  firs t  bo x fo r  =Q 1 
P3c:  Draw-comp-box-equal-part-repai r 
I f  goa l  i s  t o dra w boxe s t o represen t 

=Q2 i s = Y mor e tha n ̂ 3 3 
and first  bo x fo r  =Q 2 wit h th e siz e = S 1  i s draw n 
and n o bo x fo r  =Q 3 ha s bee n draw n 

the n dra w a  firs t  bo x fo r  =0 3 wit h th e siz e = S 1 
P6a:  Check-equal-size-boxet-with-extr a 
I f  goa l  i s  t o solv e a  proble m wit h a  bo x diagra m 

and ther e ar e equal-siz e boxe s 
and th e valu e o f  a n extr a bo x fo r  =Q 1 i s = X 
and th e bo x wit h valu e = X ha s no t  bee n remove d 

the n se t  goa l  t o remov e th e extr a bo x 
2) .  Thi s bo x represent s th e 8 *  grad e cans .  Othe r 
production s dra w "equal-part "  boxe s fo r  th e equa l  part s 
of  th e 6 *  an d 7 *  can s an d "extra-part "  boxe s fo r  th e 9 
and 17 .  Th e fma l  productio n i n th e representatio n 
phas e draw s an d label s th e bracke t  wit h th e tota l  227 . 

At  thi s point ,  th e solutio n phas e begin s wit h 
productio n P6a ,  whic h set s a  goa l  t o remov e a n extr a 
box .  Thi s productio n fires  twic e i n th e Can s solution , 
onc e wit h = Q I  se t  t o 6 *  grad e can s an d = X t o 9  an d a 
secon d tim e wit h = Q 1 se t  t o 7" "  grad e can s an d = X t o 
17.  Onc e al l  quantitie s represente d a s extr a boxe s (i.e. , 
9 an d 17 )  ar e subtracte d from  th e tota l  quantit y  (227) , 
fiirther  production s find  th e bas e quantit y b y dividin g 
th e n e w tota l  (201 )  b y th e numbe r  o f  equal-siz e boxe s 
(3) .  Th e mode l  finishes  wit h production s fo r  finding 
th e othe r  tw o quantitie s b y addin g th e extr a bo x value s 
( 9 an d 17 )  t o th e valu e o f  th e bas e quantit y  (67) . 

Production Trace of Beanie Solution 

The ke y t o th e model' s solutio n o f  th e Beani e proble m 
i s productio n PO a tha t  convert s a  less-tha n relatio n t o a 
more-tha n relation .  Onc e th e mode l  see s "Robi n ha s 6 
fewe r  beani e babie s tha n Angle "  a s "Angl e ha s 6  mor e 
beani e babie s tha n Robin" ,  i t  ca n solv e th e proble m jus t 
as i t  woul d a  more-tha n problem .  Students '  relativel y 
goo d performanc e o n th e Can s an d Beani e problem s i s 
consisten t  wit h a  productio n rul e transfe r  analysi s 
(Single y &  Anderson ,  1989) .  Relativ e t o th e familia r 
two-quantity ,  more-tha n problem s student s wer e 
instructe d on ,  onl y repetition s o f  alread y k n o w n 
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production s ar e neede d fo r  th e Can s proble m an d onl y 
one ne w productio n i s neede d fo r  th e Beani e problem . 

Production Traces of CD Solutions 

I t  turn s ou t  th e simpl e less-tha n t o more-tha n 
transformatio n performe d b y PO a doe s no t  wor k s o wel l 
fo r  solvin g th e C D problem .  A  productio n rul e trac e o f 
th e incorrec t  solutio n t o th e C D proble m i n Figur e I C 
illustrate s thi s point .  A s i n th e Beani e trace ,  th e mode l 
begin s b y firing  PO a t o conver t  "pric e o f  magazin e i s 
$8 les s tha n th e pric e o f  C D "  t o "pric e o f  C D i s $ 8 
mor e tha n th e pric e o f  magazine" .  I t  the n draw s th e 
singl e smalle r  bo x fo r  th e magazin e cos t  (to p o f  Figur e 
IC ,  bu t  withou t  8  inside )  an d th e equal-par t  an d extra -
par t  boxe s fo r  th e C D cos t  (firs t  tw o boxe s i n th e C D 
row ,  withou t  th e 1 2 bo x o r  th e first 8  label) .  Th e 
representatio n i s correc t  a t  thi s point ,  bu t  afte r 
convertin g "th e pric e o f  poste r  i s $1 2 les s tha n th e pric e 
of  C D "  relatio n t o "th e pric e o f  C D i s $1 2 mor e tha n 
th e pric e o f  poster "  th e mode l  ha s trouble . 

I f  th e mode l  onl y ha d th e production s neede d fo r  th e 
Cans an d th e Beani e problem ,  i t  woul d reac h a n 
impass e here .  Usuall y th e smalle r  bas e o f  th e more -
tha n statemen t  (Poste r  i n thi s case )  ha s alread y bee n 
draw n an d ther e ar e production s fo r  drawin g th e equal -
and extra-part s o f  th e large r  quantit y  (CD) .  However , 
i n thi s case ,  i t  i s  th e smalle r  bo x (Poster )  tha t  ha s no t 
bee n drawn .  Ou r  mode l  predict s tha t  student s reac h a n 
impass e a t  thi s poin t  an d mus t  implemen t  a  "repair " 
(VanLchn ,  1983) .  Th e productio n P3 c i n Tabl e 2 
represent s a  resul t  o f  thi s repair .  I t  draw s a  bas e bo x 
fo r  th e Poste r  cos t  tha t  i s  th e sam e siz e a s th e equal -
par t  o f  th e C D cost .  Next ,  a n over-genera l  productio n 
add s a n extr a bo x t o th e C D ro w fo r  th e "1 2 more" . 
Thi s productio n i s over-genera l  becaus e i t  i s  missin g a 
constrain t  t o chec k tha t  a n extr a bo x ha s no t  alread y 
bee n draw n (th e middl e 8  bo x i n th e C D row) .  Th e 
model  continues ,  lik e th e student ,  t o correctl y comput e 
value s consisten t  wit h thi s incorrec t  representatio n o f 
th e {Troblem . 

Wit h onl y on e productio n differenc e fro m th e Can s 
and Beani e problem s thi s solutio n i s a  relativel y eas y 
transfer .  Thi s provide s a n explanatio n fo r  th e frequenc y 
of  thi s od d incorrec t  solutio n strategy .  8  o f  3 4 student s 
dre w picture s fo r  th e C D proble m lik e th e on e show n i n 
Figur e I C wit h tw o extr a boxe s i n th e C D row . 

Student s foun d tw o way s t o b e successfii l  o n th e C D 
problem .  Figur e 1 D show s a n exampl e o f  on e o f  thes e 
ways .  Th e mode l  agai n start s b y convertin g th e give n 
less-tha n relation s t o more-tha n relations ,  bu t  no t  b y 
changin g th e positio n o f  th e quantitie s i n th e relation , 
but  b y negatin g th e differenc e valu e (PO b i n Tabl e 2) . 
For  example ,  "pric e o f  magazin e i s $ 8 les s tha n th e 
pric e o f  C D "  i s converte d int o "pric e o f  magazin e i s -
$8 mor e tha n th e pric e o f  CD" .  Th e mode l  the n draw s 
an abstrac t  diagra m wit h a n extr a bo x i n th e Magazin e 

ro w tha t  ha s a  negativ e value .  N e w production s ar e 
neede d t o dea l  wit h extr a boxe s wit h negativ e values . 
O ne o f  thes e production s remove s a n extr a negativ e 
bo x b y addin g th e absolut e valu e o f  th e bo x t o th e tota l 
(4 6 +  1 2 an d +  8) .  A  simila r  productio n i s neede d i n th e 
final  step s o f  th e solutio n t o combin e thes e negativ e 
value s wit h th e unknow n valu e (22) . 

A secon d approac h t o th e C D proble m involve s 
directl y representin g th e less-tha n relation s i n th e 
pictur e (se e Figur e IB) .  I n thi s approach ,  th e large r  C D 
cos t  remain s th e bas e quantit y i n bot h relations .  Tha t 
th e magazin e cos t  i s $ 8 les s i s represente d b y labelin g 
th e spac e betwee n th e righ t  en d o f  th e Magazin e ba r 
and th e right  en d o f  th e Poste r  bar .  (I t  woul d b e bette r 
i f  th e studen t  ha d no t  pu t  a  bo x aroun d th e 8  a s thi s bo x 
implie s th e siz e o f  th e Magazin e cos t  include s thi s 8 
when i t  doe s not. )  Onl y on e studen t  o n th e C D proble m 
dre w a  pictur e tha t  wa s clos e t o siz e preserving . 

Bot h o f  th e correc t  solutio n strategic s fo r  th e C D 
proble m involv e mor e ne w production s ( 4 an d 7 )  tha n 
th e incorrec t  solutio n strateg y (1) .  Whil e th e abstrac t 
pictur e strateg y involve s fewe r  ne w production s (4 ) 
tha n th e size-preservin g strateg y (7) ,  ther e ar e othe r 
relativ e advantage s o f  th e size-preservin g strategy . 

The ne w production s require d fo r  th e size-preservin g 
strateg y ar e mostl y straightforwar d analogie s wit h 
existin g productions ,  wher e less-tha n i s substitute d fo r 
more-than .  M o r e importantly ,  thi s strateg y provide s 
mor e reliabl e perceptua l  suppor t  fo r  inferences .  T o ge t 
thre e equa l  bars ,  on e mus t  fill  i n th e empt y spac e t o th e 
right  o f  th e Magazin e an d Poste r  boxe s (se e Figur e 
IB) .  Thi s "fillin g in "  i s a  perceptua l  cu e fo r  addition .  I n 
contrast ,  i n th e abstrac t  pictur e (se e Figur e ID) ,  th e 
perceptua l  cue s sugges t  "removing "  o r  subtractio n and , 
as w e saw ,  man y student s fel l  fo r  o r  wer e distracte d b y 
thi s cue .  T o succee d wit h thi s strategy ,  student s hav e t o 
do explici t  symboli c processin g t o infe r  tha t  takin g 
away a  negativ e i s th e sam e a s adding . 

A n importan t  consequenc e o f  thi s analysi s wa s th e 
recognitio n tha t  student s shoul d b e instructe d no t  t o 
dra w boxe s aroun d extr a missin g part s (se e th e — 8 — an d 
— 1 2 — i n Figur e IC) ,  bu t  t o us e a  double-heade d arro w 
or  bracke t  t o mar k th e empt y space . 

Discussion 

The Pictur e Algebr a strateg y benefit s fro m a  numbe r  o f 
positiv e feature s o f  diagrammati c representations : 
groupin g t o facilitat e search ,  reducin g th e nee d fo r 
symboli c labels ,  an d substitutin g intuitiv e perceptua l 
inference s fo r  mor e difficul t  logica l  inference s (Larki n 
& Simon ,  1987) .  Th e potentia l  valu e o f  thi s strateg y i s 
evidence d b y th e observe d succes s o f  6 *  grad e student s 
on algebra-leve l  problem s tha t  ar e quit e difficul t  fo r 
many olde r  students . 

Teacher s alway s encourag e student s t o chec k thei r 
answer s an d student s appea r  mor e likel y d o s o whe n 
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usin g Pictur e Algebr a (Fi g 1B,C,D )  tha n whe n usin g 
othe r  strategies .  W e speculat e tha t  b y evokin g studcnu ' 
spatia l  intuitions ,  th e pictoria l  representatio n put s 
student s i n a  "sens e making "  m o d e tha t  lead s t o greate r 
self-monitorin g (cf. ,  Kalchman ,  Moss ,  &  Case ,  2001) . 

However ,  instructio n base d o n picture s i s no t  a 
panacea .  Althoug h picture s m a y facilitat e students ' 
reasonin g an d learning ,  i t  i s no t  trivia l  fo r  student s t o 
lear n t o us e suc h representation s flexibly  an d wit h 
understanding .  No t  al l  student s usin g Pictur e Algebr a 
engage d i n sens e making .  S o m e m a d e error s typica l  o f 
equatio n solvin g (e.g. ,  subtractin g w h e n the y shoul d 
add )  an d faile d t o catc h the m eve n wit h th e visua l 
suppor t  o f  th e pictur e (cf ,  Lewis ,  1989) . 

Althoug h student s performe d relativel y wel l  o n 
proble m demand s presente d individuall y i n th e Can s 
and Beani e problems ,  the y ha d m u c h greate r  troubl e 
wit h th e C D proble m tha t  combine d bot h demands .  Ou r 
productio n rul e analysi s provide s a  detaile d explanatio n 
fo r  w h y thi s proble m i s  significantl y mor e difficult . 
Th e difficult y arise s fro m th e orde r  i n whic h th e 
quantitie s ar e relate d t o eac h othe r  an d potentia l  trap s 
from  inappropriatel y selectin g a  "base "  quantity . 

A nove l  predictio n o f  ou r  mode l  i s tha t  a  3-quantit y 
more-tha n proble m o f  th e for m " A i s X  mor e tha n B 
and A  i s Y  mor e tha n C "  shoul d b e almos t  a s difficul t 
as th e C D proble m ( a 3-quantit y less-tha n problem) . 
Thi s predictio n follow s fro m th e fac t  tha t  th e mode l 
essentiall y  convert s th e C D proble m int o thi s form . 
Similarly ,  th e mode l  predict s tha t  a  3-quantit y less-tha n 
proble m o f  th e for m " A i s X  les s tha n B  an d A  i s Y  les s 
tha n C "  shoul d actuall y b e relativel y easy ,  mor e lik e 
th e Can s problem .  Th e generatio n o f  suc h prediction s 
has pushe d u s t o rethin k an d improv e ou r  curriculu m 
desig n t o bette r  addres s th e previousl y hidde n skill s 
reveale d b y ou r  productio n rul e analysis . 

Thi s pape r  report s o n theoretica l  an d empirica l  step s 
towar d answerin g th e followin g researc h questions : 
1.  Ca n instructio n o n th e us e o f  Pictur e Algebr a hel p 

younge r  student s gai n entr y int o algebrai c 
reasonin g soone r  tha n direc t  instructio n o n forma l 
algebra ? 

2.  Ca n instructio n o n Pictur e Algebr a hel p younge r 
student s buil d a  foundatio n tha t  wil l  improv e an d 
accelerat e late r  learnin g o f  forma l  algebra ? 

Becaus e o f  th e complexit y an d cos t  o f  performin g 
classroo m experiment s tha t  coul d directl y addres s thes e 
questions ,  thes e question s ar e excellen t  candidate s t o 
tes t  th e applicabilit y  o f  cognitiv e theory .  Ou r  goa l  i s t o 
emplo y cognitiv e theor y an d lowe r  cos t  empirica l 
studie s t o provid e stron g argument s fo r  and/o r  agains t 
thes e claims .  Wit h suc h argument s i n hand ,  w e ar e 
bette r  prepare d t o asses s th e potentia l  benefi t  o f  a 
costl y classroo m experimen t  and ,  perhap s mor e 
importantly ,  facilitat e th e desig n o f  a n instructiona l 
metho d tha t  i s  mos t  likel y t o b e successfiil . 
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Abstrac t 

The effects of adjustments in teaching strategy and of 
paralanguag e informatio n i n speec h soun d o n th e mean -
in g acquisitio n proces s wer e determine d b y mean s o f  a n 
experimen t  i n whic h th e gam e "Pong "  wa s playe d b y a 
tea m o f  tw o subjects .  On e subjec t  (th e teacher )  coache d 
th e othe r  on e (th e operator) ,  instructin g th e operato r  i n 
vtiiic h directio n t o mov e th e gam e paddl e an d whe n t o 
hi t  th e "ball. "  However ,  th e teacher' s speec h wa s ren -
dere d linguisticall y incomprehensible .  Tlue e phenomen a 
wer e obsoved .  First ,  th e us e o f  a  high-pitche d voic e b y 
th e teache r  cause d th e operato r  t o pa y mor e attentio n 4 o 
her/hi s actions .  Second ,  meanin g acquisitio n coul d b e 
regarde d a s a  reinforcemen t  learnin g proces s base d o n a 
multi-rewar d syste m (i.e. ,  on e fo r  successfu l  gam e actio n 
and a  differen t  on e fro m th e teacher' s high-pitche d voic e 
fo r  th e wron g action) .  Third ,  th e subject s adapte d t o eac h 
other ;  tha t  is ,  the y learne d t o respon d mor e q>propriatel y 
t o eac h other' s behavior s (w e cal l  thi s mutua l  adapta -
tion) .  Thes e thre e phenomen a ar e though t  t o pla y impor -
tan t  role s i n th e acquisitio n o f  meanin g fro m incompre -
hensibl e speech . 

I n t r o d u c t i o n 

H o w d o peopl e w h o spea k differen t  language s lear n t o 
communicate ? H o w d o the y acquir e th e meaning s o f 
eac h other' s speech ? O n e w a y t o interpre t  th e meaning -
acquisitio n proces s i s t o vie w i t  a s statistica l  learnin g 
i n whic h a  certai n speec h soun d i s linke d t o th e situ -
atio n i n whic h i t  wa s given .  Severa l  researc h group s 
hav e constructe d genera l  meaning-acquisitio n model s 
base d o n thi s simpl e interpretatio n (fo r  instance ,  Sisldnd , 
1996) .  Testin g o f  thes e model s demonstrate d tha t  th e 
wor d meaning s ca n b e acquire d usin g statistica l  learnin g 
methodologies . 

S o me group s hav e investigate d th e teachin g o f  wor d 
meaning s t o robo t  agents ,  whic h ca n m o v e b y themselve s 
(Billar d e t  al. ,  1998 ;  Roy ,  1999) .  Fo r  example ,  Kapla n 
(2000 )  showe d tha t  a  four-legge d robo t  coul d lear n th e 
names o f  a  doze n object s show n i n fron t  o f  it s  "eyes " 
(camera )  b y th e experimente r  durin g it s actio n experi -
ences . 

O ne stud y i n particula r  demonstrate d tha t  a n au -
tonomou s agen t  coul d lear n no t  onl y th e meaning s o f 
instructio n word s bu t  als o th e meaning s o f  evaluatio n in -
struction s suc h a s "good "  an d "bad" .  Suzuk i  e t  al .  (2002 ) 
develope d a  learnin g agen t  mode l  tha t  coul d lear n th e 

meaning s o f  word s an d evaluatio n instruction s durin g it s 
actio n experiences . 

A larg e variet y o f  learne r  model s hav e thu s bee n 
demonstrated.  Siskind' s learne r  mode l  wa s a  compute r 
tha t  processe d strin g inputs ;  Kaplan' s wa s a  four-legge d 
robo t  tha t  coul d lear n objec t  names ;  an d Suzuki' s wa s a 
compute r  agen t  tha t  coul d mov e b y itsel f  i n a  virtua l  en -
vironment .  I n contrast ,  onl y on e typ e o f  "teacher "  ha s 
bee n demonstrated ,  on e w h o gav e instructio n base d o n 
unchangeabl e rules .  I n rea l  life ,  however ,  goo d teach -
er s adjus t  thei r  teachin g strateg y t o fi t  th e learner' s mod e 
of  learning .  Fo r  example ,  a  caregive r  wil l  spea k t o a 
preverba l  infan t  usin g onl y simpl e words .  Then ,  whe n 
th e infan t  start s t o speak ,  th e caregive r  wil l  star t  t o us e 
mor e comple x word s an d spea k i n differen t  ways .  S o far , 
ther e hav e bee n n o studie s o n h o w dynamicall y adjust -
in g th e teachin g strateg y affect s th e meanin g acquisitio n 
process . 

Investigatin g th e proces s involve d i n acquirin g mean -
ing s from  speec h sound s require s investigatin g th e ef -
fect s o f  no t  onl y phonem e information ,  whic h ca n b e 
expresse d usin g character s an d text ,  bu t  als o o f  paralan -
guag e information ,  suc h a s prosody ,  speec h spee d an d 
loudness ,  whic h caimo t  b e expresse d usin g character s 
and text .  Th e effect s o f  paralanguage s informatio n hav e 
bee n studie d i n variou s acousti c studies .  Fo r  example , 
m a ny studie s hav e focuse d o n th e turn-takin g mechanis m 
(Pirrehumber t  &  Hirschberg ,  1990 )  an d emotiona l  recog -
nitio n (Hiros e e t  al. ,  1997) .  However ,  s o far ,  ther e hav e 
bee n non e o n th e effec t  o f  paralanguag e informatio n o n 
th e meanin g acquisitio n process . 

We investigate d th e effect s o f  adjustment s i n teach -
in g strateg y an d o f  paralanguag e informatio n i n speec h 
sound s o n th e meanin g acquisitio n process .  W e carrie d 
out  a  communicatio n experiment ,  i n whic h a  tea m o f 
tw o subject s playe d "Pong" .  O n e subjec t  (th e teacher ) 
coache d th e othe r  on e (th e operator) ,  instructin g her/hi m 
i n whic h directio n t o m o v e th e g a m e paddl e an d whe n 
t o hi t  th e "ball. "  However ,  th e teacher' s speec h wa s ren -
dere d linguisticall y incomprehensible .  W e observe d h o w 
th e listene r  acquire d th e meaning s o f  th e give n instruc -
tions .  Fo r  th e paralanguag e information ,  w e focuse d o n 
prosodi c information ,  becaus e dat a extractio n shoul d b e 
easie r  an d th e possibilit y  o f  th e engineerin g realizatio n 
i s higher .  Th e result s provid e a  n e w poin t  o f  vie w abou t 
meanin g acquisitio n proces s an d ca n b e use d t o develo p 
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Figur e 2 :  Differen t  Displa y Setting s 

basi c technologie s fo r  constructin g interactiv e robot s tha t 
ca n understan d wha t  i s  sai d t o them ,  enablin g t he m t o 
communicat e smoothl y wit h people . 

Experiment 

Method 

The experimenta l  gam e environmen t  i s depicte d i n Fig -
ur e 1 .  Th e tw o subject s wer e place d i n separat e rooms : 
th e teache r  i n R o o m A ,  an d th e operato r  i n R o o m B .  Th e 
teacher' s spoke n instruction s t o th e operato r  wer e trans -
mitte d throug h a  low-pass-iilte r  (LPF )  an d playe d ove r 
a speake r  i n R o o m B .  Th e L P F maske d th e phonem e 
information ,  whic h include d th e symboli c element s o f 
speec h sound ;  i t  di d no t  affec t  th e prosodi c elements . 
Thi s mean s tha t  th e operato r  coul d hea r  onl y th e prosodi c 
information ;  s/h e coul d no t  understan d th e teacher' s in -
struction s a s meaningfu l  linguisti c information .  The y 
wer e simpl y nois y sound . 

The tea m playin g th e gam e wa s awarde d 1 0 point s 
eac h tim e th e operato r  hi t  th e ball ,  an d 1 0 point s wer e 
deducte d eac h tim e s/h e misse d it .  A s show n i n Fig -
ur e 2 ,  th e gam e displa y o f  th e teache r  differe d fro m tha t 
of  th e operator :  th e teacher' s displa y showe d th e ball , 
wherea s th e operator' s di d not .  Th e operato r  coul d se e 
onl y her/hi s paddl e an d th e scor e information ,  indicatin g 
whethe r  s/h e ha d hi t  o r  misse d th e ball . 

Even though t  th e instruction s wer e maske d b y th e 
LPF,  th e operato r  stil l  migh t  b e abl e t o gues s whic h in -
structio n wa s give n base d o n th e numbe r  o f  phoneme s 
heard .  Fo r  example ,  "right "  an d "left "  i n Japanes e 

ar e mig i  an d hidari ,  whic h hav e differen t  number s o f 
phonemes .  Th e displa y o f  th e teache r  an d operato r  wer e 
thu s mad e symmetrica l  wit h respec t  t o th e dashe d lin e i n 
Figur e 2  t o preven t  biasin g o f  th e results . 

Subjects 

Eleve n teams ,  eac h compose d o f  tw o subject s (Japanese , 
20-2 8 year s old ,  1 8 m e n an d 4  w o m e n ) ,  participate d i n 
th e experiment .  Th e member s o f  eac h tea m wer e re -
quire d t o kno w eac h other .  O n e additiona l  tea m partici -
pate d i n tw o contro l  experiments :  on e withou t  L P F an d 
one withou t  instructions . 

Procedure 

First ,  th e experimente r  explaine d t o th e subjec t  tea m (on e 
operato r  an d on e teacher )  tha t  th e purpos e o f  th e exper -
imen t  wa s t o scor e a s hig h a  tota l  scor e a s possibl e b y 
workin g together .  Then ,  th e experimente r  le t  th e tea m 
hear  a  voca l  sample ,  wit h an d withou t  L P F masking ,  t o 
demonstrat e th e filter's  effects .  Th e experimente r  di d no t 
mentio n th e differin g displays . 

The tes t  wa s the n started .  Eac h tea m playe d tw o con -
secutiv e 1 0 minute s games ,  wit h 3  minute s o f  res t  be -
twee n them .  Th e role s o f  teache r  an d operato r  wer e 
fixed ,  an d th e tea m member s di d no t  hav e a n opportu -
nit y  t o tal k fac e t o fac e an d shar e information . 

Results 

To evaluat e tea m performance ,  value s wer e assigne d t o 
tw o type s o f  actions ,  movin g th e paddl e an d hittin g th e 
ball .  Fo r  eac h mov e action ,  i f  th e operato r  move d th e 
paddl e i n th e teacher' s intende d direction .  Correc t  Di -
rectio n Valu e ( C D V )  wa s assigne d on e point ;  i f  s/h e 
moved i t  i n a  differen t  direction ,  C D V wa s assigne d zer o 
point .  Fo r  eac h hi t  action ,  i f  th e operato r  hi t  th e ball .  Hi t 
Valu e ( H V )  wa s assigne d on e point ;  i f  s/h e misse d it , 
H V wa s assigne d zer o points .  Testin g statistica l  hypoth -
esi s usin g binomina l  distributio n wa s use d t o grou p th e 
subjects ,  an d actuall y th e team s wer e divide d int o thre e 
group s a s follows . 

Group 1 Average CDV less than 0.8 point. 

Group 2 Average CDV more than 0.8 point; Average 
H V les s tha n 0. 7 poin t 

Group 3 Average CDV more than 0.8 point; Average 
H V mor e tha n 0. 7 point . 

Table 1 shows the average values of the last ten hit 
and mov e action s fo r  th e thre e groups .  Ou t  o f  th e I I 
teams ,  tw o faile d t o understan d an y instruction s (Grou p 
1) .  A m o n g th e nin e remainin g teams ,  five  succeede d 
i n movin g th e paddl e i n th e directio n th e teache r  in -
tende d bu t  coul d no t  hi t  th e bal l  wel l  (Grou p 2) .  W e 
cal l  thi s achievemen t  "learnin g t o recogniz e directio n in -
structions. "  Th e fou r  remainin g team s coul d mov e t o 
th e teacher' s intende d position .  W e cal l  thi s achievemen t 
"leanin g t o recogniz e distanc e instructions"(Grou p 3) . 
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Tabl e 1 :  Correc t  Directio n Valu e (CDV )  an d Hi t  Valu e 
(HV) 

Group (CDV,  HV ) 
G r o u p 1  ( 2 pairs )  (0.5 .  0.5) .  (0.3 .  0.2 ) 
G r o u p 2  ( S pairs ) (0.9 .  0.3) .  (1.0 ,  0.2) .  (1.0.0.5 ) 

(0.8 .  0.6) ,  (1.0 ,  0.6 ) 

G rou p 3  ( 4 pairs )  (1.0 ,  0.9) .  (1.0,0.7 ) 
(1.0 ,  0.7) ,  (0.9,0.8 ) 

•contro l n o instruction s (0.5,0.2) ,  (0.4,0.3 ) 
withou t  L P F (1.0,0.7) ,  (1.0,0.8 ) 

Phase :  2  f }  , 
Focus^ondlst i  ice \ 

. ^ .J.. . 

Focuse d o n directio n 

20 4 0 6 0 9 
OpporlLrrae s t o hi t  bal l  [index ] 

Figur e 3 :  Tren d i n Comprehensio n o f  Instruction s fo r 
Typica l  Grou p 3  T e a m 

Tabl e 1  show s tha t  th e value s o f  tw o team s i n Grou p 
1 wer e th e sam e a s thos e fo r  th e contro l  pai r  w h e n the y 
di d no t  receive d instructions .  M o s t  o f  th e team s i n Grou p 
2 an d Groiq > 3  ha d a n averag e scor e betwee n tha t  o f  th e 
tw o contro l  settings ,  an d s o m e team s i n G rou p 3  score d 
as hig h a s th e contro l  grou p withou t  th e LPF . 

We use d Comprehen i i o n o f  Instruction s Valu e t o 
evaluat e th e operator' s comprehensio n o f  th e instruction . 
Thi s valu e w a s assigne d 0  point s  i f  th e paddl e w a s m o v e d 
i n th e wron g direction ,  1  poin t  i f  i t  w a s m o v e d i n cor -
rec t  directio n bu t  th e bal l  w a s no t  hit ,  an d 2  point s i f 
i t  w a s m o v e d i n th e correc t  directio n an d th e bal l  w a s 
hit .  T h e valu e fo r  a  typica l  tea m i n Grou p 3  ar c plot -
te d i n Figur e 3 .  T h e curv e show s th e mov in g averag e 
of  th e te n hi t  opportunities .  W h e n th e curv e w a s be -
twee n 0  an d 1  point ,  th e operato r  i s though t  t o hav e fo -
cuse d o n understandin g th e directio n instructions ;  w h e n 
i t  w a s betwee n 1  an d 2  points ,  th e operato r  i s though t 
t o hav e focuse d o n understandin g th e distanc e instruc -
tions .  T h e operato r  mo r e quickl y learne d t o comprehen d 
th e directio n instruction s tha n th e distanc e ones .  W e in -
vestigat e th e processe s o f  thes e tw o learnin g phase s i n 
term s o f  th e prosodi c element s o f  th e instructions ,  th e 
m o v e m e nt  o f  th e paddle ,  an d th e variet y o f  instruction s 
given .  W e focuse d o n th e pitc h o f  th e teacher' s voice , 
which ,  a m o n g th e prosodi c elements ,  ha d th e stronges t 
relationshi p wit h th e meanin g o f  th e instructions .  A s 
show n i n Figxir e 6 ,  w h e n th e pitc h w a s increased ,  th e op -
erato r  tende d t o suddenl y change d her/hi s action . 

P h a s e 1 :  Focuse d o n Directio n 

The operator on nine of the 11 teams learned to com-
prehen d th e directio n instructions .  A  particula r  teach -
ing/learnin g proces s wa s use d b y mos t  o f  th e nin e teams . 
First ,  th e teache r  gav e a  wid e variet y o f  instruction s t o 
th e operator ,  e.g. ,  "mov e t o th e cente r  o f  th e display" , 
"mov e a  bi t  right",  etc .  Th e pitc h curv e o f  thi s initia l 
teachin g i s depicte d o n th e lef t  sid e o f  Figur e 4 .  I t  woul d 
hav e bee n difficul t  fo r  th e operato r  t o discriminat e be -
twee n th e "ue ,  ue ,  ue.. .  (up ,  up ,  up...) "  instruction s fo r 
th e right  directio n an d "shita ,  shita.. .  (down ,  down...) " 
instruction s fo r  th e left . 

As th e teachin g continued ,  th e teache r  graduall y de -
crease d th e variet y o f  instructions ,  typicall y converging 
o n onl y  two ,  suc h as  u e an d shita .  I n contrast ,  th e teach -
er s o n th e unsuccessfu l  team s di d no t  decreas e th e variet y 
an d continue d t o us e a  wid e variet y (Figur e 5) .  Decreas -
in g th e variet y o f  instruction s apparentl y make s i t  easie r 
t o understan d directio n instructions . 

I n conjimctio n wit h thi s gradua l  decreas e i n th e vari -
et y o f  instructions ,  th e differenc e i n th e pitc h curve s o f 
thes e tw o instruction s becam e mor e distinct .  Mos t  teach -
er s starte d t o repeat  th e instructions ,  e.g. ,  "ueueue... "  an d 
"shitashita... "  Th e forme r  wa s audibl e a s on e long ,  con -
tinuou s voice ,  whil e th e latte r  sounde d lik e m a n y chopp y 
utterance s (se e th e right  sid e o f  Figur e 4) . 

Here ,  th e operato r  learne d t o recogniz e th e typ e o f  in -
struction s accordin g t o th e differe d sounds .  A t  th e sam e 
time ,  subject s wer e read y t o m a k e her/hi s paddl e action s 
correspon d t o them .  Th e operato r  the n starte d explor -
in g thi s correspondenc e b y tria l  an d error .  I f  th e oper -
ato r  succeede d i n hittin g di e ball ,  eve n b y chance ,  s/h e 
learne d t o associat e th e give n instructio n wit h her/hi s las t 
action .  Th e teache r  elicite d a  correc t  response  b y usin g 
highe r  voca l  tone s (depicte d i n th e circl e i n Figur e 6) . 
W h en th e pitc h a t  a  certai n poin t  i n a  serie s o f  teach -
in g voice s wa s abou t  2 0 [Hz ]  highe r  tha n th e pitc h a t  th e 
onset ,  an d w h e n thi s highe r  pitc h continue d fo r  a t  leas t 
50 0 [msec] ,  th e operator s intuitivel y recognized  thi s a s a 
warnin g fro m th e teacher .  Specifically ,  whe n th e operato r 
hear d instruction s delivere d a t  a  highe r  pitch ,  s/h e recog-
nize d tha t  her/hi s curren t  actio n wa s wron g an d modifie d 
i t  accordingly .  Therefore ,  high-pitche d vocalization s i n 
Phas e 1  serve d as  a  negativ e reinforcement  o f  th e oper -
ator' s las t  action .  Th e operator s thu s learne d t o compre -

aoo 
i  . 
•^ lOOr 

lil£UEl£.. .  SHTA»*A.. . 
i  U 

2000 400 0 600 0 BOO I 

^  10 0 
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Figur e 4 :  Pitc h Curve s o f ' U e "  an d "Shita "  i n Phas e 1 . 
Left :  25 0 sec .  Right :  54 0 se c 
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Figur e 6 :  High-Pitc h Elemen t  i n Teachin g Voic e 

hen d th e teacher' s instruction s b y reinforcemen t  learnin g 
base d o n a  positiv e rewar d (hittin g th e ball )  an d a  nega -
tiv e on e (hearin g a  high-pitche d voice) . 

Learnin g t o recogniz e th e instruction s durin g Phas e 1 
w as du e no t  onl y t o th e teacher' s effort s bu t  als o t o th e 
operator' s action .  T h e action s o f  operator s o n th e suc -
cessfu l  team s wer e initiall y  reluctant ,  concentrate d o n 
inferrin g th e teachers '  intention s fro m th e give n instruc -
tions .  T h e operator s starte d reactin g activel y afte r  the y 
inferre d th e intentions .  Thei r  action s thu s indicate d thei r 
comprehensio n o f  th e give n instructions .  T h e operator s 
o n th e unsuccessfu l  team s wer e als o reluctan t  a t  th e be -
ginnin g o f  th e experiment ,  bu t  ove r  tim e the y starte d 
mov in g actively ,  eve n thoug h n o instruction s ha d bee n 
given :  th e operator s seeme d t o disregar d th e instructions . 
I n thi s case ,  th e operator' s action s di d no t  indicat e an y 
comprehensio n o f  th e instructions . 

Althoug h a t  a  firs t  glanc e i t  seem s tha t  meanin g acqui -
sitio n w a s achieve d onl y b y th e operato r  adaptin g t o th e 
teacher' s instructions ,  th e teache r  actuall y change d th e 
instruction s an d metho d o f  deliver y base d o n th e oper -
ator' s comprehensions ,  whic h w a s judge d fro m th e op -
erator' s reaction .  T h e subject s actuall y learne d t o re -
spon d m o r e appropriatel y t o eac h other' s behavior ,  s o 
tha t  meanin g acquisitio n w a s a  mutua l  adaptatio n pro -
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cess . 

Phase 2: Focused on Distance 

In this "Pong" game experiment, learning to recognize 
th e directio n instructio n wa s no t  sufficien t  fo r  achiev -
in g a  hig h score .  Th e distanc e informatio n wa s als o 
neede d t o consistentl y hi t  th e bal l  wit h th e paddle .  O f 
th e nin e team s tha t  learne d t o recogniz e th e directio n in -
structions ,  fou r  wer e abl e t o recogniz e th e distanc e in -
structions .  Thes e fou r  team s exhibite d tw o distinc t  ap -
proache s t o learnin g t o recogniz e distanc e instructions . 
O ne tea m use d th e "stop "  instruction ,  an d thre e team s 
di d not . 
"Stop "  Instructio n Use d O n e tea m develope d a  com -
m on understandin g o f  th e "stop "  instructio n befor e de -
velopin g on e fo r  directio n instructions .  Th e soun d o f 
"stop "  ha s a  short ,  skippin g sound ,  s o i t  wa s no t  diffi -
cul t  fo r  th e operato r  t o understan d thi s literall y a s "stop" . 
Thi s tea m the n develope d a  c o m m o n imderstandin g o f 
directio n instruction ,  lik e th e repetitiv e "ueueue... "  fo r 
m o ve right  an d "shitashita... "  fo r  mov e left .  I n th e cas e 
of  usin g o f  "ue" ,  th e teache r  ha d t o giv e repetitiv e in -
structions ;  otherwis e th e independen t  usag e o f  "uc "  wa s 
recognize d a s a  chopp y sound ,  meanin g th e opposit e 
(left ,  "hidari" )  direction .  Therefore ,  th e instructio n t o 
m o ve right  ha d t o b e repetitivel y elongate d t o avoi d con -
fusio n wit h th e usag e o f  independen t  "ue" .  Otherwise , 
th e operato r  tende d t o g o pas t  th e teacher' s intende d posi -
tion .  W h e n thi s "overrun "  proble m occurred ,  th e teache r 
starte d sayin g "ueueue ,  stop ,  shitashita "  t o brin g th e op -
erato r  bac k t o th e intende d position .  Finally ,  w h e n th e 
teache r  sai d "stop "  afte r  a  repetitiv e "ueueue..." ,  th e op -
erato r  immediatel y reverse d directio n s o a s no t  t o over -
ru n th e teacher' s intende d position .  Thus ,  th e operato r 
too k th e "stop "  instructio n a s th e litera l  meanin g o r  a s 
meanin g "g o left" .  Thi s i s a  typica l  exampl e o f  mutua l 
adaptatio n i n thi s experiment . 
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"Stop "  Initructio n No t  Use d Th e thre e team s tha t  di d 
not  us e th e "stop "  instructio n learne d t o recogniz e di -
rectio n instruction s i n a  manne r  simila r  t o tha t  o f  th e 
othe r  team .  I n a  typica l  case ,  afte r  teachin g th e operato r 
t o lear n t o recogniz e directio n instructions ,  th e teache r 
pitche d her/hi s voic e highe r  a t  th e onse t  o f  utteranc e an d 
lowe r  a t  th e end ,  i.e. ,  th e intonatio n decreased ,  a s show n 
on th e lef t  sid e o f  Figur e 7 .  W h e n th e distanc e fro m th e 
paddl e appeare d t o th e teache r  t o b e to o short ,  th e teache r 
graduall y increase d th e pitc h a t  th e en d o f  th e utterance . 
Specifically ,  th e teache r  increase d th e pitc h a t  th e en d o f 
th e instruction s utteranc e whe n a  lon g distanc e appeare d 
t o b e neede d (se e th e righ t  sid e o f  Figur e 7) ,  wherea s 
s/h e reduced  i t  whe n th e distanc e appeare d t o b e short . 
I n thi s way ,  th e teache r  controlle d th e operator' s actio n 
by increasin g o r  decreasin g th e pitc h a t  th e en d o f  th e in -
structio n utterance .  High-pitche d utterance s spurre d th e 
operator' s actions ,  whic h ca n b e broadl y interprete d a s 
drawin g th e operator' s attentio n t o her/hi s actions . 

Eve n amon g th e nin e team s w h o learne d t o recognize 
th e directio n instructions ,  fiv e wer e unabl e t o lear n t o 
recogniz e th e distanc e instructions .  Th e teacher s o n th e 
successfti l  team s cam e t o realize  tha t  repetitiv e instruc -
tion s wer e importan t  t o learnin g t o recognize  th e direc -
tio n instructions .  The y di d thi s b y observin g th e oper -
ators '  actions .  Th e teacher s o n th e unsuccessfu l  team s 
apparentl y di d no t  cam e t o thi s realizatio n an d wer e thu s 
perplexe d w h e n th e operator s heade d i n th e opposit e di -
rection  w h e n a n "ue "  instructio n wa s given . 

Compariso n o f  th e successfu l  team s wit h th e un -
successfu l  one s i n th e tw o meanin g acquisitio n phase s 
showe d tha t  th e tea m member s ha d t o lear n t o respon d 
appropriatel y t o on e another' s behavior s t o acquir e a  hig h 
score .  Th e serie s o f  dynami c behavior s show n b y th e 
successfu l  team s ca n b e regarde d a s mutua l  adaptation . 

Thre e point s i n particula r  wer e observe d fo r  th e suc -
cessfu l  teams . 

1. The use of a high-pitched voice by the teacher caused 
th e operato r  t o iiruncdiatel y focu s o n her/hi s action . 

2. The operator learned to recognize the teacher's in-
struction s b y reinforcement  learnin g compose d o f  a 
positiv e rewar d (hittin g th e ball )  an d a  negativ e on e 
(hearin g a  high-pitche d voice) . 

3. During the meaning acquisition process, mutual adap-
tatio n wa s observed .  Tha t  is ,  tea m member s learne d t o 
respond  mor e appropriatel y t o eac h other' s behaviors . 

Thus, paralanguage information functioned as a nega-
tiv e rewar d i n th e reinforcement  learnin g process ,  an d th e 
teacher' s adjustmen t  i n teachin g strateg y wa s observe d a s 
a mutua l  adaptatio n process .  Paralanguag e informatio n 
and adjustmen t  i n teachin g strateg y thu s pla y importan t 
role s i n learnin g t o recogniz e unknow n teachin g utter -
ances . 

D iscuss io n 

Effects of Adjusting Teacliing Strategy 

I n thi s experiment ,  w e observe d a  mutua l  adaptatio n pro -
cess :  th e tw o member s (th e teache r  an d operator )  learne d 
t o respon d mor e appropriatel y t o eac h other' s behaviors . 
Thi s stud y di d not ,  however ,  conside r  h o w substantia l 
difference s betwee n dynami c an d stati c teachin g strate -
gie s affec t  th e meanin g acquisitio n process .  Th e actua l 
effect s o f  th e teacher' s dynami c instruction s o n mean -
in g acquisitio n ar e thu s unclear .  W e pla n t o investi -
gat e thi s effec t  b y carryin g ou t  additiona l  experiment s 
i n whic h w e wil l  contro l  th e behavio r  o f  th e teachers .  I n 
any case ,  w e observe d tha t  th e teacher s o n th e success -
fu l  team s adjuste d thei r  teachin g strateg y accordin g t o 
th e operator' s comprehensio n o f  th e give n instructions . 
Thi s observe d behavio r  differ s fro m one-directional ,  o r 
fragmente d communicatio n aspect ,  suc h a s tha t  i n th e 
cod e mode l  o f  Shanno n &  Weave r  (1949) .  Wiene r  e t 
al .  (1972 )  argue d tha t  a  symbo l  exchang e model ,  whic h 
i s a  cod e model ,  i s a  primitiv e mode l  o f  communication . 
Sperbe r  an d Wilso n (1986 )  refiite d thi s argumen t  an d ar -
gue d instea d tha t  thei r  "relevanc e theory "  i s a  primitiv e 
model  o f  communication .  Althoug h thi s theor y migh t 
approac h th e essenc e o f  huma n communication s an d thu s 
overcom e th e bottlenec k o f  th e cod e model :  inference s i n 
thi s theor y ca n onl y b e mad e usin g simpl e "deductive " 
inferenc e rule s (Kimura ,  1997) .  Therefore ,  thi s theor y 
i s equivalen t  t o th e cod e mode l  i f  w e regar d th e infer -
enc e "rules "  a s a  complicate d "code" .  Thi s theory ,  more -
over ,  ha s anothe r  problem :  technica l  term s i n th e theor y 
ar e no t  cotmecte d throug h physica l  existence .  Thes e un -
solve d problem s reduc e th e theory' s abilit y  t o explai n ac -
tua l  communications . 

I n ou r  experiment ,  i t  seeme d a t  firs t  tha t  onl y th e oper -
ato r  adapte d t o th e teacher' s behavior ,  becaus e onl y th e 
teache r  coul d giv e spoke n instructions .  However ,  durin g 
th e proces s o f  establishin g communication ,  w e observe d 
tha t  no t  onl y di d th e operato r  adap t  t o th e teacher' s be -
havior ,  th e teache r  adapte d t o th e operator' s behavior . 
Whil e i t  i s  no t  u n c o m m o n fo r  a  teacher ,  w h o i s a  usu -
all y a n informatio n transmitter ,  t o sometime s becom e a n 
informatio n receiver ,  i n ou r  experiment ,  th e transmittin g 
and receivin g occurre d simultaneously .  Thi s observe d 
phenomeno n canno t  b e explaine d b y th e cod e model . 
Thus ,  th e result s o f  ou r  experimen t  sugges t  tha t  th e actua l 
communicatio n proces s canno t  b e expresse d usin g a  one -
directiona l  communicatio n vie w lik e th e cod e model .  In -
stead ,  a  mutua l  ad^tiv e vie w tha t  canno t  b e decode d int o 
one-directiona l  relationship s i s needed . 

Effects of Paralanguage Information 

I n thi s experiment ,  w e observe d tha t  th e us e o f  a  high -
pitche d voic e b y th e teache r  caugh t  th e operator' s atten -
tion .  I n general ,  th e pitc h o f  a  speec h soun d decrease s a s 
th e utteranc e draw s t o th e end .  I f  th e pitc h deviate s fro m 
thi s pattern ,  th e listene r  immediatel y catche s th e change . 
The observe d functio n o f  th e high-pitche d voic e i n ou r 
experimen t  ca n b e explaine d b y thi s "prominenc e mech -
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anism. "  Eac h team,  regardles s whethe r  i t  wa s successfu l 
or  not ,  actuall y mad e us e o f  thi s function ,  whic h migh t 
be a  universa l  trai t  amon g humans . 

An infants '  salien t  attentio n t o a  motheres e voice ,  a s 
reveale d i n variou s cognitiv e developmen t  studies ,  sug -
gest s tha t  sensitivit y t o prosodi c infonnatio n i s eithe r 
an innat e functio n o r  i s learne d jus t  afte r  birth .  Fro m 
our  results ,  i t  migh t  b e sai d tha t  infant s reac t  t o th e 
prosodi c informatio n i n th e caregiver' s speech ,  no t  t o 
th e phonem e information .  Th e meanin g acquisitio n pro -
ces s observe d i n ou r  experimen t  ca n b e regarde d a s 
reinforcemen t  learnin g wit h multiple-rewards ,  an d th e 
high-pitche d voic e amon g th e variou s type s o f  prosodi c 
informatio n fiinctione d a s on e o f  tw o rewards .  Tha t 
is ,  prosodi c informatio n affect s th e meanin g acquisitio n 
proces s a t  som e basi c levels .  Thus ,  i t  ca n b e assume d tha t 
th e infants '  languag e acquisitio n proces s an d th e mean -
in g acquisitio n proces s i n ou r  experimen t  ar e simila r  i n 
bot h depen d o n receivin g prosodi c informatio n befor e 
acquirin g th e actua l  meaning s o f  speec h o r  teachings . 
Furthe r  researc h shoul d revea l  ho w thi s assumptio n i s  re -
late d t o th e languag e acquisitio n processes . 

Application Based on Results 

From the results of our experiment, we conclude that par-
alanguag e infonnatio n an d adjustment s i n teachin g strat -
egy pla y importan t  role s i n learnin g th e meanin g o f  un -
know n utterance .  I f  a n autonomou s robo t  ha d suc h abil -
ities ,  i t  shoul d b e abl e t o lear n th e meaning s o f  huma n 
utterance s an d thu s b e abl e t o communicat e wit h peopl e 
smoothly .  I n th e traditiona l  metho d o f  developin g a n in -
teractiv e robo t  system ,  th e designe r  need s t o m a p specifi c 
utteranc e t o th e robot' s fimctions.  However ,  b y applyin g 
th e phenomen a observe d i n ou r  experiment ,  th e designe r 
need no t  t o defin e suc h a  mappin g a  priori ,  bu t  simpl y 
need s t o defin e "high-pitche d voic e =  negativ e reward " 
and "successfu l  actio n =  positiv e reward" .  Fro m thes e 
definitions ,  th e robo t  ca n lear n b y itsel f  th e mappin g be -
twee n unknow n utterance s an d it s possibl e action s b y us -
in g a  reinforcemen t  learnin g proces s base d o n th e tw o 
type s o f  rewards .  Consequently ,  th e robo t  wil l  b e abl e t o 
adap t  t o it s owne r  b y tria l  an d error ,  an d ove r  tim e th e 
robo t  an d owne r  ca n creat e a n intimat e relationship . 

Conclusions 

A communication experiment was carried out to observe 
th e effect s o f  a  teacher' s adjustmen t  i n teachin g strat -
egy an d o f  paralanguag e informatio n i n term s o f  learn -
in g th e meaning s o f  unknow n utterances .  A n adjustmen t 
i n teachin g strateg y wa s observe d a s a  mutua l  adaptatio n 
process ,  i n whic h th e tw o subject s o n a  tea m learne d t o 
respon d mor e appropriatel y t o eac h other' s behavior ,  an d 
paralanguag e infonnatio n wa s observe d t o fiinctio n a s a 
negativ e rewar d i n a  reinforcemen t  learnin g proces s fo r 
meanin g acquisition .  Thes e tw o phenomen a thu s pla y 
importan t  role s i n learnin g th e meanin g o f  unknow n ut -
terances . 
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Abstrac t 

We propose that qualitative physics can provide an important 
componen t  o f  natura l  languag e semantics .  Specifically ,  w e 
describ e ho w qualitativ e proces s theor y ca n b e recas t  i n term s 
of  fram e semantics ,  a s use d i n th e Berkele y FrameNe t  project . 
Thi s reformulatio n i s importan t  becaus e i t  coul d allo w th e 
technique s o f  qualitativ e reasonin g t o b e harnesse d fo r  nahira l 
languag e understandin g an d i t  expand s th e rang e o f 
phenomena tha t  ca n l> e describe d i n N L senumtics .  W e sho w 
dia t  thes e idea s ca n accoun t  fo r  a  larg e percentag e o f  a  smal l 
corpu s o f  explanator y text ,  an d tha t  the y suppor t  th e 
constructio n o f  Q P model s from  suc h texts . 

I n t roduc t i o n 

Understandin g th e semantic s o f  natiua l  languag e i s a  centra l 
proble m i n cognitiv e science .  Suc h a n understandin g mus t 
connec t  fundamental s o f  ou r  conceptua l  structur e t o thei r 
realization s i n linguisti c forms ,  an d thu s mus t  dra w upo n 
bod i  insight s abou t  languag e an d abou t  conceptua l  structure . 
Significan t  progres s i s bein g mad e o n th e languag e side , 
wit h project s suc h a s FrameNe t  (Fillmor e e t  a l  2001 ) 
developin g broa d system s tha t  captur e aspect s o f  th e 
meanin g o f  word s an d linguisti c construction s i n term s o f 

f ram e semantic s (Fillmor e &  Atkins ,  1994) .  Significan t 
progres s i s als o bein g mad e o n understandin g aspect s o f 
h u m an conceptua l  structure ,  fo r  example ,  th e wor k carrie d 
out  i n th e qualitativ e reasonin g community .  Qualitativ e 
reasonin g focuse s o n th e representation s necessar y t o reaso n 
abou t  th e physica l  world ,  rangin g from  everyda y 
phenomen a t o th e wor k o f  scientist s an d engineers .  Whil e 
m a ny Q R effort s ar e aime d a t  ̂ plications ,  som e effort s ar e 
aime d directl y a t  modelin g huma n reasonin g abou t  physica l 
system s (c f  Brcdewe g &  Schut ,  1991 ;  Kuiper s &  Kassire r 
1984 ;  Kuiper s e t  a l  1988 ;  Foibu s &  Gentne r  1986 ,  1997) . 
Ultimatel y thes e tw o line s o f  investigation ,  natura l  languag e 
semantic s an d th e understandin g o f  huma n conceptua l 
structures ,  nee d t o joi n forces .  I n th e word s o f  th e 
FrameNet  team' :  "I n th e en d i t  wil l  b e necessar y t o expres s 
frame  notion s i n som e forma l  knowledge-representatio n 
languag e whic h wil l  allo w vali d inference s t o b e draw n 
fro m fram e semanti c representation s o f  sentences ,  o r  whic h 

'  Th e FrameNe t  project' s hom e i s th e Internationa l  Compute r 
Scienc e Institut e i n Berkeley ,  CA .  A  detaile d descriptio n o f  th e 
projec t  ca n b e foun d a t  http://www.icsi.berkeley.edu/~framene t 

ca n serv e i n a  precis e wa y i n th e developmen t  o f  a 
cumulativ e representatio n o f  th e conten t  o f  a n ongoin g 
discourse. " 

Thi s pape r  i s a  first  ste p i n linkin g thes e investigations . 
We propos e tha t  qualitativ e proces s theor y (Forbu s 1984 ) 
ca n provid e suc h a  knowledg e representatio n languag e fo r 
aspect s o f  fram e semantic s concerne d wit h continuou s 
pmrameter s an d continuou s causation .  Q P theor y concern s 
th e structur e o f  a  clas s o f  physica l  theories ,  an d ha s bee n 
successfiiU y use d i n a  variet y o f  reasonin g system s (Forbus , 
1996) .  Th e hypothesi s i s  tha t  m a n y menta l  model s o f 
physica l  phenomen a ca n b e expresso l  i n thi s formalism , 
QP theor y ha s bee n use d t o develo p a  wid e rang e o f  model s 
o f  phenomena ,  includin g economi c an d medica l  model s i n 
additio n t o physica l  models .  Thi s make s i t  a n excellen t 
candidat e fo r  a  componen t  i n a  large r  syste m o f  natura l 
languag e semantics . 

We begi n b y buildin g a  theoretica l  bridg e betwee n Q P 
theor y an d frame  semantics ,  a s exemplifie d i n FrameNet . 
We briefl y revie w th e relevan t  aspect s o f  Q P theor y an d 
sho w h o w the y ca n b e recas t  i n term s o f  fram e semantics . 
Thi s recastin g provide s a  mean s fo r  definin g frame s fo r 
physica l  processe s an d relationship s involvin g continuou s 
parameters .  W e illustrat e h o w thes e idea s ca n b e use d t o 
exten d a  natura l  languag e semantic s b y a n analysi s o f  flow . 

Wit h th e theoretica l  bridg e i n place ,  w e provid e enqiirica l 
suppor t  fo r  i t  vi a a  corpu s analysi s o f  a n explanator y text . 
Thi s analysi s provide s evidenc e concernin g tw o questions . 
First ,  w e explor e h o w m u c h o f  th e explanatio n thes e frames 
ca n accoun t  for .  Second ,  w e analyz e whethe r  a  qualitativ e 
model  ca n b e reconstructe d from  th e tex t  usin g ttiese 
frames .  Finally ,  w e discus s som e n e w issue s raise d b y thi s 
approac h an d plan s fo r  futur e work . 

Qualitative physics in frame semantics 

We begi n b y recastin g Q P theor y i n term s o f  frame 
semantics ,  a s use d i n FrameNet .  W e revie w th e ontologica l 
assumption s underiyin g Q P theor y an d thei r  implication s fo r 
th e organizatio n o f  th e frame  system .  Nex t  w e discus s 
physica l  processe s an d thei r  occurrences ,  followe d b y a n 
analysi s o f  h o w qualitativ e mathematic s i s expressed .  W e 
conclud e thi s sectio n b y showin g tha t  thi s analysi s i s 
compatibl e wit h analyse s o f  overtypin g phenomen a alread y 
i n FrameNet . 
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Ontologica l  assumpt ion s 

I n Q P theory ,  physica l  change s i n continuou s propertie s ar e 
cause d b y physica l  processes .  Example s o f  physica l 
processe s includ e kind s o f  flow s (e.g. ,  heat ,  liquid ,  gas) , 
phas e change s (boiling ,  freezing) ,  an d som e aspect s o f 
motion .  Ontologically ,  physica l  processe s serv e a s th e 
mechanism s o f  physica l  causality :  Al l  naturall y occunin g 
change s (an d man y o f  th e indirec t  effect s o f  th e action s o f 
agents )  ar e ultimatel y cause d b y th e activit y o f  on e o r  mor e 
physica l  processes .  Instance s o f  physica l  processe s exis t 
when an  appropriat e configuratio n o f  participant s occurs . 
Such proces s instance s ar e activ e ove r  an y spa n o f  tim e fo r 
whic h thei r  cortdition s hold .  W h e n a  proces s instanc e i s 
active ,  it s  consequence s hold .  Fo r  example ,  tw o therma l 
entitie s (i.e. ,  havin g th e continuou s propert y heat )  tha t  ar e 
thermall y i n contac t  giv e rise  t o tw o instance s o f  hea t  flow, 
one i n eac h potentia l  direction .  Whethe r  o r  no t  eithe r  o f 
thes e i s activ e depend s i n tur n o n th e relativ e temperature s 
betwee n th e tw o bodies . 

The consequence s o f  a  physica l  proces s ar e o f  thre e types . 
First ,  ther e ar e direc t  influence s tha t  represen t  th e direc t 
effect s tha t  a  physica l  proces s ha s o n th e world .  Fo r 
example ,  hea t  flo w cause s th e hea t  o f  th e sourc e o f  th e flow 
t o decreas e whil e increasin g th e hea t  o f  th e destination . 
Second ,  ther e ar e othe r  dynamica l  propertie s defined , 
includin g ne w parameter s an d causa l  laws ,  whic h describ e 
h o w change s propagat e throug h continuou s properties .  Fo r 
example ,  th e rat e a t  whic h hea t  flows  i s a  continuou s 
property ,  an d i t  i s determine d b y th e differenc e betwee n th e 
temperatures .  Third ,  othe r  propertie s tha t  hol d whil e th e 
proces s i s occurring ,  suc h a s appearanc e information ,  ca n b e 
consequences .  I n everyda y boiling ,  fo r  instance ,  on e 
typicall y see s bubbles . 

T wo ke y conceptua l  advance s i n qualitativ e modelin g ar e 
th e insight s tha t  (1 )  man y importan t  kind s o f  reasonin g 
abou t  dynamica l  system s ca n b e don e withou t  numerica l 
informatio n o r  mathematica l  model s an d (2 )  qualitativ e 
relationship s ca n b e formulate d whic h explicitl y  captur e 
pattern s o f  huma n causa l  reasoning .  Thes e causa l 
connective s ar e summarize d below ;  se e (Forbu s 1984 )  fo r 
details .  Th e value s o f  continuou s parameter s ten d t o b e 
expresse d i n comparativ e terms ,  vi a ordina l  relationship s 
constrainin g a  paramete r  wit h respec t  t o othe r  relevan t 
properties .  I f  a n objec t  participate s i n proces s instance s o f 
heat  flow,  fo r  example ,  the n it s temperatur e i s define d i n 
term s o f  it s relationship s wit h th e temperature s o f  th e othe r 
object s participatin g i n thos e hea t  flows. 

Thi s summar y highlight s thre e importan t  propertie s o f  Q P 
theor y tha t  make s i t  potentiall y  a  valuabl e componen t  o f 
natura l  languag e semantics .  First ,  th e notio n o f  physica l 
proces s i t  define s i s psychologicall y plausible .  Description s 
of  physica l  processe s ar e abundan t  i n languag e concemin g 
physica l  phenomena ,  an d ar e routinel y use d i n metaphor s 
(c f  Lakeof f  1980 ,  Gentne r  e t  a l  2001) .  Second ,  th e causa l 
accoun t  Q P theor y provide s i s consisten t  wit h h u m a n causa l 
explanation s i n mos t  physica l  domain s (Forbu s &  Gentae r 
1986 ,  1997) .  Third ,  th e abstrac t  leve l  o f  informatio n tha t 

qualitativ e representation s suppor t  seem s a  natura l  fit  fo r  th e 
leve l  o f  specificit y commonl y foun d i n natura l  languag e 
description s o f  physica l  principle s an d situations .  O n e doe s 
not  nee d t o understan d differentia l  equation s o r  carr y ou t 
detaile d simulation s t o understan d physica l  metaphor s ("he r 
ange r  mounte d unti l  sh e boile d over") . 

Recal l  tha t  i n fiame  semantics ,  meanin g i s expresse d i n 
term s o f  system s o f  structure d representations ,  frames, 
whos e part s (calle d frame  elements ,  abbreviate d F E )  ar e 
boun d t o part s o f  a  tex t  an d hav e associate d wit h the m 
inference s tha t  provid e meanin g (Fillmor e &  Atkins ,  1994) . 
The packagin g o f  physica l  knowledg e an d principle s i n Q P 
theor y (inspire d i n par t  b y Minsky' s (1975 )  notio n o f 
frames )  suggest s a  natura l  alignmen t  wit h fram e semantics . 
Ther e i s a  basi c physica l  proces s frame ,  whos e structur e 
provide s th e fundamenta l  aspect s o f  physica l  processes . 
Subframe s describ e particula r  categorie s o f  physica l 
processes ,  wit h difference s i n thei r  participant s an d 
consequence s bein g th e differenti a tha t  se t  the m apart . 
Instance s o f  thes e frame s ar e combine d wit h flames  fro m 
othe r  aspect s o f  th e semantic s t o creat e th e flame  syste m 
describin g th e meanin g o f  a  text .  Th e qualitativ e causa l 
mathematic s o f  Q P theor y i s expresse d throug h anothe r 
collectio n o f  frames .  I n additio n t o thei r  rol e i n physica l 
proces s descriptions ,  thes e qualitativ e causa l  flames  ca n b e 
use d fo r  othe r  domain s wit h continuou s parameters ,  suc h a s 
economic s o r  metaphorica l  extension s o f  physica l  concepts . 
The nex t  thre e subsection s outlin e thes e fram e systems . 

Processes and their occurrences 

Th e PhysicaiProcea s fram e involve s fou r  type s o f  FEs : 
•  Participan t  specifie s on e o f  th e participant s i n th e 
physica l  process .  Example :  i n "Hea t  flows  fro m th e ho t 
bric k t o th e coo l  room" ,  "ho t  brick "  an d "coo l  room "  ar e 
Participant s i n a n instanc e o f  th e HeatFlo w flame. 
•  Conditio n specifie s on e o f  th e condition s imde r  whic h 
th e proces s i s active .  Example :  i n "Hea t  flows  fro m on e 
plac e t o anothe r  becaus e th e temperatur e o f  th e tw o place s i s 
different. "  th e conditio n i s th e differenc e i n temperatur e 
value s (se e ordinal s below ) 
•  Statu s specifie s whethe r  o r  no t  th e proces s i s active . 
Example :  I n "Th e radiato r  lea k wa s stemme d b y shovin g a 
clot h int o it. "  Th e wor d stemme d suggest s tha t  a  flow  whic h 
was enable d i s n o w stopped .  W e sa y tha t  th e statu s i s 
activ e w h e n th e proces s i s occurring ,  an d inactiv e otherwise . 
•  Consequenc e specifie s on e o f  th e direc t  consequence s 
of  th e physica l  process .  Example :  I n "Wate r  flooded  int o 
th e roo m whe n th e valv e broke. "  th e liqui d flow  int o th e 
roo m ha s a s on e o f  it s  consequence s a n increas e i n th e 
amount  o f  wate r  i n th e room . 
Thes e fiam e element s ca n b e directl y mappe d t o th e forma l 
model s tha t  Q P theor y supports .  Fo r  a  proces s typ e o r 
instance ,  th e se t  o f  participant s collectivel y defin e th e 
collection s o f  entitie s i t  occur s among .  Th e unio n o f  th e 
condition s i s th e se t  o f  conjunct s tha t  compris e th e 
necessar y an d sufficien t  condition s fo r  i t  t o b e active .  Th e 
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set  o f  filler s fo r  th e consequence s FE s constitut e it s direc t 
consequences . 

Our  analysi s o f  th e syntacti c realization s o f  thes e fram e 
elements ,  an d th e other s ref>orte d here ,  i s  wor k i n progress , 
and w e pla n t o analyz e a  m u c h large r  corpu s t o ensur e tha t 
our  result s ar e robust .  That ,  plu s spac e limitations ,  wil l 
limi t  ou r  discussio n o f  syntacti c realization s t o a  fe w stabl e 
highlights .  N o u n phrase s tha t  serv e a s th e primar y acto r  an d 
objec t  i n a  sentenc e ten d t o b e participants ,  e.g. ,  i n " A ho t 
bric k lose s hea t  t o a  coo l  room. "  "Ho t  brick "  an d "coo l 
room "  ar e participants .  Certai n fram e element s alread y use d 
i n othe r  FrameNe t  frames,  e.g. ,  sourc e an d Destination , 
ten d t o b e participant s whe n a  physica l  proces s i s th e actor . 
Th e pattern s tha t  indicat e condition s includ e "conditio n 
cause s Process" ,  "Proces s OCCur s w h e n Condition." ,  an d 
"Proces s depend s o n condition. "  Fo r  consequences ,  ther e 
ar e tw o cases :  influence s an d othe r  consequences . 
Influence s ar e discusse d below .  Th e othe r  consequences , 
sinc e the y ca n rang e ove r  almos t  an y physica l  statemen t  i n 
principl e (e.g. ,  appearances ,  sounds ,  etc.) ,  ar e difficul t  t o 
characteriz e concisely .  Exampl e indicator s ar e occurrence s 
of  di e FrameNe t  FE s o f  Manne r  an d Result . 

Parameters and values 

Continuou s propertie s ar e represented  b y th e Quantit y 
frame,  whic h ha s th e followin g elements : 
•  Entit y specifie s wha t  thi s propert y i s a  propert y o f 
Typicall y thi s i s unique .  Example :  "brick "  i n "th e 
tcnpcratur e o f  th e brick " 
•  QuantityTyp e sp)ecifie s th e kin d o f  paramete r  tha t  thi s 
is .  Example :  "temperature "  i n "temperatur e o f  th e brick. " 
•  Valu e specifie s th e numerica l  valu e o f  th e property . 
Thi s F E i s optional .  Exan^le :  " 3 "  i n " 3 liter s o f  water" . 
•  Unit s specifie s th e physica l  unit s o f  th e property .  Thi s 
F E i s optional .  Example :  "kilograms "  i n " 3 kilogram s o f 
lead" . 
Ds specifie s h o w th e paramete r  i s changin g an d stand s fo r 
"sig n o f  th e derivative" .  Thi s F E i s optional .  Example :  I n 
"Th e temperatur e i s increasing. "  th e sig n i s expresse d b y th e 
wor d "increasing "  whic h woul d b e mappe d t o th e valu e o f 
1.  Whil e syntacti c realization s fo r  quantit y types ,  value s an d 
imit s ar e fairl y  obvious ,  D s manifest s itsel f  i n th e tex t  m a n y 
differen t  ways ,  e.g .  - 1 coul d sho w u p a s "falling" , 
"decreasing" ,  etc . 

Value s an d unit s ar e ofta i  no t  explicitl y  state d o r  eve n 
fille d i n vi a default ,  bu t  d b an d comparativ e statement s 
abou t  value s ar e conunon .  Thes e ar e expresse d vi a th e 
Ordina l  frame,  whic h ha s th e followin g FEs : 
•  Q l ,  Q 2 specif y th e quantitie s bein g compared .  Eithe r  i s 
optional .  Example :  "th e coffee' s temperature" . 
•  OrdRel n specifie s th e relationshi p betwee n th e value s 
of  th e quantities .  I t  mus t  b e on e o f  < ,  > ,  = ,  S ,  <, ,  = .  ̂ ,  same -
order ,  o r  negligible .  Example :  I n "Evaporatio n ca n b e 
ignored "  th e wor d "ignored "  refer s t o a  negligibl e ordRei n 
of  th e rat e o f  a n evaporatio n proces s compare d t o othe r 
processe s bein g described . 

Ordina l  relation s provid e a  usefu l  qualitativ e notio n o f  valu e 
becaus e the y ofte n serv e a s condition s fo r  physica l 
processe s an d state s (e.g. ,  flows  occu r  whe n a  drivin g 
paramete r  i s unequal ,  equilibrium s occu r  whe n opposin g 
effect s ar e equal) .  Syntacti c realization s o f  ordinal s ar e 
usuall y describe d vi a explici t  comparison s (e.g. ,  "q i  i s 
greate r  tha n q2" )  o r  a s som e typ e o f  comparativ e 
construction .  O n e ver y c o m m o n patter n i s th e us e o f 
ordere d dimensiona l  adjective s t o se t  u p a  taci t  comparison . 
For  instance ,  from  "ho t  brick "  an d "coo l  room" ,  on e know s 
an ordina l  relationship  involvin g thei r  temperatur e du e t o 
th e meaning s o f  "hot "  an d "cool" . 

Qualitative mathematics and causality 

Th e causa l  relationships  betwee n quantitie s ar e expresse d 
vi a a  qualitativ e mathematic s tha t  support s partia l 
informatio n abou t  th e natur e o f  th e connection s betwee n 
them .  Th e basi c fram e i s th e influence ,  whos e FE s ar e 
•  Constraine d specifie s th e dependen t  quantity ,  i.e. ,  th e 
effect . 
•  Constraine r  specifie s th e independen t  quantity ,  i.e. ,  a 
proxima l  caus e fo r  th e constraine d quantity . 
•  Sig n specifie s th e direction ,  whic h ca n b e +  o r  - .  I t  i s 
expresse d b y word s suc h a s "up" ,  "down" ,  "greater" , 
"more" ,  "less "  etc . 
Ther e ar e tw o subframe s o f  th e influenc e frame , 
Directinfiuenc e an d Qprop .  Thes e correspon d t o th e Q P 

theor y primitive s I+/I -  an d «:Q+y«Q .  respectivel y (Foibu s 
1984) .  Whil e th e tw o subfiiune s shar e fram e elements ,  th e 
underlyin g semantic s i s quit e different .  Fo r  direc t 
influences ,  th e constraine r  i s combine d vi a additio n t o othe r 
constrainer s t o determin e (qualitatively )  th e derivativ e o f 
th e constraine d quantity ,  an d th e sig n indicate s whethe r  i t  i s 
a positiv e o r  negativ e contributio n t o tha t  sum .  Fo r  oprop , 
th e Constraine d i s functionall y dep>enden t  o n th e 
Constrainer ,  an d perhap s o n othe r  propertie s a s well ,  wit h 
th e sig n indicatin g whethe r  th e dependenc e i s increasin g o r 
decreasin g monotonic .  Thi s i s th e weakes t  distinctio n tha t 
enable s change s t o b e propagate d throug h causa l  laws . 
As thei r  c o m m o n -  heritag e suggests ,  i n som e case s th e 
syntacti c realization s o f  thes e tw o kind s o f  influence s ca n b e 
quit e close .  However ,  man y case s ar e straightforward . 
S o me realizations  fo r  Qpro p includ e "constraine d depend s 
on Constrainer. "  an d "A » Constraine r  Ds ,  Constraine d 
Ds. "  Fo r  example ,  "A s th e ai r  temperatur e goe s up ,  th e 
relativ e humidit y goe s d o w n "  i s clearl y a  Qprop ,  wit h 
Constraine d =  "relativ e humidity" ,  constraine r  =  "ai r 
temperature" ,  an d sig n =  - . 

Syntacti c realization s fo r  Directinfiuence s ar e mor e 
complex .  I n advance d text s on e ca n find  pattern s suc h a s 
"Th e rat e o f  constraine d depend s o n constrainer. "  bu t 
the y d o no t  see m c o m m o n .  I n everyda y text s explici t 
discussion s o f  rate s see m eve n rarer .  Instead , 
Directinfiuence s ten d t o occu r  i n larger-scal e patterns , 
ofte n tie d t o a  generalize d notio n o f  motion .  Fo r  example , 
"Mos t  wate r  i n th e ai r  come s from  evaporation. "  i s  a 
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Direc t  Influence ,  wit h Constraine d "  "wate r  i n th e uir" , 
conatraine r  =  "[rat e of ]  evaporation "  an d sig n "  +. ' 

Compatibility with existing frame semantics 

One implicatio n fo r  semantic s i s that ,  i n additio n t o th e 
frame s associate d wit h Q P theor y pe r  se ,  ther e wil l  b e a 
collectio n o f  subframe s correspondin g t o particula r  kind s o f 
physica l  phenomena ,  suc h a s flows ,  motion ,  an d phas e 
changes .  An d indee d FrameNe t  alread y ha s a n existin g 
analysi s o f  motio n tha t  i s compatibl e wit h Q P theory .  Th e 
FEs o f  Theme ,  Source ,  Goal ,  an d Pat h ar e finer-grained 
distinction s o f  th e F E Participan t  i n th e genera l 
PhysicalProces i  frame .  I n Q P theor y model s o f  thi s kin d 
of  motio n (cf .  Forbu s 1984) ,  ther e i s a  quantit y Positio n 
tha t  i s  reference d t o th e Pat h from  sourc e t o Goal .  A 
Directinfiuenc e fram e wit h Constraine d =  Positio n an d 
Conatraine r  =  Velocit y i s a  Consequenc e o f  th e Motio n 
frame.  A n ordina l  fiTun e wit h Q 1 =  velocity ,  Q 2 =  zero , 
and ordRei n =  *  i s th e Conditio n fo r  th e Motio n frame . 
Thi s compatibilit y  i s  encouraging ,  sinc e i t  mean s tha t  th e 
implication s tha t  ca n b e draw n fh> m qualitativ e reasonin g 
coul d b e mad e availabl e i n servic e o f  natura l  languag e 
understanding . 

Example: An analysis of flow 

Next  w e presen t  a n analysi s o f  a n importan t  fram e fo r 
physica l  phenomena ,  flow.  W e star t  wit h well-worke d ou t 
idea s i n th e qualitativ e physic s literature ,  usin g th e 
framewor k abov e t o recas t  the m int o fram e semantics .  Thi s 
frame  i s use d i n ou r  corpu s analysi s below . 

The general Flow frame 

The mode l  o f  flow  w e ar e startin g wit h i s base d o n thos e i n 
Forbu s (1984) .  Severa l  o f  th e frame  element s ar e 
specialization s o f  Participant : 
•  FlowSourc e specifie s th e startin g regio n o f  th e flow. 
•  FlowDes t  specifie s th e regio n wher e wha t  i s flowing 

end s up . 
•  FlowPal h specifie s th e pat h alon g whic h th e flow 

occur s 
Thes e FE s determin e th e overal l  typ e o f  flow  occurring : 
•  FlowDrtve r  specifie s th e intensiv e quantit y (e.g. , 

somethin g lik e pressur e o r  temperature )  whos e 
differenc e a t  sourc e an d destinatio n drive s th e flow. 

•  F low Q specifie s th e extensiv e quantit y (e.g. ,  somethin g 
lik e mas s o r  heat )  tha t  i s  directl y influence d b y th e 
flow.  Optional . 

•  F/ow^/M^specifie s th e "stuff "  whic h i s considere d t o b e 
flowing.  C^tional . 

Typicall y text s mentio n eithe r  fiow q o r  Fiowstu f  f  bu t  no t 
bo^ .  M a n y use s o f  th e Flo w fram e ar e metaphorica l  from a 

scientifi c  perspectiv e (e.g. ,  hea t  i s no t  a  substance) ,  bu t  m a y 
be litera l  from a  c o m m o n sens e perspective ,  dependin g o n 
th e languag e user' s menta l  models .  Fiowstuf f  mus t  b e 
continuou s i n natur e (henc e piow q mus t  exist ,  eve n i f  no t 
explicitl y  mentioned )  fo r  th e ide a o f  flow  t o m a k e sense . 

Ther e ar e tw o conditio n FE s fo r  plow .  Th e first  i s  a n 
ordinal ,  i.e. ,  tha t  th e FiowQ(Fiowsource(Fiow) )  i s greate r 
tha n FiowQ(FlowDes t  (Plow)) .  Th e secon d i s tha t  FiowPat h 
not  b e blocked .  Th e natur e o f  bein g blocke d depend s o n th e 
subfram e o f  Plow .  Fo r  instance ,  a  stoppe r  ca n bloc k liqui d 
fiow,  bu t  hea t  ca n stil l  pass . 

Flo w ha s thre e conaequenc e FEs :  a  Quantit y whos e 
QuantityTyp e i s Rate ,  an d tw o Directinfiuenc e frames , 
constrainin g th e fiow q o f  Fiowsourc e an d FlowDes t  vi a 
Rat e (Flow )  wit h th e tqipropriat e signs . 

Mor e sophisticate d version s o f  thi s basi c patter n ar e 
c o m m on i n qualitativ e modeling ;  e.g. ,  th e rate  i s typicall y a 
functio n o f  th e differenc e betwee n th e drivin g quantities , 
and als o depend s o n pat h properties .  Suc h elaboration s d o 
commonl y appea r  i n explanator y texts ,  an d consequentl y th e 
abilit y  o f  qualitativ e modelin g t o suppor t  suc h incrementa l 
elaboration ,  whic h ca n b e don e vi a additiona l  Qpro p frame s 
i n thi s case ,  provide s a  necessar y sourc e o f  representationa l 
flexibility  fo r  natura l  languag e semantics . 

Some empirical evidence 

Up t o n o w w e hav e bee n concerne d wit h expressin g th e 
concept s o f  Q P theor y i n Fram e Semantics ,  showin g h o w 
the y ca n fit  int o thi s large r  syste m an d som e o f  thei r 
syntacti c realization s i n English .  Her e w e examin e th e 
utilit y  o f  doin g this ,  i n tw o ways .  First ,  w e tur n th e questio n 
around :  H o w muc h d o thes e idea s contribut e t o 
understandin g th e semantic s o f  text s involvin g th e physica l 
world ? Second ,  ca n w e us e thes e idea s t o reconstruc t  from 
an explanator y tex t  th e physica l  idea s bein g communicated ? 
We examin e eac h i n turn . 

H o w fa r  ca n a  QP-base d fram e semantic s g o i n 
accountin g fo r  th e semantic s o f  explanator y texts ? O n e wa y 
t o answe r  thi s questio n i s t o analyz e a  corpu s o f  physica l 
explanations ,  an d se e wha t  flection  o f  th e sentence s requir e 
th e frame s o f  Q P theor y (an d flames  fo r  menta l  model s 
expresse d i n Q P theory )  fo r  thei r  interpretation .  W e hav e 
don e thi s b y usin g fou r  chapter s o f  a  boo k o n sola r  energy . 
Sun U p t o Su n D o w n (Buckley ,  1979) .  W e chos e thi s boo k 
becaus e i t  i s  ver y clearl y written ,  an d w e hav e bee n usin g i t 
fo r  a  sourc e o f  example s i n othe r  projects ,  sinc e i t  use s bot h 
diagrams  an d analogie s heavily .  W e chos e chapter s 2 
throug h 5  becaus e the y provid e a  basi c expositio n o f  heat , 
temperature ,  an d type s o f  hea t  flow. 

Our  analysi s metho d wa s this .  T w o evaluator s familia r 
wit h th e theor y independentl y score d eac h sentence .  The n 

^  Not e tha t  'fro m evaporation '  refer s t o a n interna l  quantit y o f  a 
proces s (i.e .  th e evaporatio n rate) ,  no t  t o a  participan t  (a s i n 'fro m 
th e ocean') .  Th e latte r  woul d b e marke d a s a  source ,  no t  a s a 
cons trainer . 

'  A s additiona l  corpu s material ,  w e hav e selecte d a  colleg e 
textboo k o n th e weaAe r  a s wel l  a s a  children' s boo k o n weather , 
but  whil e thes e hav e serve d a s a  sourc e o f  dat a fo r  ou r  analysi s o f 
syntacti c realizations ,  th e result s i n thi s sectib n ar e base d onl y o n 
th e Buckle y text . 
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the y compare d thei r  results ,  discussin g divergence s unti l 
the y c a m e t o agreement . 

We looke d a t  th e linguisti c realization s o f  physica l 
processe s i n th e text .  Base d o n th e Q P frame  semantics ,  w e 
define d nin e type s o f  informatio n abou t  processes :  th e 
proces s n a m e (P) ,  informatio n abou t  subclasse s o f  a  proces s 
(i.e .  a  specialization )  (SC) ,  participant s (PA) ,  abou t 
conditions :  anteceden t  activation s ( A A ) ,  anteceden t  ordina l 
relation s ( A O ) ,  anteceden t  relation s ( A R ) ,  an d finally  abou t 
consequences :  indirec t  influence s (CII) ,  direc t  influence s 
(CDI) ,  an d consequenc e relation s othe r  tha n influence s 
(CR). *  Multipl e piece s o f  informatio n ca n appea r  withi n a 
singl e sentence ,  s o w e score d numbe r  o f  phrase s o f 
particula r  type s i n additio n t o th e numbe r  o f  sentence s tha t 
the y occurre d in .  Sentence s ca n contai n multipl e type s o f 
information ,  s o th e sam e sentenc e ca n appea r  i n multipl e 
categories .  W e als o distinguishe d betwee n informatio n 
from  example s (identifie d throug h a  preliminar y analysis ) 
an d genera l  information ,  sinc e w e hav e hypothesize d 
(Fotbu s &  Gentner ,  1997 )  tha t  c o m m o n sens e physic s arise s 
from  within-domai n analogie s involvin g concret e 
descriptions .  Table s 1  (genera l  information )  an d 2 
(exemplar-specifi c  information )  sho w ou r  results . 

Type 

«Sen<eoce t 
«Phruc < 

P 

10 
11 

SC 

1 
4 

PA 

8 
14 

AA 

15 
16 

AO 

5 
5 

AR 

1 
1 

OR 

9 
18 

CDI 

8 
16 

CU 

' ' 18 1 
1 

Tabl e 1 :  Genera l  (Utement s usin g Q P theor y concept s 

Type 
#Semence» 
»?bma 

P 
26 
26 

SC 
0 
0 

PA 
28 
74 

AA 
IS 
15 

AO 
6 
7 

AR 
5 
5 

CR 
26 
53 

CDI 
19 
38 

CII 
14 
17 

Tabl e 2 :  Us e o f  Q P theor y concept s i n examples . 

The data shows that the exemplar-specific data contains 
mor e tha n twic e th e numbe r  o f  processes ,  abou t  five  time s 
th e numbe r  o f  participant s an d a  lo t  mor e informatio n abou t 
th e consequence s o f  th e mentione d processes .  However ,  th e 
amount  o f  informatio n abou t  th e condition s o f  a  proces s 
(categorie s A A ,  A O ,  an d A R )  i s nearl y th e same .  A s 
expected ,  an y informatio n abou t  specializatio n o f  processe s 
( S Q i s onl y foun d i n th e genera l  information . 

W h at  kin d o f  coverag e doe s Q P theor y provide ? O f  th e 
21 6 sentences ,  9 4 o f  the m mentio n a t  leas t  on e elemen t 
from  th e Q P frame  syste m propose d here .  Tha t  mean s tha t 
QP theor y ca n accoun t  fo r  rou^l y 4 3 % o f  thes e chapters . 

Let  u s tur n t o th e secon d question ,  th e reconstructio n o f  a 
QP domai n theor y fro m th e fiume  semantic s tha t  on e migh t 
get  from  analyzin g a  text .  Agai n w e rel y o n Chapter s 2 
throug h 5  o f  Buckle y (1979) .  Thes e chapter s yiel d si x 
physica l  processes :  Genera l  model s o f  hea t  flow  an d volum e 

*  Althoug h th e informatio n involve d i n thes e categorie s ha s 
varyin g complexity ,  e.g. ,  influence s an d ordina l  relation s ar e mor e 
comple x tha n th e proces s o r  participan t  names ,  w e d o no t  impos e 
any orderin g o r  weightin g o n thes e piece s o f  information . 

flow  (e.g. ,  liqui d flow),  an d fou r  subclasse s o f  hea t  flow 
(conduction ,  convection ,  radiation ,  an d transport) .  Usin g 
thi s dat a an d th e informatio n abou t  th e constituent s o f 
processe s i t  contains ,  w e attempte d t o manuall y reconstruc t 
th e model s o f  th e underlyin g physica l  processes .  Figur e 1 
show s th e reconstructe d mode l  o f  th e generi c hea t  flow 
process .  O n e piec e o f  infonnatio n i n Figur e 1  marke d wit h 
a sta r  wa s no t  par t  o f  an y genera l  descriptio n o f  th e hea t 
flow  proces s bu t  originate d from  infonnatio n abou t  sp)ecifi c 
examples .  I t  wa s generalize d an d include d int o th e generi c 
proces s model .  B y combinin g infomiatio n frt)m  specifi c 
example s wit h genera l  information ,  reasonabl e Q P theor y 
proces s description s o f  eac h wer e obtained . 

Thes e result s ar e ver y encouraging .  Th e fi^me  semantic s 
base d o n Q P theor y provide s significan t  coverag e o f  thi s 
corpus .  Th e aspect s tha t  ar e no t  relate d t o Q P theor y ar e no t 
themselve s physica l  law s o r  behavior s pe r  se ,  bu t  requir e 
frames  o f  th e type s tha t  woul d b e foun d i n othe r  kind s o f 
texts .  Thu s thes e result s sugges t  tha t  th e frame  semantic s 
we propos e usin g Q P theor y coul d pla y a  usefti l  rol e i n a 

broa d syste m o f  natura l  languag e semantics . 

Discussion 

Thi s pape r  argue s tha t  qualitativ e physics ,  specificall y Q P 
theory ,  ca n b e use d a s a  componen t  i n a  syste m o f  natura l 
languag e semantics .  W e outline d ho w Q P theor y ca n b e 
recas t  i n term s o f  Fillmore' s frame  semantics ,  a s use d i n th e 
FrameNet  project .  Th e construct s o f  Q P theor y ca n b e 
recas t  i n term s o f  a  collectio n o f  flames  an d subframes , 
whic h ca n b e use d t o describ e man y causa l  menta l  model s 
foun d i n explanator y texts .  A s th e syntacti c realization s o f 
thes e frames  ar e fiirther  worke d out ,  w e believ e tha t  the y 
wil l  b e a  valuabl e extensio n t o FrameNe t  semantics . 

I n additio n t o broadenin g th e coverag e o f  FrameNe t  t o 
includ e a  wid e rang e o f  continuou s phenomen a an d systems , 
our  extensio n als o ground s thes e ne w frames  i n term s o f  a 
well-worke d ou t  knowledg e representatio n formalis m 
capabl e o f  supportin g qualitativ e reasoning .  Th e 
compatibilit y  o f  existin g FrameNe t  motio n description s wit h 
thi s model ,  an d ou r  analysi s o f  a  Q P mode l  o f  flow  i n frame 
semantics ,  lend s suppor t  t o ou r  clai m tha t  thi s recastin g o f 
qualitativ e modelin g ca n productivel y exten d frame 
semantic s fo r  natura l  language . 

The corpu s analysi s presente d suggest s tha t  thi s extensio n 
ca n b e useful ,  sinc e 4 3 % o f  th e materia l  i n sampl e chapter s 
from  a  typica l  scienc e boo k ca n b e capture d i n term s o f 
them .  Moreover ,  ou r  analysi s suggest s tha t  thes e frames 
coul d b e compose d t o construc t  domai n theorie s o f  a  kin d 
ahead y use d i n qualitativ e reasoning . 

Our  result s sugges t  tha t  Q P frame  semantic s ca n indee d 
pla y a n importan t  rol e i n natura l  languag e semantic s fo r 
physica l  texts .  Mo r e investigatio n i s neede d o n severa l 
questions ,  including : 
•  W e wan t  t o refin e ou r  estimate s o f  coverag e b y 
analyzin g a  large r  corpu s wit h a  broade r  rang e o f  materials . 
Thes e analyse s ar e impractica l  b y hand ,  s o w e ar e explorin g 
th e us e o f  automate d tool s fo r  subsequen t  analyses . 
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Procee a HeatPlo w 
:participemt B 

loc i  ; ;  FlowSourc e 
loc 2 ; ;  FlowDes t 
pat h ; ;  FlowPat h 

:condition s 
(> (tem p loci )  (tem p loc2) ) 
•(heat-aligne d path ) 

:consequence s 
(from-locatio n loci ) 
(to-locatio n loc2 ) 
(qprop -  flowrat e thermal-reelstance ) 
(I -  (hea t  loci )  flowrate ) 
(1 + (hea t  loc2 )  flowrate ) 

Figure 1: One QP phyiical proccti detcriptioD recomtructed 
fro m th e Bncklc y text.  Th e Un e marke d wit h "* "  w m derive d 
vi a generallzatlo B fro m (pecif k examples . 

•  W e vie w ou r  wor k a s complementar y t o tha t  o f 
Narayana n (1999) ,  wh o i s linkin g FrameNe t  semantic s wit h 
sensory-moto r  schemata .  Bot h wil l  ultimatel y b e needed , 
and thei r  interpla y wil l  b e interestin g t o explore . 
•  Th e sam e Q P analysi s use d fo r  litera l  languag e coul d b e 
use d t o improv e th e productiv e understandin g o f  man y 
metaphors .  Fo r  example ,  th e FrameNe t  analysi s o f  hea t  i n 
th e emotiona l  domai n ha s tie d t o i t  th e lemm a boi l  directly . 
I f  Q P representation s fo r  heat ,  hea t  flow ,  an d boilin g wer e 
use d instead ,  on e coul d infe r  tha t  makin g someon e angr y fo r 
longe r  coul d lea d t o boiling ,  an d tha t  i f  someon e ha d 
"boile d over" ,  stjutin g a  hea t  flow  wit h the m a s th e source , 
coul d "coo l  the m off" . 
•  A  fascinatin g se t  o f  question s arise s from  cross -
linguisti c comparisons .  Ar e thes e idea s bundle d u p i n th e 
same wa y i n al l  languages ,  o r  ar e the y realize d ver y 
differentl y (e.g. ,  Bowerman' s (1996 )  cross-linguisti c 
analysi s o f  spatia l  prepositions ,  Talmy' s (1985 )  cross -
linguisti c ansdysi s o f  ver b semantics ,  an d Ima i  an d 
Centner' s (1993 )  analysi s o f  th e mass/coun t  distinction) ? 

Another goal of our analysis is synthesis, i.e., to create a 
habitabl e controlle d languag e tha t  ca n b e use d i n natura l 
languag e processin g system s tha t  communicat e wit h peopl e 
abou t  th e physica l  worl d mor e fluently.  Suc h softwar e 
coul d b e invaluabl e i n creatin g ne w kind s o f  intelligen t 
software ,  suc h a s tutorin g system s an d monitorin g systems . 
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Abstrac t 

The central aims of this experiment were to compare 
observationa l  an d interventiona l  learnin g o f  a  simpl e 
causa l  chain ,  an d t o ascertai n whethe r  peopl e represen t 
thei r  intervention s i n accordanc e wit h th e normativ e 
model  propose d b y Pear l  (2000) .  I n th e observatio n 
conditio n peopl e treate d putativ e cause s a s independent , 
and systematicall y selecte d th e wron g model .  I n th e 
interventio n conditio n performanc e improved ,  i n 
particula r  greate r  sensitivit y wa s show n t o th e relevant 
conditiona l  independencies .  However ,  participants ' 
likelihoo d judgment s approximate d th e observe d 
frequencie s rathe r  tha n reflecting  th e appropriat e causa l 
model . 

Introduction 

Our  causa l  knowledg e o f  th e worl d i s closel y tie d t o ou r 
abilit y  t o contro l  o r  manipulat e certai n aspect s o f  it .  O n 
th e on e hand ,  w e ofte n lear n abou t  cause-effec t 
relation s b y observin g th e effect s o f  ou r  o w n 
intervention s (e.g. ,  runnin g controlle d experiments) .  O n 
th e other ,  w e ca n exploi t  suc h knowledg e b y 
manipulatin g th e cause s appropriat e t o ou r  desire d ends . 
Further ,  ou r  causa l  knowledg e allow s u s t o predic t  o r 
imagin e th e consequence s o f  ou r  actions ,  an d i s thu s a 
prerequisit e fo r  deliberativ e decision-making . 

Give n th e centra l  rol e tha t  interventio n play s i n 
causa l  reasoning ,  i t  ha s receive d scan t  attentio n i n mos t 
account s o f  huma n causa l  learning .  I n par t  thi s i s du e t o 
th e lac k o f  a  forma l  analysi s o f  intervention ,  an d th e 
failur e o f  standar d probabilit y  theor y t o distinguis h 
actio n fixjm  observatio n (Pearl ,  2000) .  Thes e lacuna s 
appea r  t o b e addresse d b y a  bod y o f  recen t  researc h i n 
AI ,  whic h provide s a  normativ e analysi s o f  causa l 
inferenc e an d a  forma l  mean s o f  representin g th e 
differenc e betwee n observatio n an d interventio n (e.g. , 
Glymour ,  2001 ;  Pearl ,  2000) . 

Th e formulatio n o f  a  normativ e mode l  i s a t  bes t  onl y 
a first  ste p toward s a n understandin g o f  h o w peopl e 
acquir e an d emplo y causa l  knowledge .  Th e curren t 
experimen t  aim s t o gathe r  som e preliminar y evidenc e 
abou t  th e differenc e betwee n observationa l  an d 

interventiona l  learning ,  an d whethe r  peopl e represen t 
thei r  intervention s i n th e manne r  suggeste d b y thi s 
normativ e account . 

C a u s a l  M o d e l s 

The causa l  mode l  framewor k offer s a  metho d fo r 
representin g causa l  knowledg e an d forma l  rule s fo r 
updatin g thi s knowledg e i n th e ligh t  o f  eithe r 
observatio n o r  intervention .  Centra l  t o thi s formalis m i s 
th e us e o f  directe d graph s t o represen t  th e mechanism s 
tha t  underpi n ou r  causa l  knowledg e o f  a  domain ,  an d 
th e us e o f  probabilit y  theor y t o reflec t  th e uncertai n an d 
defeasibl e natur e o f  thi s knowledge . 

C[jronchife ^ 

Figur e I :  A  causa l  grap h 

A causal model is made up of a set of nodes, a set of 
directe d link s betwee n nodes ,  an d a  conditiona l 
probabilit y  distributio n fo r  eac h node .  Th e node s 
correspon d t o variable s relevan t  t o th e domai n (th e pre -
selectio n o f  whic h m a y b e non-trivial) ;  thes e m a y b e 
binary ,  o r  tak e o n a  rang e o f  values .  Th e directe d link s 
betwee n variable s correspon d t o th e autonomou s 
mechanism s tha t  ar e suppose d t o mediat e betwee n thes e 
variables ,  an d henc e reflec t  th e dependencie s betwee n 
them . 

A simpl e causa l  grap h i s depicte d i n Fig .  I .  I n thi s 
exampl e th e mode l  i s  restricte d t o thre e binar y 
variables :  Bronchitis ,  Cough ,  an d Insomnia .  Ther e i s 
presume d t o b e on e mechanis m tha t  lead s fro m 
Bronchiti s  t o Cough ,  an d anothe r  tha t  lead s from  Coug h 
t o Insomnia . 

Typicall y th e dependencie s betwee n variable s ar e 
probabilisti c -  reflectin g eithe r  th e incompletenes s o f 
th e causa l  mode l  o r  genuin e noise .  Thi s uncertaint y i s 
represente d b y conditiona l  probabilit y  distribution s fo r 
eac h nod e (referre d t o a s th e parameterizatio n o f  th e 
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graph) .  Thu s i n ou r  simpl e exampl e th e strengt h o f 
dependenc y betwee n Bronchiti s  an d Coug h i s 
represente d b y tw o conditiona l  probabilitie s -  th e 
probabilit y  o f  Coug h give n Bronchitis ,  an d th e 
probabilit y  o f  Coug h give n n o Bronchitis .  A  hig h 
probabilit y  fo r  th e forme r  woul d correspon d t o th e 
belie f  tha t  Bronchiti s  i s  ver y likel y t o caus e Cough ;  a 
hig h probabilit y  fo r  th e latte r  woul d correspon d t o th e 
belie f  tha t  Coug h i s als o ver y likel y t o b e ©use d b y 
othe r  variable s no t  represente d i n ou r  simpl e model . 

Give n certai n assumptions, '  th e structur e o f  a  causa l 
grap h wil l  full y  captur e th e probabilisti c  dependencie s 
amongst  al l  o f  th e represente d variables .  A  fundamenta l 
relatio n her e i s tha t  o f  'screenin g of f  o r  conditiona l 
independence .  Fo r  an y thre e variable s A , B , C :  A  an d B 
ar e conditionall y independen t  give n C  i f  P(y<|fi&C )  = 
V{A\C) \  onc e yo u kno w th e valu e o f  C ,  learnin g th e 
valu e o f  B  doe s no t  provid e additiona l  informatio n 
abou t  A .  On e causa l  grap h representatio n tha t  implie s 
screenin g of f  i s  whe n C  intercept s al l  directe d path s 
betwee n A  an d B .  Thu s i n th e causa l  grap h i n Fig .  1 ,  th e 
fac t  tha t  th e Coug h nod e i s i n betwee n th e node s fo r 
Bronchiti s  an d Insomni a implie s tha t  Bronchiti s  an d 
Insomni a ar e conditionall y independen t  give n Cough . 
Once yo u kno w th e valu e o f  Cough ,  learnin g th e valu e 
of  Bronchiti s  tell s  yo u nothin g mor e abou t  th e valu e o f 
Insomnia . 

By representin g conditiona l  independencie s i n thi s 
way,  causa l  graph s provid e a  powerfu l  too l  fo r 
organizin g knowledge ,  an d fo r  inferrin g th e effect s o f 
ne w observations .  A s th e graph s increas e i n size ,  thes e 
independenc e relation s ca n greatl y simplif y suc h 
computations .  Fo r  example ,  on e coul d supplemen t  th e 
simpl e mode l  i n Fig. l  wit h a  comple x networ k o f  node s 
and link s betwee n Bronchiti s  an d Cough ,  bu t  s o lon g a s 
th e variabl e Coug h stil l  intercept s al l  link s fro m 
Bronchiti s  t o Insomnia ,  knowledg e o f  Coug h i s al l  on e 
need s t o mak e inference s ibov A Insomnia . 

Making inferences given new information 

The structur e o f  a  causa l  graph ,  i n combinatio n wit h th e 
parameterizatio n o f  it s  nodes ,  determine s wha t 
inference s w e ca n mak e o n th e basi s o f  ne w 
information .  W h e n thi s informatio n take s th e for m o f 
an observation ,  the n Bayesia n updatin g tell s u s ho w w e 
ough t  t o modif y ou r  probabilities .  Fo r  example ,  give n 
th e causa l  mode l  i n Fig .  1 ,  i f  w e fm d ou t  tha t  Ji m ha s a 
cough ,  w e shoul d increas e (t o som e degree ,  dependin g 
on th e parameters )  bot h th e probabilit y  tha t  Ji m ha s 
Bronchitis ,  an d th e probabilit y  ha t  h e ha s Insomnia . 
However ,  wha t  i f  w e change d th e valu e o f  Coug h b y 
givin g hi m a  coug h suppressant ? Suc h a n actio n 
warrant s a  chang e i n ou r  belie f  tha t  h e ha s Insomnia , 

but  doe s no t  warran t  an y chang e i n th e probabilit y  w e 
assig n t o hi m Ya\\n % Bronchitis . 

Mor e generally ,  th e probabilisti c  inference s w e ar e 
license d t o dra w afte r  observin g th e valu e o f  a  variabl e 
may no t  b e th e sam e a s thos e afte r  intervenin g t o se t 
tha t  variabl e t o th e sam e value .  Bayesia n updating , 
indee d an y forma l  probabilit y  model ,  fail s  t o recogniz e 
this .  I t  doc s no t  differentiat e betwee n observin g an d 
acting .  Tha t  is ,  th e sam e conditiona l  probabilit y  P(X|Y ) 
i s use d t o represen t  th e probabilit y  o f  X  give n tha t  Y  i s 
observed ,  an d th e probabilit y  o f  X  give n tha t  w e d o Y . 
But  thes e ca n b e quit e different ,  a s ou r  exampl e 
illustrate s -  th e probabilit y  o f  Bronchiti s  give n th e 
absenc e o f  a  coug h i s distinc t  fro m th e probabilit y  o f 
Bronchiti s  give n tha t  w e remov e th e cough . 

The Representation of Intervention 

One o f  th e innovativ e feature s o f  th e causa l  mode l 
framewor k i s tha t  i t  propose s a  normativ e accoun t  fo r 
th e representatio n o f  interventions ,  an d fo r  th e 
inference s tha t  the y license .  I n s o doing ,  i t  formalize s 
th e differenc e betwee n observatio n an d intervention . 

Pear l  (2000 )  achieve s thi s throug h th e introductio n o f 
th e 'do(» y operator .  I n short ,  thi s amount s t o 
representin g a n interventio n i n term s o f  a  minima l 
modificatio n o f  th e causa l  graph .  Thu s a  simpl e 
interventio n t o se t  a  variabl e t o a  particula r  valu e i s 
represente d b y th e remova l  o f  al l  arrow s int o tha t 
variable ,  withou t  alterin g th e othe r  directe d link s i n th e 
graph .  Th e effect s o f  th e interventio n ar e the n 
computabl e throug h Bayesia n updatin g o n thi s 
'mutilated '  graph . 

To illustrat e usin g th e grap h i n Fig.l ,  conside r  a n 
interventio n (e.g. ,  us e o f  a  coug h suppressant )  tha t  set s 
Cough t o th e valu e low .  Thi s lead s t o th e modifie d 
grap h i n Fig .  2 :  Th e directe d lin k fro m Bronchiti s  t o 
Cough i s delete d whils t  th e lin k fro m Coug h t o 
Insomni a i s lef t  unchanged .  I n effec t  th e interventio n 
amount s t o placin g th e variabl e Coug h unde r  th e 
influenc e o f  a  ne w mechanis m tha t  set s it s valu e t o low . 

C!]jronchife ^ Jnso(W_] ) 

'  Fo r  example ,  th e explici t  representatio n o f  an y variabl e tha t 
affect s tw o o r  mor e othe r  variable s i n th e model . 

Set  Coug h =  Lo w 

Figure 2: Causal graph after intervention 

This account provides a normative model for the 
representatio n o f  bot h actua l  an d imagine d 
interventions ,  an d tell s u s h o w thes e intervention s wil l 
(o r  would )  affec t  th e value s o f  th e othe r  variable s i n th e 
system .  I n particula r  i t  dictate s whic h probabilisti c 
inference s w e ar e entitle d t o make .  Thu s th e modifie d 
grap h i n Fig .  2  permit s u s t o infe r  a  lowe r  probabilit y  o f 
Insomnia ,  bu t  n o chang e i n th e probabilit y  o f 

561 



Bronchitis .  Th e latte r  prohibitio n i s reflecte d i n Pearl' s 
terminolog y b y th e differenc e betwee n ?{Bronchitis \ 
~ C o u g h )  an d f{Bronchiiis \  doi-Cough)) ,  an d capture s 
th e basi c asymmetr y o f  th e cause-effec t  relation : 
manipulatin g a  caus e ca n chang e a n effec t  bu t  no t  vice -
versa . 

Learning causal structure 

Th e appropriat e representatio n o f  interventio n i s no t 
jus t  critica l  t o predictin g th e effect s o f  ou r  actions ;  i t  i s 
als o importan t  fo r  th e discover y o r  learnin g o f  causa l 
structure .  Causa l  model s ca n b e learne d fro m explici t 
instructio n abou t  h o w th e worl d works ,  bu t  w e ca n als o 
lear n abou t  causa l  structur e throug h observatio n o r 
throug h intervention .  Thes e ar e no t  exclusive ,  bu t  i t  i s 
usefu l  t o distinguis h case s i n whic h on e i s restricte d t o 
observationa l  dat a alon e fro m thos e i n whic h on e als o 
has th e opportimit y t o intervene . 

Observational learning 

The causa l  mode l  literatur e i n A I  ha s develope d variou s 
algorithm s fo r  inferrin g causa l  structur e fro m 
observationa l  data ,  m a n y o f  whic h exploi t  th e 
conditiona l  dependencie s encode d i n th e structur e o f  a 
causa l  graph .  S o fa r  non e o f  thes e hav e bee n propose d 
as model s o f  actua l  himia n discovery ,  althoug h the y d o 
sugges t  som e genera l  principle s tha t  ar e relevan t  t o 
suc h enquiries .  Fo r  example ,  th e establishmen t  o f 
conditiona l  dependencie s i s a  crucia l  startin g poin t  fo r 
th e constructio n o f  a  causa l  graph ,  s o i t  i s  importan t  tha t 
peopl e ar e abl e t o mak e judgment s o f  conditiona l 
dependenc e versu s independence .  I n contrast ,  th e 
precis e parameterizatio n o f  thos e dependencie s i s no t 
alway s require d t o discove r  correc t  causa l  structur e 

Moreover ,  th e graphica l  approac h clarifie s whic h 
causa l  structure s ca n b e differentiate d o n th e basi s o f 
observationa l  d a U alone .  I t  establishe s equivalenc e 
classe s o f  structure s ("Marko v equivalence" )  tha t  shar e 
conditiona l  dependencie s an d ar e thu s indistinguishabl e 
on th e basi s o f  observatio n alone. ^  Fo r  example ,  i n a 
model  mad e u p o f  jus t  tw o nodes ,  A  an d B ,  ascertainin g 
thei r  probabilisti c  dependenc e doe s no t  tel l  u s whethe r 
A cause s B ,  ot B auscsA . 

Eve n i f  causa l  structure s ar e fro m differen t  Marko v 
equivalenc e classes ,  i t  migh t  b e difficul t  fo r  peopl e t o 
distinguis h the m o n th e basi s o f  observationa l  data . 
Indeed ,  selectin g betwee n certai n structure s require s 
carefu l  trackin g o f  observe d frequencie s an d subtl e 
inference s base d o n wha t  on e woul d expec t  t o see .  Fo r 
example ,  conside r  th e tw o possibl e causa l  structure s 
depicte d i n Fig .  3 .  I n orde r  t o distinguis h thes e o n th e 

^  On e importan t  qualificatio n her e i s i n th e cas e o f  gn^>h s i n 
whic h causa l  link s ar e necessar y bu t  no t  sufficient ;  tha t  is ,  fo r 
a directe d lin k fro m A t o B : \ > ?iB\A )  >  0  an d P(B[-A )  =  0 . 
Network s buil t  fro m suc h link s ma y b e distinguishabl e eve n 
thoug h the y ar c Marko v equivalent . 

basi s o f  observatio n alone ,  on e mus t  determin e whethe r 
or  no t  blune d visio n an d headach e ar e independen t 
give n hig h win e consumptio n (conditiona l 
independenc e woul d onl y hol d i f  th e dat a wer e 
produce d b y th e mode l  o n th e right).  Thi s m a y requir e 
m a ny observation s an d carefu l  trackin g o f  th e relevan t 
relativ e frequencies . 

Whw 

I  Visio n J 
Headache Blurre d 

Visio n 

< ] [ ] ^ d a c h e ^ ^ 

Figure 3: Two possible causal models 

Interventiona l  learnin g 

Anothe r  w a y t o lear n abou t  causa l  structur e i s t o 
activel y interac t  wit h th e syste m unde r  stud y an d t o 
observ e th e consequences .  Thi s seem s t o appl y t o th e 
infan t  playin g wit h a  n e w to y a s m u c h a s t o th e scientis t 
runnin g controlle d experiments .  Whils t  thi s i s ofte n 
recognize d a s a n importan t  sourc e o f  causa l  knowledge , 
i t  ha s receive d les s attentio n i n th e h u m a n causa l 
learnin g literature. ^ 

Intuitively ,  th e abilit y  t o interven e o n a  syste m 
shoul d facilitat e ou r  learnin g abou t  it s  causa l  structure . 
T o tak e th e simples t  example ,  conside r  tw o variable s 
tha t  ar e know n t o b e probabilisticall y dependent . 
Assumin g n o othe r  relevan t  variables ,  th e directio n o f 
thi s lin k ca n b e determine d b y manipulatin g on e o f  th e 
variable s an d observin g whethe r  o r  no t  th e othe r  als o 
changes .  I n a  nois y syste m suc h learnin g m a y stil l 
requir e multipl e trial s an d sensitivit y t o ti e observe d 
frequencies .  Bu t  interventiona l  learnin g ha s severa l 
advantage s ove r  passiv e observation .  No t  onl y ca n i t 
hel p t o determin e th e directio n o f  th e causa l  links ,  i t 
als o allow s selectio n o f  th e kin d o f  dat a t o see ,  an d thu s 
t o tes t  ou t  critica l  relation s betwee n variables .  Fo r 
example ,  le t  u s retur n t o th e tas k o f  distinguishin g 
betwee n th e tw o possibl e causa l  model s i n Fig .  3 .  O n e 
possibl e interventio n i s simpl y t o drin k a  larg e amoun t 
of  win e an d the n kee p you r  eye s closed .  I f  yo u don' t  ge t 
a headache ,  yo u ca n b e reasonabl y sur e tha t  th e chai n 
model  i s th e correc t  one .  I f  th e syste m i s rathe r  nois y 
yo u m a y hav e t o repea t  thi s experimen t  severa l  times , 

^  Th e dominan t  approache s t o huma n causa l  teamin g (e.g . 
Cheng,  1997 ;  Dickinson ,  2001 ;  Shanks ,  1995 )  concentrat e o n 
observationa l  learning . 
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but  i t  wil l  stil l  lea d t o greate r  confidenc e tha n makin g 
th e distinctio n o n th e basi s o f  observatio n alone . 

Overview of Experiment 

The centra l  aim s o f  thi s experimen t  wer e t o compar e 
th e observationa l  an d interventiona l  learnin g o f  a 
simpl e causa l  model ,  an d t o ascertai n whethe r  peopl e 
represen t  thei r  intervention s i n accordanc e wit h th e 
normativ e mode l  propose d b y Pear l  (2000) .  W e use d a 
typica l  observationa l  learnin g paradig m (e.g .  Shanks , 
1995) ,  bu t  adapte d i t  t o includ e a n interventiona l 
learnin g conditio n an d a  mode l  selectio n task .  Th e 
learnin g dat a wer e generate d fro m a  simpl e chai n mode l 
(se e Fig .  4) . 

Learnin g performanc e wa s assesse d bot h throug h a 
model  selectio n tas k an d throug h th e sensitivit y o f 
people' s probabilit y  judgment s t o th e appropriat e 
conditiona l  dependencies . 

tes t  trials .  O n eac h tria l  the y wer e show n th e value s o f 
th e tw o relevan t  variables ,  an d the n clicke d o n a  butto n 
t o vie w whethe r  o r  no t  th e outcom e occurred .  Th e 
learnin g se t  wa s constructe d accordin g t o a  chai n mode l 
(se e Fig .  4 )  an d i s show n i n Tabl e 1  (orde r  o f 
presentatio n wa s randomize d fo r  eac h participant) . 

Table 1: Frequency of presented instances in 
Observationa l  Learnin g condition . 

Temperature Pressure Rocket Launch No Prob 
Hig h 
Hi ^ 
Hig h 
Hig h 
Low 
Low 
Low 
Low 

Hig h 
Hig h 
Low 
Low 
Hig h 
Hig h 
Low 
Low 

Yes 
No 
Yes 
No 
Yes 
No 
Yes 
No 

16 
4 
0 
5 
0 
0 
0 
25 

0.3 2 
0.0 8 
0 
0.1 
0 
0 
0 
0.5 

Rocket 
Launc h Temperatur e Pressur e 

PfTemperature )  =  0. 5 
P(Pressur e |  Temperature )  =  P(Rocke t  |  Pressure )  =  0. 8 
P(Pressur e |-Temperature )  =  P(Rocke t  [-Pressure )  =  0 

Figur e 4 :  Causa l  grap h use d t o generat e stimul i  fo r  bot h 
observationa l  an d interventiona l  task s 

Method 

Participants .  Thirty-thre e undergraduate s fro m Brow n 
Universit y receive d cours e credi t  fo r  thei r  participation . 

Materials and procedure. Initial instructions to the 
participant s include d a n introductio n t o th e notio n o f  a 
causa l  mode l  wit h example s o f  fiv e candidat e models . 
Each participan t  the n complete d bot h a n observationa l 
and a n interventiona l  learnin g task .  T w o cove r  storie s 
wer e used ,  on e fo r  eac h tas k (tas k orde r  an d scenari o 
wer e counterbalance d acros s participants) .  Participant s 
wer e aske d t o imagin e tha t  the y wer e spac e engineer s 
(chemists )  runnin g test s o n a  ne w rocke t  (perfume )  i n 
orde r  t o discove r  th e underlyin g causa l  structure .  The y 
wer e tol d tha t  previou s test s ha d identifie d tw o 
variable s a s relevan t  t o th e succes s o f  th e test .  I n th e 
spac e enginee r  scenari o th e relevan t  variable s wer e 
Temperatur e (eithe r  hig h o r  low )  an d Pressur e (eithe r 
hig h o r  low) ,  an d th e outcom e variabl e wa s whethe r  o r 
not  th e rocke t  laimched .  I n th e chemis t  scenari o th e 
variable s wer e Aci d leve l  (eithe r  hig h o r  low )  an d Este r 
leve l  (eithe r  hig h o r  low) ,  an d th e outcom e variabl e wa s 
whethe r  o r  no t  th e perfum e wa s produced .  I n th e 
observatio n tas k participant s viewe d th e result s o f  5 0 

Participant s the n proceede d t o a  tes t  phase ,  i n whic h 
the y m a d e variou s conditiona l  likelihoo d judgment s 
(e.g. ,  give n tha t  Temperatur e i s high ,  an d Pressur e low , 
what  i s th e likelihoo d tha t  th e rocke t  launches? )  plu s a 
model  selectio n question .  Thi s questio n presente d 
participant s wit h fiv e candidat e causa l  model s -  tw o 
chains ,  tw o forks ,  an d a  collide r  (Fig .  5  show s on e 
model  fro m eac h category )  -  an d aske d the m t o selec t 
th e mode l  tha t  the y believe d wa s mos t  likel y t o hav e 
produce d th e data . 

^ ^ m p ~ ~ ^ — > ^ [ ^ e s s u r e " 

a) Chain 2 

Pressur e 

Rocket 
b)  Fort e 2 

C^^^PT^^^^y^^ ' ^ 

c)  Collide r 

"([[[Rock^] ^ 

Figur e 5 :  Thre e mode l s fro m th e selectio n tas k 

In the learning phase of the intervention task, 
participant s wer e abl e t o se t  th e valu e o f  on e o f  th e t w o 
relevan t  variables .  T h e y the n v iewe d th e resultin g 
value s o f  th e ou tcom e variabl e an d th e variabl e the y 
ha d no t  intervene d on .  Thi s learnin g se t  w a s generate d 
fro m a  pseudo-rando m tabl e constructe d i n accordanc e 
wit h th e s a m e chai n mode l .  Afte r  runnin g 5 0 test s the y 
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proceede d t o a n identica l  tes t  phas e a s i n th e 
observatio n task . 

substantially ,  an d onl y 8  ou t  o f  3 3 participant s judge d 
the m equal . 

Result s a n d discussio n 

M o d el  Selection .  Th e result s fo r  th e mode l  selectio n 
tas k ar e show n i n Fig .  6 ,  wit h th e correc t  chai n mode l 
designate d a s chai n 2. *  Ther e wer e mor e correc t  mode l 
selection s i n th e interventio n tha n i n ti e observatio n 
condition .  However ,  whils t  th e correc t  mode l  wa s th e 
modal  response  i n th e interventio n condition ,  overal l 
response s wer e no t  significantl y differen t  from  th e 
unifor m distributio n (x^(4 )  =  2.91 ,  ns.) .  B y contras t  i n 
th e observationa l  conditio n ther e wa s a n overwhelmin g 
bia s i n favo r  o f  th e collide r  (x (̂4 )  =  40.79 ,  p  <  0.001) . 

D observ e 

B interven e 

chai n 1  chai n 2  collide r  fork 1 fbtk Z 

Figure 6: Model selection results in interventional and 
observationa l  condition s (th e correc t  mode l  i s chai n 2) . 

Derived judgments of conditional independence. On 
th e mode l  use d t o generat e th e learnin g se t  (se e Fig .  4) , 
Temperatur e wa s independen t  o f  Rocke t  launc h 
conditiona l  o n Pressure ,  tha t  is :  ?(R\T&P )  =  P(/?|/') . 
Participants '  mea n rating s fo r  thes e tw o likelihood s ar e 
show n i n Fig .  7 .  N o significan t  differenc e ditaine d 
betwee n th e tw o likelihood s i n th e interventio n 
condition ,  suggestin g tha t  participant s wer e sensitiv e t o 
thi s conditiona l  independence .  Thi s i s reinforce d b y th e 
fac t  tha t  1 9 ou t  o f  3 3 participant s judge d th e tw o 
likelihood s equal .  Thi s contrast s wit h th e observatio n 
condition ,  i n whic h th e mea n likelihood s differe d 

*  On e complicatio n i s tha t  th e chai n mode l  use d t o generat e 
th e dat a i s Marko v equivalen t  t o for k 2 .  However ,  althoug h 
not  inconsisten t  wit h th e observationa l  data ,  thi s mode l 
require s a n idiosyncrati c parameterizatio n whereb y on e effec t 
(temperature )  occur s mor e ofte n tha n it s sol e caus e (pressure) . 
Ver y fe w peopl e chos e thi s mode l  i n th e observatio n 
condition . 
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Figur e 7 :  M e a n conditiona l  likelihoo d rating s fo r  th e 
outcom e variabl e R  (rocke t  launch) . 

Compatibility of judgments with the do operator. 
O ne wa y t o asses s th e exten t  t o whic h participant s 
represen t  thei r  intervention s i n lin e wit h th e d o operato r 
i s t o loo k a t  thei r  judgment s o f  th e likelihoo d tha t 
Pressur e wa s hig h give n tha t  Temperatur e wa s low , 
V{P\-T) .  Recal l  tha t  th e correc t  judgmen t  fo r  thi s 
likelihoo d i s zero ;  Pressur e i s neve r  hig h i f 
Temperatur e i s low .  However ,  whe n participant s 
interven e o n th e Pressur e variabl e an d se t  i t  t o hig h 
the y temporaril y  brea k th e lin k betwee n Temperatur e 
an d Pressure .  I n suc h case s th e valu e o f  Temperatur e i s 
equall y likel y t o b e hig h o r  lo w (it s bas e rat e =  0.5) .  I f 
participant s fai l  t o represen t  thei r  intervention s 
appropriately ,  b y no t  "mentally '  removin g th e lin k fro m 
Temperatur e t o Pressur e whe n the y interven e o n 
Pressure ,  the y m a y en-oneousl y judg e tha t  ?{P\-T )  >  0 . 
Thi s i s becaus e 5 0 % o f  th e tim e whe n the y se t  Pressur e 
hig h the y wil l  observ e Temperatur e a s low .  I n othe r 
words ,  the y migh t  fai l  t o mar k th e distinctio n betwee n 
actio n an d observation . 

T o tes t  ou t  thi s possfcilit y  w e compare d people' s 
judgment s fo r  ?(/*[-7 )  wit h th e relativ e frequencies 
the y actuall y observed ;  i.e. ,  wit h th e proportio n o f  time s 
the y observe d bot h lo w Temperatur e an d hig h Pressur e 
(regardles s o f  whethe r  the y intervene d o n Temperatur e 
or  Pressure) .  A s show n i n Fig .  8 ,  participants '  mea n 
judgment s fo r  ?(JP\-T )  wer e ver y clos e t o th e 
frequencie s the y observed ,  an d significantl y differen t 
from  th e normativ e valu e o f  zero . 

564 



Judge d •  Observe d 

P(P|T ) P(P|~T ) 

Figur e 8 :  Mea n likelihoo d rating s an d observe d relativ e 
frequencie s i n th e interventio n condition . 

Thi s resul t  coul d indicat e a  failur e b y participant s t o 
implemen t  th e d o operatio n whe n inferrin g th e relatio n 
betwee n Pressur e an d Temperature .  However ,  ther e ar e 
alternativ e explanation s fo r  thi s finding .  On e possibilit y 
i s  tha t  participant s interprete d th e likelihoo d questio n i n 
term s o f  observationa l  rathe r  tha n interventiona l 
probabilities ,  an d accuratel y reporte d th e relativ e 
frequency  wit h whic h lo w Temperatur e an d hig h 
Pressur e co-occurred ,  regardles s o f  whethe r  the y 
believe d tha t  lo w Temperatur e woul d caus e hig h 
Pressure .  Thi s fit s  wit h numerou s studie s showin g tha t 
peopl e encod e th e relativ e frequencies  o f  event s 
automatically ,  an d ofte n us e thes e a s a  basi s fo r  thei r 
likelihoo d judgment s (e.g. .  Hashe r  &  Zacks ,  1984) . 

Second ,  o n Pearl' s  accoun t  th e notio n o f  a n 
interventio n i s onl y wel l  define d relativ e t o a  specifi c 
causa l  model .  Thu s i f  peopl e uphol d a n incorrec t  mode l 
(a s th e majorit y o f  th e participant s did )  the y ar e 
unlikel y t o giv e appropriat e estimate s fo r  th e 
interventiona l  probabilities .  Moreover ,  eve n thos e 
participant s tha t  d o selec t  th e correc t  mode l  wil l  hav e 
entertaine d variou s incorrec t  one s throug h th e cours e o f 
learning ,  an d i t  m a y b e ver y har d fo r  the m t o 
retrospectivel y revis e thei r  prio r  observations . 

Conclusions 

Thi s experimen t  demonstrate d a  contras t  betwee n 
observationa l  an d interventiona l  learning ,  bot h wit h 
respec t  t o people' s mode l  selectio n an d thei r  likelihoo d 
judgments .  Unde r  observationa l  learning ,  participant s 
exhibite d a  stron g bia s fo r  th e collider ,  despit e th e fac t 
tha t  th e variable s the y judge d t o b e independen t  wer e 
highl y correlate d i n th e data .  Thi s suggest s tha t  the y 
wer e engage d i n predictiv e learnin g o f  th e outcom e 
variabl e (e.g. .  Rocke t  launch )  o n th e basi s o f  tw o 
indicato r  cue s (e.g. ,  Temperatur e an d Pressure) , 
effectivel y treatin g the m a s independen t  cause s o f  th e 
outcome .  Thi s resonate s wit h researc h o n associativ e 

learnin g (e.g. .  Shanks ,  1995) ,  an d multipl e cu e 
probabilit y  learnin g (e.g. ,  H a m m o n d,  1996) ,  wher e 
model s tha t  assum e th e independenc e o f  cause s fit  th e 
human dat a well .  On e facto r  likel y t o encourag e thi s 
kin d o f  learnin g wa s th e manne r  i n whic h th e dat a wer e 
presente d (e.g. ,  indicato r  variable s followe d b y 
outcom e variable) . 

Interventiona l  learnin g increase d sensitivit y t o th e 
appropriat e conditiona l  independencie s an d eliminate d 
th e bia s fo r  th e collider ,  bu t  th e effec t  o n mode l 
selectio n wa s no t  entirel y beneficial .  Althoug h th e 
correc t  chai n wa s th e moda l  choice ,  th e majorit y o f 
participant s stil l  chos e th e wron g model .  Take n togethe r 
wit h th e observationa l  result s thi s implie s tha t 
participant s migh t  hav e experience d to o fe w trial s t o 
confidentl y discriminat e betwee n th e models . 

Whateve r  th e precis e reason s fo r  sub-optima l 
performanc e i n thes e tasks ,  th e e}f>erimen t  show s tha t 
th e automati c mechanism s tha t  allo w u s t o engag e i n 
th e predictiv e learnin g an d encodin g o f  nois y 
informatio n ca n sometime s overrid e ou r  discover y o f 
th e causa l  mode l  tha t  generate s thi s information . 
Nevertheless ,  th e differenc e w e di d find  betwee n 
observationa l  an d interventiona l  learnin g encourage s u s 
tha t  peopl e ar e abl e t o mak e us e o f  th e specia l  kin d o f 
informatio n afforde d b y intervention ,  an d tha t  futur e 
model s o f  learnin g nee d t o incorporat e method s tha t 
represen t  th e effec t  o f  action . 
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Abstrac t 

The study of the conceptual representations that 
underU e th e us e o f  languag e i s a  proble m motivate d 
from  bot h a  cognitiv e researc h poin t  o f  vie w an d 
tha t  o f  conatniin g languag e model s fo r  variou s lan -
guag e processin g tasks .  I n thi s work ,  w e organise d 
600 Finnis h verb s usin g th e S O M algorithm .  Thre e 
experiment s wer e conducte d usin g differen t  feature s 
t o encod e th e verbs :  morphosyntacti c properties , 
individua l  nouns ,  an d nou n categorie s i n th e con -
tex t  o f  th e verb .  I n general ,  th e morphosyntacti c 
propertie s see m t o dra w attentio n t o semanti c roles , 
wherea s noun s a s feature s see m t o highligh t  cluster s 
forme d o n ground s o f  topic s i n th e text . 

I n t r o d u c t i o n 

Observatio n o f  languag e us e provide s indirec t  ev -
idenc e o f  th e representation s tha t  human s utilize . 
T h e stud y o f  conceptua l  representation s tha t  un -
derli e th e us e o f  languag e i s importan t  fo r  appllca r 
tion s suc h a s speec h recognition .  D u e t o th e redun -
danc y i n communication ,  b y studyin g larg e amount s 
of  dat a i t  m a y b e possibl e t o induc e th e concep -
tual ,  system-interna l  representation s whic h provid e 
a groimdin g fo r  meaning s o f  words .  Whethe r  thi s i s 
possible ,  eui d i f  so ,  how ,  i s a n interestin g an d con -
troversia l  question . 

A centra l  proble m i n learnin g a  langustg e o r  i n 
estimatin g a  languag e model ^  from  dat a i s ho w t o 
generaliz e from  particula r  observation s t o new ,  sim -
ila r  instances .  Generalizatio n require s knowledg e o f 
similaritie s betwee n words ,  concept s an d othe r  unit s 
of  languag e an d thought ,  i.e. ,  similarit y representa -
tions . 

Th e hypothesi s tha t  th e semanti c similarit y o f  tw o 
word s correlate s strongl y wit h th e similarit y o f  thei r 
context s ha s bee n widel y discusse d i n linguistic s an d 
psycholog y (fo r  recen t  treatments ,  se e Levin ,  199 3 
an d Mille r  &  Charles ,  1991) . 

I t  ha s bee n propose d b y Gardenfor s tha t  a  cen -
tra l  par t  o f  ou r  conceptua l  reprensentation s ar e 

^For  a n introductio n t o statistica l  languag e modelin g 
see (Mannin g &  Schiitze ,  1999) .  Thei r  application s in -
clud e speec h recognition ,  machin e translation ,  an d di -
alogu e agent s tha t  convers e wit h human s i n orde r  t o 
perfor m task s suc h a s answerin g question s abou t  trai n 
schedule s an d bookin g flights. 

grounde d i n variou s low-dimensiona l  conceptua l 
spaces .  A  conceptua l  spac e i s define d a s a  se t  o f  qual -
it y dimension s wit h a  geometrica l  structur e (Gar -
denfors ,  2000) .  Example s o f  conceptua l  space s nea r 
our  perceptua l  apparatu s ar e color s an d th e pitc h 
of  sounds .  Fo r  m a n y highe r  orde r  concept s a  geo -
metri c interpretatio n ca n b e found ,  a s well .  Fo r  ex -
ample ,  comparativ e relation s suc h a s 'longe r  than ' 
ca n b e represente d a s a  geometri c relatio n betwee n 
tw o elementar y lengt h spaces .  Gardenfor s propose s 
a subse t  o f  concept s calle d natum l  concepts : 

A natural concept is represented as a set of re-
gion s i n a  numbe r  o f  domsiin s togethe r  wit h a n 
assignmen t  o f  salienc e weight s t o th e domain s 
an d informatio n abou t  ho w th e region s i n dif -
feren t  domain s ar e correlated . 

An inherent and important property of the pro-
pose d conceptua l  space s i s tha t  the y provid e a  mean -
in g representatio n tha t  i s  ordere d an d offer s me2in s 
fo r  representin g similarities ,  ofte n i n term s o f  som e 
continuous-value d underlyin g qualities .  Gardenfor s 
give s example s o f  conceptua l  space s tha t  human s ar e 
likel y t o have .  However ,  a a ope n researc h questio n 
remain s fo r  bot h brtd n researc h an d th e stud y o f 
languag e use :  W h a t  ar e th e possibl e conceptua l  di -
mension s tha t  human s utilize ? 

I n thi s wor k w e analyz e th e us e o f  Finnish ^  verb s 
wit h th e followin g goal s i n mind :  (a )  t o uncove r  pos -
sibl e conceptua l  spaces ,  i.e. ,  underlying ,  organizin g 
semanti c qualitie s o r  properties ,  (b )  t o stud y seman -
ti c similaritie s o f  verb s i n actua l  languag e use .  I n 
particular ,  w e examin e th e kind s o f  semanti c o r  con -
ceptua l  orderin g quzditie s tha t  appea r  t o aiffec t  th e 
distributio n o f  feature s i n th e immediat e contex t  o f 
a verb ,  i n particula r  (1 )  morphosyntacti c propertie s 
of  nearb y words ,  an d (2 )  th e nearb y noun s an d (3 ) 
unsupervise d categorie s o f  nearb y nouns .  I n effect , 
we rel y o n th e redundanc y i n communicatio n an d 
assume tha t  certai n regularitie s observe d i n th e dis -
tribution s o f  ver b context s wil l  contai n significan t 
informatio n abou t  th e semantic s o f  th e ver b a s well . 

'Mos t  o f  th e researc h o n Ismguag e i s carrie d ou t  us -
in g Englis h dat a only ,  whic h create s a  to o narro w o r 
misleadin g pictur e o f  th e modelin g apparatu s underly -
in g languag e learnin g an d use . 
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I n orde r  t o obtai n a  simultaneou s visualiitalio n 
and a  clusterin g o f  th e verb s (an d i n on e experi -
ment ,  noun s Z A well) ,  w e appl y th e self-organizin g 
m ap ( S O M )  (Kohonen ,  1995 )  algorithm .  Th e visu -
alize d orderin g o f  th e verb s i s studie d qualitativel y 
t o obtai n a n understandin g o f  th e conceptua l  dimen -
sion s b y whic h th e verb s ar e Ukel y t o b e organized . 
Furthermore ,  th e obtaine d clusterin g i s compare d t o 
a kin d o f  'groun d truth' ,  namel y a  semanti c classifi -
catio n o f  Finnis h verb s suggeste d b y Pajune n (2001) . 

Self-Organizing Map (SOM) algorithm 

The S O M (Kohonen ,  1982 ;  Kohonen ,  1995 ;  Koho -
nen e t  al. ,  1996 )  i s a n unsupervise d neura l  networ k 
metho d tha t  i s abl e t o arrang e comple x an d high -
dimensiona l  dat a s o tha t  simila r  input s are ,  i n gen -
eral ,  foun d nea r  eac h othe r  o n th e map .  Th e ordere d 
m ap displa y ca n the n b e utilize d t o illustrat e variou s 
propertie s o f  th e dat a se t  i n a  meaningfu l  manner . 

The algorith m automaticall y place s a  se t  o f  ref -
erenc e vectors—als o calle d mode l  vectors—int o th e 
inpu t  dat a spac e s o tha t  th e dat a se t  i s  approxi -
mate d b y th e mode l  vectors .  Eac h referenc e vecto r 
correspond s t o a  ma p uni t  o n a  two-dimensiona l  reg -
ula r  grid .  I n effect ,  th e gri d an d th e vector s for m a 
two-dimensiona l  'elasti c  net '  i n th e high-dimensione d 
inpu t  space :  afte r  applicatio n o f  th e S O M algorithm , 
th e m a p follow s th e dat a i n a  nonlinea r  fashion .  Th e 
algorith m simultaneousl y obtciin s a  clusterin g o f  th e 
dat a ont o th e mode l  vector s an d a  nonlinea r  pro -
jectio n o f  th e inpu t  dat a fro m th e high-dimensiona l 
inpu t  spac e ont o th e two-dimensiona l  ordere d map . 

Prior work on unsupervised word 

categorizatio n a n d projectio n 

I t  ha s bee n show n tha t  distribution ^  informatio n o f 
wor d context s can ,  a t  leas t  fo r  English ,  b e use d t o 
induc e syntacti c categorization ,  jm d t o som e degree , 
semanti c categorizatio n a s wel l  usin g variou s meth -
ods (cf .  e.g. .  Finc h &  Chater ,  1992 ;  Charniak ,  1993 ; 
Honkela ,  1997 ;  Redington ,  Chate r  &  Finch ,  1998) . 
The S O M ha s bee n applie d t o clusterin g Englis h 
wor d form s base d o n th e wor d form s i n thei r  immedi -
at e context s i n (Ritte r  &  Kohonen ,  1989 ;  Honkela , 
1997) .  Furthermore ,  th e wor d categorie s obtaine d 
i n suc h a  maime r  hav e bee n use d fo r  encodin g th e 
meanin g o f  document s e.g. ,  i n (Lagu s e t  al. ,  1996) . 

Variou s eJtemative s t o usin g S O M exist ,  includin g 
othe r  clusterin g method s suc h a s hierarchica l  clus -
terin g (use d e.g .  i n Redington ,  M. ,  Chater ,  N. , 
& Finch ,  S. ,  1998 ;  Pereir a e t  al. ,  1993) .  More -
over ,  di£feren t  metric s o r  clusterin g criteri a ca n b e 
applied ,  suc h a s relativ e entrop y (e.g .  i n Pereir a 
et  al. ,  1993 )  o r  min imu m descriptio n lengt h (i n L i 
and Abe ,  1998) .  Moreover ,  projectio n method s tha t 
do no t  for m cluster s bu t  onl y projec t  th e dat a int o a 
lower-dimensiona l  speic e includ e a  numbe r  o f  non -
lineau r  projectio n method s unde r  th e naun e multi -
dimensiona l  scalin g ( M D S ) ,  an d linea r  projectio n 

method s suc h a s laten t  semanti c analysi s (LSA) . 
Compare d t o these ,  a  particula r  propert y o f  th e 
S OM i s tha t  i t  simultaneousl y form s a  groupin g an d 
a nonlinea r  projectio n o f  th e dat a set . 

I n constructin g th e featur e vector s fo r  eac h word , 
one ma y loo k a t  th e occurrenc e o f  individua l  words , 
or  o f  syntacti c wor d categories ,  o r  o f  morphologica l 
or  derivationa l  feature s (e.g .  i n Light ,  1996) .  Th e 
positio n i n whic h feature s ar e examine d m a y b e de -
fined  i n term s o f  a  wid e windo w wher e mor e distan t 
occurrence s contribut e les s (e.g .  Gallan t  e t  al .  1992 ; 
Lun d an d Burgess ,  1996) ,  o r  lookin g a t  onl y spe -
cifi c  position s nea r  th e word ,  o r  accordin g t o som e 
grammatica l  relationshi p wit h th e wor d (e.g .  Pereir a 
et  al. ,  1993 ;  Schult e i m Walde ,  2000) . 

Experiments 

We carrie d ou t  thre e experiment s o n organizin g an d 
clusterin g verb s usin g th e S O M algorithm .  Fo r  th e 
ver b encoding ,  th e followin g type s o f  contextua l  fea r 
ture s wer e explored :  morphosyntacti c properties ,  in -
dividua l  noun s an d nou n categories . 

Corpus and data set 

A corpu s consistin g o f  13. 6 millio n word s o f  Finnis h 
newspape r  tex t  '  wa s use d i n th e experiments .  Th e 
examine d se t  o f  verb s consiste d o f  th e 60 0 mos t  fre -
quen t  Finnis h verbs ,  returne d t o thei r  bas e forms* . 
Each contex t  o f  a  ver b i n th e corpu s wa s examined . 
Th e contex t  wa s define d a s th e precedin g an d th e 
tw o followin g word s relativ e t o th e verb . 

Encoding of the verbs 

Morphosyntacti c properties .  I n th e first  exper -
iment ,  w e preferre d overtl y marke d morphosyntacti c 
features .  Th e selecte d feature s wer e 1 )  cas e ending s 
(se e exampl e (i)) ,  2 )  ending s o f  th e nomina d form s o f 
verb s (se e exampl e (ii)) ,  an d tw o closed-clas s part s 
of  speech ,  namel y 3 )  adverb s an d 4 )  adposition s (se e 
exampl e (iii)) .  I n addition ,  th e feature s N U M (fo r 
digits) ,  an d PUNCT (fo r  punctuatio n marks )  wer e 
include d sinc e the y ca n b e considere d a s visibl e fea r 
tures ,  too . 

I n Fiimish ,  th e primar y mean s fo r  codin g variou s 
semantic-functiona l  dependencie s i n a  claus e i s th e 
case-markin g system .  Th e cas e ending s ar e adde d 
t o stems ,  a s show n i n th e followin g example : 

Lapse- t  ajoiva t  kaupunki-in . 
,. ,  chil d driv e cit y 
^̂ '  N-PL-NO M N-SG-IL L 

'Th e childre n drov e t o th e city. ' 
Th e featur e se t  use d als o include s tw o nomina l  (non -
finite)  ver b forms ,  namel y th e 1s t  £in d th e 3r d infini -
tive .  Th e infinitive s functio n i n a  sentenc e dt s nouns : 

'Corpu s b y CSC,  http://www.csc.fi/kielipankki/ . 
*Th e morphosyntacti c analysi s o f  wor d form s wa s 

performe d usin g th e Conexo r  F D G parse r  fo r  Finnish , 
©Conexor  O y an d An u Airola . 
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Halua- n 
want 
V-PRES-SGl 

lahte- a 

go 
V-INF l 

syomar&n . 
eat 
V-INF3-IL L (ii ) 

' I  wan t  t o g o t o eat. ' 

Locatio n o r  movemen t  ca n b e code d b y usin g a n 
2ulpositio n (iii )  instea d o f  cas e endings .  Adposition s 
includ e postposition s (psp )  an d preposition s (pre) : 

Lapse- t  ajoiva t  kaupunki- a kohti . 
,... > chil d driv e cit y towar d 
(m) 
^  '  N-SG-PT V PSP 

'Th e childre n wer e drivin g toward s th e city. ' 
T h e lower-leve l  constituents ,  e.g. ,  nou n phrases ,  ar e 
predominantl y head-final ,  th e orde r  bein g modifier -
before-head .  Adjective s Agre e i n numbe r  an d cas e 
wit h th e head-nou n whe n the y occu r  a s attribute s 
(iv) .  D u e t o thi s redundancy ,  th e functio n o f  a  de -
penden t  nou n phras e ca n b e inferre d befor e hearin g 
or  seein g th e hea d o f  th e phrase . 

E m mi  aja a punaise-ll a autcnlla . 
E m mi  driv e re d ca r 

(iv ) 

Tabl e 1 :  Sampl e nou n categories . 

N-PROP V-SG 3 A-SG-AD E 
'Emmi  drive s i n a  re d car. ' 

N-SG-ADE 

At  th e claus e level ,  th e basic ,  o r  default ,  wor d or -
der  i s subject-verb-object .  Accordin g t o (Hakuli -
nen ,  Karl^o n &  Vilkuna ,  1980) ,  subject s preced e 
finite  verb s i n 6 1 % o f  al l  sentence s i n standar d writ -
te n prose .  However ,  a s Vilkun a (1989 )  point s out , 
clause-leve l  wor d orde r  i n Fiimis h show s grea t  free-
dom;  fo r  example ,  i n a  simpl e sentenc e consistin g 
of  a  subject ,  a n object ,  a  ver b an d on e o r  tw o ad -
verbials ,  al l  permutation s ar e a t  leas t  grammaticall y 
possible . 

To s u m up ,  w e use d a  se t  o f  2 1 mostl y non -
overlappin g morphosyntacti c properties ,  collecte d 
fro m thre e differen t  textua l  position s relativ e t o th e 
verb .  Eac h ver b wa s thu s encode d usin g a  63 -
dimensiona l  featur e vector .  Average d ove r  a  larg e 
number  o f  samples ,  th e valu e o f  a  dimensio n i n th e 
vecto r  i s th e conditiona l  probabilit y  o f  a  particula r 
morphosynt£urti c featur e i n a  particula r  contextua l 
positio n give n tha t  verb . 

Individua l  noun s a s features .  I n th e secon d ex -
periment ,  instea d o f  morphosyntacti c propertie s in -
dividuci l  noun s wer e use d bl s features .  Th e featur e 
set  consiste d o f  th e lO.CMX )  mos t  frequent  nouns ,  re -
turne d t o thei r  bas e forms . 

I n orde r  t o kee p th e siz e o f  th e featur e vecto r  rea -
sonable ,  rando m projectio n wa s applied :  Eac h o f  th e 
10,00 0 noun s wa s represente d a s a  SOO-dimensiona l 
vector ,  wher e 5  randoml y selecte d position s wer e se t 
t o 1  an d th e vadue s o f  th e othe r  dimension s wer e 0 . 
Th e correlation s thu s introduce d betwee n word s ar e 
i n genera l  negligible :  rando m projectio n ha s bee n 
shown t o roughl y preserv e distance s betwee n vec -
tors ,  i f  th e dimensio n o f  th e projecte d vector s i s suf -
ficiently  large .  A  theoretica l  treatmen t  i s presente d 
i n (Kaski ,  1998) ;  fo r  empirica l  result s o n th e us e 

Finnis h noun s 
Matti ,  Jukka , 
Riitta ,  .. . 
maanantai , 
tiistai ,  .. . 
kirja ,  levy , 
kokoehna , 
n&ytelm& ,  .. . 
syy ,  pakko , 
tarkoitus , 
teupumus ,  .. . 

Translation s 

Monday , 
Tuesda y 

book ,  record , 
collection , 
pla y 

reason ,  obliga -
tion ,  intention , 
inclinatio n 

Characterizatio n 
first  name s o f 
person s 

week day s 

product s o f  ar t 

modalitie s 

of  rando m projectio n i n th e representatio n o f  docu -
ments ,  se e (Kohone n e t  al ,  2000) . 

As i n th e previou s experiment ,  eac h contextua l 
positio n wa s encode d a s a  separat e par t  o f  th e fea ^ 
tur e vector .  Th e resultin g dimensionalit y o f  th e vec -
to r  wa s 1,500 . 

N o u n categorie s a s features .  I n th e thir d ex -
periment ,  nou n categorie s wer e use d a s features . 
Th e categorie s wer e obtaine d b y usin g th e S O M al -
gorith m t o cluste r  th e se t  o f  th e 10,00 0 noun s fro m 
th e previou s experiment .  Th e noun s wer e clustere d 
base d o n verb s appearin g i n th e sam e sentenc e a t 
a m a x i m u m distanc e o f  five  words .  Th e positio n o f 
verb s withi n th e windo w wa s no t  take n int o account . 
Verb s occurrin g a t  leas t  2 0 time s i n th e corpu s wer e 
considere d a s features ,  whic h yielde d a  tota l  num -
ber  o f  3,08 9 verbs .  Again ,  rando m projectio n wa s 
applie d t o reduc e th e dimensionalit y o f  th e vectors . 

A nou n m a p consistin g o f  16 0 unit s wa s con -
structed .  Eac h m a p uni t  wa s regarde d a s a  nou n 
category .  Som e exaunple s o f  th e resultin g nou n cat -
egorie s ar e show n i n Tabl e 1 . 

Next ,  th e featur e vector s fo r  th e 60 0 verb s wer e 
created .  Th e encodin g wa s identica l  t o tha t  o f 
th e firs t  experimen t  excep t  tha t  instea d o f  mor -
phosyntacti c properties ,  nou n categorie s wer e use d 
as features .  Th e resultin g featur e vector s wer e 480 -
dimensional . 

Creation of verb maps 

I n eac h o f  th e thre e experiments ,  th e featur e vec -
tor s representin g ou r  selectio n o f  60 0 frequent  verb s 
wer e organize d o n a  m a p o f  14 0 unit s usin g th e S O M 
ToolBo x (Vesant o e t  al. ,  2000) .  A s a  consequence , 
verb s havin g simila r  featur e vectors ,  an d hopefull y 
simila r  semanti c representations ,  Cci n b e fotm d clos e 
t o eac h othe r  o n th e map . 

Results 

Th e ver b map s generate d usin g differen t  feature s 
wer e evaluate d i n tw o ways :  b y comparin g t o a n 
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Tabl e 2 :  Quantitativ e compariso n wit h Pajunen' s 
classification . 

Tabl e 3 :  Sampl e ver b categorie s base d o n nou n cat -
egorie s (Experimen t  3) . 

Exp .  no .  Tjrp e o f  feature s 
1 Morphosyntacti c 
2 Individua l  noun s 
3 Nou n categorie s 

Precisio n 

35.7 % 
23.6 % 
27.5 % 

existin g classification ,  an d b y explorin g th e orderin g 
of  th e verb s o n th e visualize d maps . 

Comparison to an existing verb 

classificatio n 

We compare d th e obtaine d clusterin g t o Pajune n 
(2001) ,  whic h i s th e mos t  comprehensiv e semanti c 
classificatio n o f  Finnis h verb s available .  Th e seman -
ti c classificatio n Pajune n present s i s base d bot h o n 
conceptua l  classes ,  tha t  i s  abstrac t  schema s o f  state s 
of  affairs ,  an d th e theor y o f  semanti c fields  (abou t 
field-theory,  se e e.g .  Lyons ,  1977) .  I f  compare d e.g . 
t o Levin' s (1993 )  large-scal e classificatio n o f  Englis h 
verbs ,  i t  ca n b e see n tha t  bot h Pajune n an d Levi n 
rel y o n th e notio n o f  semanti c determination ,  i.e. , 
th e assumptio n tha t  semantic s determine s syntax . 
However ,  whil e Pajune n explain s for m i n term s o f 
meaning ,  Levi n (1993 :  5 )  assiune s tha t  'verb s tha t 
fal l  int o classe s accordin g t o share d syntacti c behav -
io r  woul d b e expecte d t o sho w share d meanin g com -
ponents. ' 

Onl y 20 0 o f  ou r  60 0 verb s ar e mentione d i n Pa -
junen' s classification .  Thes e ar e divide d int o 5 4 
classes ,  wit h 1-1 3 verb s pe r  class .  Th e compariso n 
was carrie d ou t  a s follows :  Th e se t  o f  verb s tha t 
forme d a  clas s b y Pajune n wer e considere d a s cor -
rec t  hit s fo r  eac h other .  Fo r  ejic h o f  th e 20 0 verbs , 
th e m a p uni t  o f  tha t  ver b wa s examined ,  <ui d th e 
precisio n wa s th e numbe r  o f  hit s divide d b y th e to -
ta l  numbe r  o f  verb s i n tha t  m a p unit' . 

For  eac h experiment ,  th e precisions ,  average d ove r 
th e se t  o f  20 0 verb s ar e reporte d i n Tabl e 2 .  Fo r  th e 
experiment s 2  an d 3 ,  i n whic h rando m projectio n 
was use d i n featur e encoding ,  th e result s ar e average s 
of  five  run s wit h differen t  rando m seeds .  A  paire d t -
tes t  showe d significan t  difference s fo r  eac h pai r  o f  ex -
periment s (p=0.999 7 betwee n 1  an d 2 ,  p=0.970 6 be -
twee n 2  an d 3 ,  an d p=0.985 3 betwee n 1  an d 3) .  Th e 
experiments ,  ordere d b y similarit y t o Pajunen' s clas -
sification ,  were :  morphosyntacti c properties ,  nou n 
categories ,  an d individua l  nouns . 

Visual inspection of the maps 

The m a p obtaine d i n th e first  experimen t  i s show n 
i n Figur e 1 .  Th e orgcinizatio n o f  th e m a p seem s t o 
highUgh t  th e importanc e o f  cultural ,  socia l  an d emo -
tiona l  aspect s i n lexica l  organization .  Dimension s 

*The verb itself was excluded, as well as all the verbs 
tha t  wer e no t  mentione d b y Pajunen . 

Finnis h verb s 

myyda ,  ostaa . 
tuott£ia ,  palkata , 
tydllistaa ,  kattaa . 
vuokrat a 
nousta ,  laskea . 
kasvaa ,  pudota , 
vahentya ,  kohota , 
pienentya . 
supistua ,  noutaa . 
kfdlistu a 
kuoUa ,  hukkua , 
ampua,  surmata , 
a m m u a,  hyokata , 

menehty a 

of  socia l  interactio n 

Translation s 

sell ,  buy , 
produce ,  hire , 
employ ,  cover . 
ren t 
rise ,  decrease , 
grow ,  fall , 
diminish ,  rise . 
get  smaller . 
contract ,  fetch , 
go u p i n pric e 

die ,  drown . 
shoot ,  kill , 
moo,  attack , 
get  hurt , 
pas s awa y 

,  wieldin g o f  po w 

Topi c 
busines s 

stoc k 
rate s 

dyin g 

er ,  th e wil l 
an individua l  person ,  an d manipulativ e behavio r  be -
twee n peopl e al l  occup y rathe r  stron g region s o n th e 
map. 

Th e map s base d o n th e distributio n o f  individ -
ual  noun s an d nou n categorie s (no t  shown )  see m t o 
be organize d mor e accordin g t o a  continuu m fro m 
verb s describin g subjectiv e cognitiv e events ,  e.g. ,  th e 
state s o f  min d o f  a n individual ,  t o th e verb s ex -
pressin g mostl y socia l  actions .  Ther e wer e clea r  cat -
egorie s tha t  appeared  t o b e clustere d togethe r  o n 
ground s o f  a  cotrmio n topi c i n th e text .  Som e exam -
ple s ar e show n i n Tabl e 3 . 

Not e tha t  th e ver b 't o moo '  ha s apparentl y fadle n 
int o th e 'd)dng '  categor y du e t o a n incorrec t  morpho -
logica l  analysi s mad e b y th e F D G parser .  Th e verb s 
ampua,  't o shoot' ,  an d a m m u a,  't o moo' ,  hav e man y 
c o m m on form s tha t  ar e homonyms ,  e.g .  a m m u n ,  ' I 
shoot '  o r  ' I  moo' .  I n fact ,  th e F D G i s reporte d t o 
make 2- 7 % o f  disambiguatio n error s fo r  word s i n 
general . 

Disciission 

Base d o n visuall y examinin g th e m a p an d th e clus -
ter s an d a  quantitativ e compariso n t o Pajunen' s cat -
egories ,  th e result s ar e promising .  I t  i s  nevertheles s 
possibl e tha t  som e improvemen t  m a y b e £ichieve d b y 
(1 )  correctin g th e error s i n preprocessing ,  (2 )  tryin g 
yet  differen t  type s o f  features ,  featur e windows ,  o r 
featur e encodings .  Moreover ,  whe n th e purpos e i s 
onl y t o obtai n individua l  cluster s an d no t  a  visual -
izatio n o r  projectio n (a s don e b y th e S O M ) ,  differen t 
clusterin g method s choul d b e examine d a s well . 

Morphosyntacti c propertie s appea r  t o correspon d 
most  closel y t o th e ground s b y whic h Pajunen' s clas -
sificatio n i s formed :  bot h categorization s emphasiz e 
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Manipulativ e action s i n h u m a n relationship s 

recommend,  favor ,  love ,  approach ,  criticize , 
signify ,  cause ,  touch ,  require ,  intend , 
praise ,  continue ,  offer ,  justify ,  help , 
teach ,  protect ,  bea t  u p 

*V09i latkta i 
Kltfi i 

del^tta s 
tkriioim t 

Star t  o f  action ,  focu s o n wil l  o r  intentio n 

m u s t ,  a i m at ,  b e abl e to ,  undertake , 
b e capabl e of ,  begin ,  c o m m i t  oneself , 
c o m p l y ,  prepare ,  settl e for . 

:tt m 

mittt t 
fMkt i 

i 

rM'f H 

Communicat ion ,  esp .  positiv e 
emotiona l  informatio n 
say ,  establish ,  laugh ,  b e glad ,  think ,  smile , 
laug h briefly ,  sigh ,  remind,  stress ,  tell ,  etc . 

««no a 

- - " X x ^ ^ lott o 

nttirahkti 

v - ^ - s s s . 

•rvill i IMJrwtti t 
tthdinlll i 

Aggress iv e /  destructiv e us e o f  povre r 

tuhoff t 

" ^ ^ ^ 
VimSt S 
sŷ ttSi i 
napaifa i 
oWtl u 

control ,  destroy , 
save ,  halt ,  disconnec t 
defeat ,  knoc k out , 
ignite ,  catch ,  bypass , 
brea k 

Figur e 1 :  A  m a p o f  th e 60 0 verb s organize d base d o n th e distributio n o f  morphosyntacti c propertie s (non -
finite  form s o f  th e ver b wer e excluded) .  Propertie s o f  th e precedin g wor d an d th e tw o followin g word s 
wer e considered .  T h e content s o f  fou r  sampl e m a p region s ar e s h o w n i n th e insets .  M a n y o f  th e obtaine d 
categorie s correspon d t o categorie s define d b y Pajunen .  However ,  i n Pajunen' s classificatio n th e verb s i n th e 
lowe r  righ t  c o m e r  indicatin g 'destructiv e us e o f  power '  ar e furthe r  divide d int o tw o specifi c  categories ,  name l y 
(1 )  brea k verb s {tuhot a 'destroy' ,  katkaist a 'break' ,  hajoitta a 'brea k down' )  an d (2 )  fight  verb s {pysaytta a 
'stop' ,  kukista a 'defeat' ,  tyrmat a 'knoc k out') .  Simila r  categorie s ca n b e foun d i n (Levin ,  1993 )  fo r  Englis h 
verbs . 

th e semanti c role s a  n o u n phras e m a y bea r  i n it s 
clause .  Thi s seem s reasonable ,  sinc e i n Finnish , 
th e primar y m e a n s t o expres s semanti c role s (e.g . 
A G E NT an d patient )  i s  th e cas e system .  Eve n 
thoug h semanti c role s canno t  b e simpl y derive d fro m 
morphosyntacti c cases ,  a  stron g correlatio n ca n stil l 
be assumed . 

Th e othe r  featur e types ,  i.e .  individua l  noun s am d 
nou n categories ,  exhibi t  fairl y  simila r  informatio n 
regardin g th e verbs .  I n general ,  morphosynt2u:ti c 
propertie s see m t o pus h th e categorizatio n toward s 
th e directio n o f  linguisti c semantics ,  whil e catego -
rization  base d o n noun s o r  nou n categorie s i s mor e a 
reflectio n o f  subjec t  matter s communicate d throug h 
texts . 

I n som e cases ,  th e morphos)Titacti c m a p distin -
guishe s verb s base d o n th e kin d o f  th e patien t  (up -
per  lef t  come r  wit h human—•{human }  relationship s 
vs .  lowe r  right  come r  wit h human—>{nation ,  ab -
straction }  relationships) .  Thi s resul t  confirme d ou r 
expectations ,  an d th e understamding  tha t  th e t)rp e 

of  consequenc e o f  th e actio n fo r  th e patien t  i s no t  re -
flected  i n th e morphologica l  features .  O n th e othe r 
hand ,  th e map s base d o n nou n feature s see m t o 
make distinction s base d o n bot h th e topic ,  th e con -
sequence s fo r  th e patien t  {d)ring ,  creation ,  chang e o f 
possession ,  chang e o f  state} ,  an d th e kin d o f  patien t 
{human ,  food ,  artefact} .  I n thi s way ,  th e differen t 
type s o f  feature s highligh t  differen t  relevan t  iispect s 
of  categorizin g verbs . 

Conclusions 

Different feature selections correspond to different 
assessment s o f  wha t  i s importan t  i n th e categoriza r 
tio n o f  verbs .  Th e categorizatio n mos t  similau '  t o 
Pajunen' s wa s obtaine d wit h morphosjrnt£w:ti c fea -
tures .  I n contrast ,  i t  appeare d tha t  th e nou n fea r 
ture s brin g ou t  th e similaritie s betwee n verb s i n a 
richer  an d mor e usefu l  manner . 

I t  i s  interestin g t o conside r  whethe r  th e orderin g 
qualitie s observe d o n th e map s coul d coun t  a s qual -
it y dimension s o f  th e conceptua l  space s suggeste d b y 
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Gardenfors .  Th e observe d orderin g qualitie s lee m t o 
reflec t  variou s higher-leve l  cognitive ,  emotional ,  o r 
socia l  dimensions .  Thes e coul d b e emergen t  prop -
ertie s o f  representation s o n som e lower ,  mor e basi c 
level .  I n fact ,  th e emergen t  propertie s o f  on e rep -
resentatio n leve l  o r  proces s ar e likel y t o b e use d a s 
inpu t  feature s o f  anothe r  leve l  o r  process . 

By lookin g a t  th e map s i t  seem s clea r  tha t  ther e 
ar e man y relevan t  aspect s fo r  categorizin g verbs ,  an d 
any singl e categorizatio n o r  orderin g i s o f  necessit y 
reduce d int o considerin g onl y som e o f  these .  How -
ever ,  t o obtai n a  mor e accurat e representation ,  in -
stea d o f  a  singl e categorizatio n o r  projection ,  on e 
shoul d creat e severa l  simultaneou s categorization s 
(representations) ,  induce d usin g differen t  kind s o f 
features . 
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Abstrac t 

Multitasking allows people to cope with the ever 
changin g an d comple x worl d tha t  w e liv e in .  However , 
as muc h a s cognitiv e scientist s hav e learne d abou t  th e 
detail s o f  huma n cognition ,  th e questio n o f  ho w peopl e 
acquir e multitaskin g abilit y  remain s a  mystery .  I n thi s 
paper ,  w e argu e tha t  multitaskin g ca n b e bes t  understoo d 
as a  produc t  o f  skil l  acquisition .  I n particular ,  w e 
describ e productio n composition ,  a  computationa l  theor y 
of  procedura l  skil l  acquisition ,  whic h ca n accoun t  fo r  th e 
acquisitio n o f  multitaskin g skill .  W e explor e thi s ide a i n 
thi s pape r  a s par t  o f  ou r  effor t  t o develo p a  cognitiv e 
model  o f  a  simulate d air-traffi c  controlle r  Task . 

Introduction 

Multitaskin g i s a  critica l  abilit y  tha t  allow s peopl e t o 
cop e wit h an d flourish  i n th e comple x worl d tha t  w e 
liv e in .  However ,  a s muc h a s cognitiv e scientist s hav e 
learne d abou t  th e inne r  working s o f  huma n cognition , 
our  abilit y  t o multitas k remain s a  mystery .  I n thi s paper , 
we argu e tha t  w e ca n bes t  understan d multitaskin g a s a 
produc t  o f  productio n compositio n (Taatge n &  Lee , 
submitted) ,  a  computationa l  theor y o f  procedura l  skil l 
acquisitio n tha t  ha s bee n implemente d withi n i n th e 
A C T - R framework  (Anderso n &  Lebiere ,  1998) . 
Productio n compositio n ha s bee n use d successfull y t o 
accoun t  fo r  skil l  acquisitio n i n a  wid e variet y o f 
domain s includin g languag e learnin g (Taatge n & 
Anderson ,  submitted )  an d individua l  difference s i n 
comple x skil l  acquisitio n (Taatgen ,  2001) .  W e believ e 
tha t  i t  ca n als o b e use d t o accoun t  fo r  th e acquisitio n o f 
multitaskin g skill . 

Multitasking 

Multitaskin g i s th e abilit y  t o handl e th e demand s o f 
multipl e task s simultaneously .  A t  th e mos t  basi c level , 
thi s ma y involv e executin g multipl e perceptual-moto r 
action s a t  th e sam e time ,  suc h a s movin g you r  attentio n 
t o th e nex t  lan e an d turnin g th e steerin g wheel .  A t  a 
more comple x level ,  thi s ma y involv e interleavin g th e 
step s o f  man y comple x tasks ,  suc h a s shiftin g dow n t o a 
lowe r  gea r  whil e navigatin g a  curv e an d carryin g o n a 
conversation . 

Importan t  insight s int o people' s abilit y  t o multitas k 
come from  th e dual-tas k performanc e literature .  On e 
suc h insigh t  i s tha t  whil e ther e i s som e interferenc e 
betwee n th e tw o task s tha t  ar e bein g performe d (wit h a 
cavea t  regardin g th e modalit y  o f  stimul i  an d responses) , 
peopl e ca n consciousl y trad e of f  performin g on e tas k 
fo r  th e othe r  (Wicken s &  Gopher ,  1977) .  Anothe r  i s 
tha t  people' s performance s i n bot h task s depen d highl y 
on thei r  skil l  i n th e individua l  task s (AUport ,  Antonis , 
& Reynolds ,  1972) .  Tha t  is ,  bein g skille d i n on e tas k 
allow s a  perso n t o perfor m i t  an d othe r  task s wit h 
negligibl e impac t  o n th e overal l  performanc e o f  bot h 
tasks .  Fo r  example ,  a  skil l  drive r  migh t  hav e littl e 
difficult y talkin g wit h a  frien d whil e driving ,  wherea s a 
novic e drive r  migh t  find  i t  difficult . 

Skill Acquisition 

Anderso n (1982 )  propose d a  theor y o f  skil l  acquisitio n 
i n term s o f  transitionin g from  declarativ e knowledg e t o 
procedura l  knowledg e throug h a  proces s calle d 
knowledg e compilation .  Initially ,  knowledg e i s i n 
declarativ e for m an d i s interpreted .  Interpretin g 
declarativ e knowledg e i s slo w an d ma y lea d t o errors , 
especiall y i f  th e relevan t  knowledg e canno t  b e retrieve d 
when neede d o r  erroneou s knowledg e i s retrieve d 
instead .  Wit h practice ,  declarativ e knowledg e i s 
compile d int o procedura l  knowledg e an d i s fas t  an d fre e 
of  errors .  Newel l  an d Rosenbloo m (1981 )  propose d a n 
alternat e theor y o f  skil l  acquisitio n calle d chunkin g tha t 
became a n importan t  componen t  o f  th e Soa r  cognitiv e 
architectur e (Newell ,  1990) .  Withi n Soar ,  skil l 
acquisitio n i s a  functio n o f  combinin g multipl e 
procedure s int o a  singl e procedur e an d convertin g th e 
curren t  goa l  contex t  int o a  mor e specialize d procedure . 

Production Composition 

Productio n compositio n i s a  theor y o f  skil l  acquisitio n 
tha t  incorporate s aspect s o f  bot h Anderson' s an d 
Newel l  an d Rosenbloom' s account .  I t  involve s 
compilin g declarativ e knowledg e int o procedura l 
knowledg e an d combinin g multipl e procedure s int o a 
ne w procedure .  Conside r  th e proces s o f  retrievin g 
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informatio n from  declarativ e memor y i n A C T - R ,  whic h 
i s usuall y don e i n tw o steps .  I n th e flrst  step ,  a 
productio n rule '  issue s a  reques t  t o declarativ e memor y 
fo r  a  certai n piec e o f  knowledge ,  whil e i n th e nex t  ste p 
anothe r  productio n rul e act s o n th e retrieve d 
knowledge .  Productio n compositio n eliminate s th e 
retrieva l  proces s an d create s a  singl e productio n rul e 
out  o f  th e tw o origina l  rule s whil e substitutin g th e 
retrieva l  int o thi s ne w productio n rule .  Throug h thi s 
process ,  genera l  rule s ca n b e specialize d int o task -
specifi c  rules . 

Figur e 1  graphicall y illustrate s thi s process .  Befor e 
productio n compositio n take s place ,  a  productio n rul e 
request s a n instructio n from  declarativ e m e m o r y o n 
what  t o d o next .  Declarativ e memor y return s wit h a n 
instructio n tha t  th e Ente r  ke y shoul d b e presse d i n th e 
curren t  contex t  o f  "Lan d plan e 3" .  I n respons e a 
productio n rul e issue s a  moto r  c o m m a n d t o pres s th e 
Ente r  key ,  whic h initiate s th e moto r  syste m t o actuall y 
pres s th e Ente r  key .  Productio n compositio n eliminate s 
th e retrieva l  from  declarativ e m e m o r y an d combine s 
bot h o f  thes e productio n rule s int o on e singl e rule , 
producin g a  task-specifi c  productio n rul e tha t  issue s a 
moto r  conmian d t o pus h th e Ente r  ke y onc e i t  i s  i n th e 
contex t  o f  "Lan d plan e 3" . 

Productio n compositio n ha s bee n use d successfull y t o 
model  learnin g i n a  simulate d ai r  traffi c  controlle r  tas k 
(Taatge n &  Lee ,  submitted) ,  inflectio n o f  th e Englis h 
pas t  tens e (Taatge n &  Anderson ,  submitted )  an d th e 
German plura l  (Taatgen ,  2001) ,  an d strateg y 
developmen t  i n th e balanced-bea m tas k (va n Rijn ,  va n 
Somere n &  va n de r  Maas ,  submitted) .  Perhap s 
reflectin g th e utilit y  o f  productio n composition ,  i t  ha s 
bee n incorporate d int o th e curren t  versio n o f  th e A C T -
R cognitiv e architecture .  I n th e nex t  section ,  w e discus s 
h o w productio n compositio n ca n b e use d t o accoun t  fo r 
th e acquisitio n o f  multitaskin g skill . 

Multitasking and Production Composition 

I n th e exampl e give n i n Figur e 1 ,  al l  step s ar e execute d 
serially .  Accordin g t o th e A C T - R theory ,  however ,  eac h 
of  th e differen t  subsystems .  Hand ,  Declarativ e M e m o r y 
and Production ,  a s wel l  a s th e Visua l  an d othe r  sensory -
moto r  system s ca n wor k asynchronousl y an d i n paralle l 
(Byrn e &  Anderson ,  1998) .  Thi s i s no t  alway s possible : 
sometime s on e subsyste m mus t  wai t  fo r  informatio n 
from  another .  Th e goa l  o f  multitaskin g i n suc h case s i s 
t o exploi t  thes e gap s i n processin g b y slippin g i n othe r 
usefu l  processes .  Th e productio n compositio n 
mechanis m i s capabl e o f  modelin g thi s aspec t  o f 
multitasking .  Figur e 2  give s a  graphica l  exampl e o f  thi s 
process ,  i n whic h tw o task s hav e t o b e carrie d out :  Tas k 
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'  Withi n A C T - R an d othe r  cognitiv e theories ,  procedura l 
knowledg e i s ofte n represente d h y productio n rule s tha t  hav e 
th e for m o f  " IF -THEN "  condition-actio n rules . 

Figur e 1 :  T h e productio n composit io n process . 

A to push the Enter key and then check whether a light 
ha s g o n e on ,  an d Tas k B  t o sa y "yes" .  Obviousl y thes e 
task s d o no t  m a k e an y sens e withou t  context ,  bu t 
conside r  t he m a s par t  o f  a  large r  task ,  fo r  e x a m p l e i n 
contex t  o f  th e simulate d air-traffi c  controlle r  tas k dia t 
w e wil l  discus s late r  on . 

T h e to p lef t  pane l  o f  Figur e 2  depict s T a s k A  fo r  th e 
novice ,  comparabl e t o Figur e 1 .  First ,  a  productio n rul e 
issue s a  reques t  fo r  th e nex t  instruction .  Declarativ e 
m e m o ry produce s th e instructio n t o pus h th e Ente r  key . 
Nex t ,  a  productio n rul e issue s a  m o t o r  c o n m i a n d t o th e 
H a n d t o d o this .  A l thoug h i t  take s th e m o t o r  syste m 
s o me tim e execut e thi s conmiand ,  a  productio n rul e 
immediatel y fire s t o retriev e th e nex t  instruction . 

T h e retrieve d instructio n request s th e visua l  syste m t o 
chec k th e ligh t  afte r  th e butto n ha s bee n pushed .  T h e 
productio n rul e tha t  carrie s ou t  thi s reques t  ha s t o wai t 
fo r  th e instructio n an d th e completio n o f  th e previou s 
mo to r  c o m m a n d .  O n l y the n ca n i t  issu e a  c o m m a n d t o 
th e visua l  syste m t o chec k th e light .  Tas k B  ha s a 
similar ,  althoug h slightl y simple r  structure :  a n 
instructio n i s retrieved ,  afte r  w h i c h th e speec h syste m i s 
instructe d t o say ,  " Y e s " . 

I f  bot h tas k A  an d B  rel y o n declarativ e instructions , 
i t  i s  impossibl e t o carr y t h e m ou t  concurrentl y becaus e 
declarativ e m e m o r y i s bus y almos t  al l  o f  th e time .  O n c e 
productio n compositio n ha s take n car e o f  s o m e o f  th e 
declarativ e retrievals ,  multitaskin g i s possible .  Suppos e 
tas k A  ha s bee n c o m p o s e d int o task-specifi c  productio n 
rule s bu t  no t  tas k B .  N o w tas k A  i s carrie d ou t  a s i n th e 
to p right  pane l  o f  Figur e 2 :  a  rul e issue s th e mo to r 
c o m m a n d,  th e moto r  c o m m a n d i s  carrie d out ,  afte r 
w h i c h a  productio n rul e issue s th e perceptua l  c o m m a n d . 
B u t  n o w ther e i s  tim e lef t  afte r  th e first  productio n rul e 
t o d o somethin g else ,  fo r  examp l e sli p i n tas k B .  T h e 
bot to m lef t  pane l  s h o w s h o w thi s i s  done .  Afte r  a  rul e 
ha s fired  t o initiat e th e H a n d c o m m a n d ,  a  n e w rul e fires 
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Figur e 2 :  Developmen t  o f  multitaskin g productio n rule s throug h productio n Composition . 

t o retriev e th e instructio n fo r  tas k B .  Dependin g o n 
whedie r  th e Han d o r  retrieva l  from  declarativ e memor y 
i s faste r  (w e chos e declarativ e memor y i n thi s case) ,  th e 
Voca l  o r  th e Perceptua l  comman d i s issued .  Th e othe r 
follow s directl y afterwards .  Th e compositio n proces s 
doe s no t  sto p here ,  becaus e th e retrieva l  i n tas k B  ca n 
als o b e eliminated ,  producin g th e situatio n i n th e 
botto m middl e panel .  Finally ,  th e rul e tha t  initiate s tas k 
A ca n b e combine d wit h th e rul e tha t  initiate s tas k B , 
producin g th e final  stat e o f  th e botto m righ t  pane l  o f 
Figur e 2 . 

The Task 

The tas k tha t  w e us e i n dii s  pape r  t o explor e th e concep t 
of  multitaskin g a s skil l  acquisitio n i s th e Kanfer -
Ackerma n Ai r  Traffi c  Controlle r  ( K A - A T C )  Tas k 
(Ackerman ,  1988 ;  Ackerma n &  Kanfer ,  1994) .  Th e 
K A-  A T C tas k i s compose d o f  th e followin g element s 
displaye d o n th e screen :  (a )  1 2 hol d positions ,  (b )  4 
runways ,  (c )  informatio n o n curren t  score ,  landin g 
points ,  penalt y points ,  condition s o f  th e runways ,  an d 
win d directio n an d speed ,  (e )  a  queu e o f  plane s waitin g 

t o ente r  th e hold ,  an d (f )  3  messag e windows ,  1  fo r 
notifyin g o f  weathe r  changes ,  1  fo r  providin g feedbac k 
on errors ,  an d 1  fo r  displayin g o f  th e rule s o f  th e tas k i n 
respons e t o informatio n request s b y th e participants . 
The 1 2 hol d position s ar e divide d int o 3  level s 
correspondin g t o altitude ,  wit h hol d leve l  3  bein g th e 
highes t  an d hol d leve l  1  bein g th e lowest .  A  typica l 
displa y o f  th e K A - A T C tas k i s presente d i n Figur e 3 . 

Si x rule s gover n participant' s action s i n thi s task :  (1 ) 
Plane s mus t  lan d int o th e wind ,  (2 )  Plane s ca n onl y lan d 
fro m hol d leve l  1 ,  (3 )  Plane s ca n onl y mov e 1  hol d 
leve l  a t  a  time ,  bu t  t o an y ope n positio n i n tha t  level ,  (4 ) 
Groun d condition s an d win d spee d determin e th e 
runwa y lengt h require d b y differen t  plan e types .  I n 
particular ,  747' s always  requir e lon g runways ,  DClO' s 
ca n us e shor t  runway s onl y whe n runway s ar e D R Y o r 
W ET (i.e .  no t  ICY) ,  an d win d spee d i s les s tha n 4 0 
knots ,  727' s ca n us e shor t  runway s onl y whe n th e 
runway s ar e dr y o r  win d spee d i s 0-2 0 knots ,  an d 
PROP'S ca n alway s us e shor t  runways ,  (5 )  Plane s wit h 
les s tha n 3  minute s o f  fue l  remainin g mus t  b e lande d 
immediately ,  an d (6 )  Onl y on e plan e a t  a  tim e ca n 
occup y a  runway . 
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Figur e 3 :  Kanfer-Ackerma n A T C Task . 

Participant s ca n execut e thre e action s i n thi s task :  (a ) 
the y ca n accep t  a  plan e from  th e queu e int o a n ope n 
hold-position ,  (b )  Ae y ca n mov e a  plan e betwee n th e 
thre e hold-levels ,  an d (c )  the y ca n lan d a  plan e o n a 
runway .  The y ca n accomplis h thes e action s b y usin g 
fou r  keys :  th e Up-arro w an d th e Down-arro w keys ,  t 
and i ;  th e F l  functio n key ,  Fl ;  an d th e Ente r  key ,  J . 
The y ca n mov e th e curso r  u p an d d o w n th e hold -
position s an d th e runway s usin g th e t  ke y an d th e i 
key .  The y ca n accep t  a  plan e from  th e queu e int o a n 
ope n hold-positio n usin g th e F l  key .  And ,  the y ca n 
selec t  a  plan e i n th e hold ,  plac e a  selecte d plan e i n a n 
ope n hold-positio n (eithe r  from  th e queu e o r  from 
anothe r  hold-position) ,  o r  lan d a  plan e o n a  n m w a y 
usin g th e J  key .  I n addition ,  participant s ca n pres s th e 
number  key s 1  -  6  t o examin e th e rule s 1  -  6  an y tim e 
durin g th e task . 

Participant s ar e give n 5 0 point s fo r  landin g a  plane , 
penalize d 10 0 point s fo r  crashin g a  plane ,  an d penalize d 
10 point s fo r  violatin g on e o f  th e si x rules .  A  plan e 
crashe s whe n th e fuel-leve l  o f  a  plan e fall s t o 0 
minutes .  Plane s ar e adde d t o th e queu e approximatel y 
ever y 7  second s an d i t  take s 1 5 second s fo r  a  plan e t o 
clea r  a  runway .  Onc e plane s ente r  th e hol d positio n 
from  th e queue ,  the y hav e betwee n 4 - 6 minute s o f  fue l 
and begi n t o los e fue l  i n rea l  time . 

I n Ackerma n (1988) ,  participant s performe d i n th e 
fair-weathe r  conditio n wher e th e win d spee d wa s fixe d 
t o 0  -  2 0 knot s an d th e runwa y conditio n wa s fixe d t o 

D R Y.  Unde r  thi s condition .  Rul e 4  simplifie s t o th e rul e 
tha t  al l  planes ,  excep t  747s ,  ca n lan d o n a  shor t  runway . 

The Model 

Taatge n an d Le e (submitted )  hav e develope d a  mode l 
of  th e initia l  learnin g o f  th e task .  I n thi s pape r  w e 
describ e a  modificatio n o f  thi s mode l  t o includ e som e 
aspec t  o f  multitasking .  Th e genera l  ide a o f  th e mode l  i s 
tha t  th e participan t  i n th e experimen t  first  encode s th e 
instruction s declaratively ,  formin g a  (ofte n incomplete ) 
pla n o n h o w t o d o th e task .  A s interpretatio n o f  thes e 
instruction s i s slow ,  initia l  performanc e i s als o slow , 
resultin g i n poo r  performance .  Bu t  du e t o productio n 
composition ,  a  speed-u p i s realize d tha t  ca n accoun t  fo r 
th e increas e i n performance . 

Th e forme r  mode l  consiste d o f  a  fairl y  linea r  pla n t o 
lan d planes ,  t o decid e betwee n th e task s t o lan d planes , 
t o m o v e plane s betwee n hol d level s an d t o ge t  n e w 
plane s from  th e queue .  Th e mode l  doe s no t  allo w fo r 
m u ch concurrenc y becaus e o f  th e linea r  structur e o f  th e 
pla n tha t  persist s eve n afte r  proceduralization .  I n orde r 
t o tes t  th e ne w approach ,  w e too k ou t  on e aspec t  o f  th e 
pla n t o lan d a  plane ,  namel y th e checkin g o f  th e win d 
direction .  Win d directio n ha s t o b e checke d t o se e 
whic h o f  th e runway s ca n b e use d a t  th e moment ,  an d 
as i t  periodicall y changes ,  i t  ha s t o b e rechecke d 
occasionally .  I n th e origina l  model ,  th e win d wa s 
checke d a s on e o f  th e first  step s i n th e landin g 
procedure .  W e too k thi s checkin g ste p ou t  o f  th e mai n 
plan ,  an d mad e a n alternativ e pla n t o chec k fo r  th e win d 
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-  Ne w Mode l  -• -  Da U - ^  Linea r  Mode l 

Figur e 4 :  N u m b e r  o f  plane s landed . 

New Mode l  - ^  Dat a - ^  Linea r  Mode l 

1 2  3  4  5  6  7  8 9  1 0 
Tria l 

Figur e S :  Th e elapse d tim e betwee n a  chang e i n th e 
win d directio n an d th e firs t  plan e landed . 

at  moment s o f  "slac k time" ,  fo r  exampl e whe n th e 
arro w i s move d t o a  plan e o r  a  runway .  Thes e arro w 
movement s tak e multipl e key-presses ,  allowin g fo r 
some tim e fo r  th e mode l  tak e a  quic k pee k a t  th e win d 
direction .  Thi s checkin g procedur e wil l  onl y succee d 
afte r  th e relevan t  step s hav e bee n proceduralize d 
themselves ,  simila r  t o th e exampl e i n Figur e 2 . 

Th e mai n questio n t o b e answere d n o w i s whethe r 
thi s chang e from a  linea r  t o a  mor e paralle l  mode l 
improve s th e fi t  wid i  th e data .  A n interestin g dependen t 
measur e i n thi s respec t  i s th e tim e i t  take s fo r  th e 
participan t  (o r  model )  t o notic e a  chang e i n win d 
direction .  Althoug h thi s canno t  b e measure d directl y (a t 
leas t  no t  i n huma n participants) ,  a  measur e (als o use d 
by Ackerman )  i s th e elapse d tim e betwee n a  chang e i n 
win d directio n an d th e firs t  landin g o f  a  plan e o n a 
runwa y i n th e ne w direction . 

We compar e th e mode l  prediction s wit h dat a from 
Stud y 2  i n th e O N R dat a se t  (Ackerma n &  Kanfer , 
1994) ,  a s reporte d i n Ackerma n (1988) .  Th e dat a from 
Stud y 2  wer e from  6 5 colleg e undergraduate s w h o 
complete d 2 7 trial s o f  th e K A - A T C tas k wit h eac h tria l 
lastin g 1 0 minutes .  Fo r  ou r  mode l  comparison s w e onl y 
use trial s I  throug h 10 ,  al l  i n th e fair-weathe r  condition . 

Fig\ir e 4  show s th e overal l  scor e i n term s o f  th e 
number  o f  plane s lande d i n eac h lO-minut e trial .  Bot h 
th e score s fo r  th e origina l  "linea r  model "  ar e show n 
(fro m Taatge n &  Lee ,  submitted) ,  an d th e prediction s 
by th e ne w model .  Althoug h th e n e w mode l  i s mor e 
accurat e tha n th e old ,  linea r  model ,  th e differenc e i s 
sligh t  A  large r  differenc e ca n b e see n i n th e tim e t o 
notic e a  chang e i n win d direction ,  th e measur e closel y 
tie d t o th e chang e i n th e model .  Figur e S  show s th e 
results .  Althoug h th e linea r  mode l  als o predict s a n 
improvemen t  i n thi s reactio n time ,  becaus e al l 
processin g i s faste r  du e t o proceduralization ,  th e n e w 
model  matche s th e dat a muc h mor e closel y especiall y 
i n th e fu-s t  dire e trial s wher e th e mode l  stil l  ha s troubl e 
interleavin g checking  th e win d wit h othe r  behavior . 

Th e curren t  mode l  i s no t  a  ful l  implementatio n o f  th e 
principl e o f  multitaskin g withi n a  comple x tas k lik e th e 
K A - A T C.  I t  jus t  demonstrate s on e aspec t  o f  i n th e ac t 
of  checkin g th e win d direction .  Fortunatel y thi s aspec t 
ca n b e verifie d empirically .  Th e curren t  mode l  i s no t 
yet  capabl e o f  explainin g improvement s i n performeinc e 
afte r  tria l  10 ,  wher e huma n participant s stil l  graduall y 
improv e bu t  th e mode l  doe s not .  Thi s ca n onl y b e 
explaine d withi n th e A C T - R theor y b y a  mor e efficien t 
schedul e o f  perceptual ,  cognitiv e an d moto r  processe s 
(Le e &  Anderson ,  2000) . 

Discussion 

Multitasking and Planning 

I t  i s  worthwhil e i n ou r  discussio n t o se e h o w 
multitaskin g an d productio n compositio n migh t  b e 
relate d t o othe r  area s o f  huma n behavior .  Especiall y 
relevan t  i s th e are a o f  plaimin g tha t  researcher s i n 
Artificia l  Intelligenc e hav e looke d a t  closely .  Th e 
mechanis m o f  productio n compositio n i s a n automate d 
proces s tha t  i s belo w a  person' s consciou s contro l  tha t 
automaticall y generate s ne w procedura l  knowledg e tha t 
ar e the n tune d i n thei r  utilit y  wit h use . 

Planning ,  o n th e othe r  hand ,  i s largel y see n a s a 
deliberativ e an d consciou s process .  I n th e contex t  o f 
multitasking ,  on e ca n clearl y imagin e peopl e reasonin g 
abou t  th e structur e o f  th e multipl e task s tha t  the y mus t 
engag e in ,  an d explicitl y  devisin g a  "plan "  t o interleav e 
th e tasks .  Thi s ca n happe n a t  a  large r  tim e scale ,  suc h a s 
when attemptin g t o coo k severa l  dishe s a t  th e sam e 
tim e fo r  a  7-cours e meal ,  o r  a t  a  smalle r  tim e scale , 
suc h a s tryin g t o pres s th e clutc h an d chang e th e gea r 
when learnin g t o driv e a  ca r  wit h a  manua l 
transmission . 

Fro m ou r  perspective ,  plannin g an d an y othe r  weak -
metho d proble m solvin g i s completel y consisten t  wit h 
productio n composition .  Weak-methods ,  suc h a s usin g 
instructions ,  examples ,  an d planning ,  ar e al l  a n aspec t 
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of  th e declarativ e proble m solvin g proces s tha t 
generate s sequentia l  action s tha t  ca n b e exploite d b y 
productio n compositio n t o develo p mor e efTicien t  (i.e . 
multitasking )  procedures . 

We believ e productio n compositio n ca n provid e a 
resolutio n t o th e debat e i n th e A I  communit y betwee n 
traditiona l  plannin g versu s reactiv e plannin g (c.f . 
Russel l  an d Norvig,  1995) .  Traditiona l  plannin g posit s 
tha t  agent s reaso n ove r  situation s an d action s i n orde r  t o 
formulat e a  pla n befor e takin g th e requisit e actions . 
Reactiv e plannin g o n th e othe r  han d posit s tha t  agent s 
simpl y fin d th e mos t  applicabl e actio n i n th e curren t 
situatio n an d execute s them .  Withi n A C T - R cognitiv e 
architecture ,  on e ca n vie w weak-metho d proble m 
solvin g a s a  mechanis m fo r  traditiona l  plaimin g an d 
productio n compositio n a s a  mechanis m fo r  reactiv e 
plaiming .  Wea k method s generat e sequentia l  action s 
tha t  ar e the n use d b y productio n compositio n t o 
generat e reactiv e productio n rules .  Thi s make s perfec t 
sens e from  th e perspectiv e o f  studyin g huma n behavior , 
sinc e peopl e displa y bot h type s o f  planning . 

Is Multitasking a Mystery? 

Some ma y wonder ,  " W h y i s multitaskin g a  mystery ? 
Isn' t  i t  a  wel l  understoo d phenomenon? "  Ou r  respons e 
i s tha t  whil e th e fac t  tha t  peopl e ar e abl e t o multitas k i s 
wel l  understood ,  i t  i s les s clea r  ho w multitaskin g skil l  i s 
learned .  I n particular ,  mos t  o f  th e curren t  model s o f 
multitasking ,  wit h ver y fe w exceptions ,  includ e explici t 
contro l  structure s t o switc h betwee n multipl e tasks . 
However ,  th e questio n stil l  remain s a s t o ho w thes e 
contro l  structure s cam e int o being .  W e hav e argue d i n 
thi s pape r  tha t  multitaskin g i s a  produc t  o f  productio n 
compositio n an d i s abl e t o lear n ne w contro l  knowledg e 
fo r  performin g multipl e tasks . 

Conclusion 

The learnin g i n th e K A - A T C tas k ca n b e 
conceptualize d a s retrievin g instruction s from  memor y 
and executin g the m (Taatge n &  Lee ,  submitted) .  Th e 
tw o step s ar e the n compile d b y productio n compositio n 
int o a  singl e productio n rule .  On e resul t  o f  productio n 
compositio n i n th e K A - A T C tas k i s th e acquisitio n o f 
productio n rule s tha t  encapsulate s th e executio n o f  a 
keystroke-leve l  tas k (c.f .  Le e &  Anderson ,  2001) . 
However ,  anothe r  resul t  o f  productio n compositio n i s 
th e combinin g o f  tw o (o r  more )  learne d keystroke-leve l 
productio n rule s int o a  singl e rule .  Thi s secon d result , 
we argue ,  reflect s th e acquisitio n o f  multitaskin g skill . 
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Abstrac t 

E-mail orioritization involves placing all of the 'useful' 
or  'good '  unrea d e-mail s a t  th e to p o f  th e inbox ,  an d 
al l  o f  th e ba d one s a t  th e bottom .  W e us e tw o cog -
nitiv e decisio n models— a rationa l  model ,  whic h con -
sider s al l  o f  th e availabl e information ,  an d a  fas t  an d 
frugal  mode l  tha t  use s on e reaso n decisio n making — 
t o prioritiz e e-maib .  Experimenta l  results ,  usin g rea l 
dat a obtaine d b y unobtrusivel y loggin g e-mai l  use r  be -
havior ,  sho w tha t  th e fas t  an d frugal  mode l  i s  jus t  a s 
effectiv e a s th e rationa l  model .  Th e result s als o sho w 
tha t  a  Bayesia n approac h t o learnin g i s superio r  t o th e 
standar d frequentist  approach ,  becaus e i t  balance s th e 
competin g demand s o f  exploratio n an d exploitatio n i n 
finding  goo d e-mails .  W e us e th e result s  t o dra w som e 
apphe d conclusion s abou t  th e developmen t  o f  a n e -
mai l  prioritizatio n system ,  an d not e som e theoretica l 
implication s o f  th e result s fo r  th e cognitiv e modelin g 
of  huma n decisio n makin g i n general . I n t r o d u c t i o n 

Anybod y wh o ha s returne d fro m holiday s t o b e con -
fronte d wit h 60 0 unrea d e-mail s appreciate s th e nee d 
fo r  prioritization .  Ideally ,  w e woul d lik e a n unrea d 
inbo x t o ran k th e e-mails ,  puttin g thos e tha t  ar e th e 
most  'important' ,  'urgent' ,  'useful '  o r  'good '  a t  th e top , 
and thos e tha t  ar e les s importan t  a t  th e bottom . 

Whil e machin e learnin g method s hav e bee n applie d 
t o th e proble m o f  e-mai l  prioritizatio n (e.g. ,  Macslmssy , 
Dayanik ,  &  Hirs h 1999 ;  Mehran ,  Dumais ,  Heckerman , 
& Horvit z  1998) ,  i t  ha s typicall y no t  bee n treate d a s a 
cognitiv e modelin g problem .  Clearly ,  however ,  priori -
tizin g require s a n abilit y  t o predic t  whethe r  o r  no t  a 
use r  i s likel y t o evaluat e a  messag e a s a  goo d message , 
and s o require s a n eflFectiv e mode l  o f  huma n decisio n 
makin g t o b e successful . 

Usin g cognitiv e model s fo r  prioritizatio n doe s no t 
onl y promis e t o provid e a n answe r  t o a n applie d prob -
lem ,  bu t  als o ha s theoretica l  benefit s fo r  th e mor e gen -
era l  stud y o f  hvuna n decisio n makin g processes .  Thi s 
i s because ,  i n th e for m o f  real-worl d e-mails ,  i t  deal s 
wit h a  richly  structure d stimulu s domain .  Ther e are , 
of  cours e advantage s i n studyin g decisio n makin g wit h 
artificia l  stimuh ,  a s i s ofte n don e i n th e categorizatio n 
and classificatio n literatur e (e.g. ,  Shepard ,  Hovland , 

& Jenkin s 1961) ,  becaus e o f  th e experimenta l  contro l 
tha t  i s  achievable .  A  centra l  argumen t  o f  ecologica l  ap -
proache s (e.g. ,  Simo n 1956 ;  Gigerenze r  &  Tod d 1999) , 
however ,  i s  tha t  i t  i s als o importan t  t o conside r  th e rol e 
of  non-arbitrar y stimulu s enviroimient s i n supportin g 
(o r  confounding )  huma n decisio n making . 

I n thi s paper ,  w e develo p an d evaluat e tw o cognitiv e 
model s fo r  prioritization .  On e i s a  'rational '  model , 
tha t  perform s exhaustiv e calculations ,  whil e th e othe r 
i s a  'fas t  an d frugal'  model ,  tha t  require s onl y Um-
ite d tim e b y makin g assumption s abou t  th e natur e o f 
it s  environment .  I n th e nex t  section ,  w e describ e ho w 
e-mail s ar e represente d b y thes e models ,  an d ho w in -
formatio n abou t  the m i s learned .  W e the n describ e th e 
tw o model s i n detail ,  befor e presentin g th e result s  o f  a n 
experimen t  i n whic h bot h ar e evaluate d o n real-worl d 
data .  Finally ,  w e dra w som e conclusion s regardin g th e 
theoretica l  implication s o f  th e result s fo r  understand -
in g huma n decisio n making ,  an d th e applie d implica -
tion s fo r  buildin g a n e-mai l  prioritizatio n system . 

&mail Representation and Learning 

C u e s £ m d C u e Validitie s 

We follo w previou s researc h i n assumin g e-mail s ar e 
represente d i n term s o f  a  se t  o f  binar y features ,  whic h 
we cal l  cues .  Thes e cue s ma y relat e t o th e conten t  o f 
th e e-mail ,  suc h a s a  keywor d i n th e messag e text ,  o r 
metadat a associate d wit h th e e-mail ,  suc h a s th e nam e 
of  th e sender .  I n thi s way ,  eac h e-mai l  m a y b e define d 
by th e se t  o f  cue s tha t  i t  contains . 

Followin g Gigerenze r  an d Tod d (1999) ,  w e associat e 
a cu e validit y wit h eac h cue ,  whic h measure s th e prob -
abiUt y tha t  a n e-mai l  wil l  b e regarde d a s good ,  give n 
tha t  i t  ha s th e cue .  Formally ,  thi s mean s tha t  th e va -
lidity ,  Uj  o f  th e t-t h cue ,  Cj  i s define d a s « < =  p  ( G |  Ci) , 
wher e G  denote s good .  Notic e that ,  becaus e eac h e -
mai l  i s  assume d t o b e eithe r  goo d o r  bad ,  1  -  V i  give s 
th e p  ( B I  Ci) ,  th e probabilit y  tha t  a n e-mai l  wil l  b e ba d 
when i t  ha s th e i-t h cue . 

Learning Cue Validities 

Where th e cue s constitut e th e representationa l  com -
ponen t  o f  ou r  decisio n makin g models ,  th e wa y i n 
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whic h th e validitie s ar e specifie d constitut e th e learn -
in g processes ,  i n th e sens e tha t  differen t  validitie s ap -
pl y i n dififeren t  environments ,  an d ar e forme d o n th e 
basi s o f  informatio n observe d i n thos e environments . 
We conside r  tw o method s fo r  learnin g cu e vahdities , 
arisin g fro m th e alternativ e frequentis t  an d Bayesia n 
statistica l  approaches .  I n bot h cases ,  w e assum e tha t 
(i n way s describe d later )  ever y e-mai l  tha t  ha s previ -
ousl y bee n processe d b y a  use r  ha s bee n classe d a s a 
goo d e-mai l  o r  a  ba d e-mail .  Thi s mean s tha t  th e ra w 
dat a fo r  th e i-t h cu e tak e th e for m o f  a  coun t  gi ,  givin g 
th e numbe r  o f  goo d e-mail s wit h th e cue ,  an d a  coun t 
bi ,  givin g th e numbe r  o f  ba d e-mail s wit h th e cue . 

Under  th e frequentis t  approach ,  th e validit y o f  a  cu e 
i s estimate d simpl y a s th e proportio n o f  goo d e-mail s 
wit h th e cue : 

Vi = 9il {9i -\-bi+e), 

where e is a small positive number that ensures cues 
hav e a  define d validit y o f  zer o befor e the y hav e bee n 
observe d i n an y e-mai l  (i.e. ,  th e cas e ffi  =  6 t  =  0) . 

Under  th e Bayesia n approach ,  prio r  beUef s regardin g 
th e validit y o f  th e i-t h cu e air e modifie d usin g th e dat a 
provide d b y th e count s g ^  sm d bi .  A s a  cu e become s 
associate d wit h mor e goo d e-mails ,  highe r  value s fo r 
it s  validit y becom e mor e likely .  Conversely ,  a s a  cu e 
becomes associate d wit h mor e bei d e-mails ,  lowe r  val -
ues fo r  it s  vaUdit y becom e mor e likely .  Bayes '  theore m 
describe s th e wa y i n whic h th e prio r  belief e ar e modi -
fied  b y dat a t o giv e a  probabilit y  distributio n ove r  th e 
rang e [0,1 ]  o f  possibl e validities .  Definin g th e vaUdit y 
of  a  cu e a s th e mea n o f  thi s distribution ,  an d assumin g 
a unifor m prior ,  give s th e resul t  (se e Gelman ,  Carlin , 
Stern ,  k  Rubi n 1995 ,  p .  31) : 

In 

Vi  =^E\p{v i  \ g iM) \  = 
ffi  +  l 

gi-\-b i  +  2 ' 

As mor e e-mail s wit h th e i-t h cu e ar e processe d 
th e count s g i  an d h i  increase ,  Ein d th e frequentis t  an d 
Bayesia n approache s converg e toward s th e sam e value . 
W h en fe w dat a ar e available ,  however ,  w e late r  sho w 
tha t  th e Bayesia n approac h ha s advantage s fo r  priori -
tization . 

Decision Models for Prioritization 

The 'Rational' Approach 

Under  th e rationa l  approac h t o decisio n makin g use d 
here ,  th e evidenc e provide d b y ever y cu e associate d 
wit h a n e-mai l  i s  integrate d t o giv e a n estimat e o f  th e 
overal l  lo g odd s tha t  th e e-mai l  i s  good ,  a s oppose d 
t o bad .  Assumin g tha t  th e evidenc e provide d b y eac h 
cue i s independent ,  an d tha t  th e prio r  probabilitie s o f 
an e-mai l  bein g goo d o r  ba d Eir e equal ,  the n Bayes ' 
theore m gives : 

p(G|Ci,...,Cn ) 

p(B|ci Cn) i=x l 
p (c i |B) -

The require d evidenc e ratio s p{C i  |  G )  / p (c i  |  B )  ca n 
be estimate d fro m th e dat a i n th e sam e wa y a s cu e va -
lidities ,  o r  (wit h som e manipulation )  writte n i n term s 
of  th e vahditie s themselves .  Th e rationa l  approac h ha s 
th e attractio n o f  considerin g al l  o f  th e data ,  i n th e 
sens e tha t  i t  consider s th e evidenc e provide d b y ever y 
cue associate d wit h ever y stimulus .  Fo r  thi s reason , 
i t  i s  ofte n considere d a  normativ e accoun t  o f  decisio n 
making ,  an d ha s bee n use d extensivel y (i n on e for m 
or  another )  t o mode l  huma n decisio n maJcing .  A s a n 
(arbitrary )  example ,  conside r  Kruschke' s (1992 )  wel l 
know n A L C O V E model ,  whic h use s a  weighte d su m o f 
th e evidenc e provide d b y eac h dimensio n o f  a  stimulu s 
i n decidin g whethe r  o r  no t  tha t  stimulu s belong s t o a 
category .  Th e ratione d approac h i s als o widel y use d 
i n machin e learning ,  an d ha s bee n applie d i n previou s 
researc h (Macskass y e t  al .  1999 ;  Mehra n e t  al .  1998 ) 
on prioritizin g e-mails . 

The 'Past and Frugal' Approach 

In developing their 'fast and frugal' approach to model-
in g huma n decisio n making ,  however ,  Gigerenze r  ein d 
Tod d (1999 )  challeng e th e rationa l  approach .  The y 
argu e tha t  becaus e h u m a n decisio n makin g processe s 
evolve d i n a  competitiv e environment ,  the y nee d t o 
be fast ,  an d becaus e the y evolve d i n a  diangeabl e 
environment ,  the y need  t o hav e th e robustnes s tha t 
comes from  simplicity .  T o mee t  thes e challenges ,  th e 
fas t  an d fruga l  approac h adopt s Simon' s (1982 )  notio n 
of  'bounde d rationality' ,  an d model s himia n decisio n 
makin g usin g simpl e algorithm s tha t  rel y o n a n as -
sumed structur e i n th e stimulu s environmen t  t o func -
tio n effectively . 

For  example ,  i n a n environmen t  wher e th e vahdit y 
of  on e stimulu s cu e i s highl y predictiv e o f  th e validi -
tie s o f  th e remainin g cues ,  an d th e examinatio n o f 
additiona l  cue s i s a n effortfu l  process ,  i t  i s  sensibl e 
t o conside r  onl y th e first  cue .  Similsirly ,  i n a n envi -
ronmen t  o f  diminishin g returns ,  wher e th e examina -
tio n o f  eac h successiv e cu e provide s les s informatio n 
tha n previou s cues ,  i t  make s sens e t o bas e decision s 
on a  smal l  numbe r  o f  cues .  Gigerenze r  an d Tod d 
(1999 )  sho w tha t  man y real-worl d stimulu s domain s 
hav e thes e sort s o f  structures ,  an d develo p a  numbe r  o f 
cognitiv e models—includin g th e 'Tak e th e Best '  mode l 
of  force d choice ,  th e 'QuickEst '  mode l  o f  valu e estima -
tion ,  an d th e 'Categorizatio n b y EUmination '  mode l 
of  categorization—tha t  mak e inference s b y assumin g 
environmenta l  regularities . 

Unfortunately ,  non e o f  thes e model s i s directl y  ap -
pUcabl e t o th e proble m o f  e-mai l  prioritization ,  an d s o 
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we develope d a  ne w mode l  usin g th e basi c 'fas t  an d fru -
gal '  modelin g approach .  Gigerenze r  an d Tbd d (1999 ) 
argu e tha t  thei r  model s o f  huma n decisio n makin g ar e 
base d o n simpl e mechanism s tha t  answe r  thre e funda -
menta l  questions : 

• How should a stimulus environment be searched for 
information ? 

• When should this search for information be termi-
nated ? 

• Once the search has been terminated, what decision 
shoul d b e mad e give n th e availabl e information ? 

In the context of finding good unread e-mails, as 
require d fo r  priorization ,  i t  i s  no t  difficul t  t o provid e 
answer s t o thes e questions : 

• Unread e-mails should be searched in terms of cues, 
lookin g fo r  e-mail s wit h hig h validit y cues . 

• The search should be terminated as soon as at a can-
didat e goo d e-mai l  ha s bee n identified .  Sinc e user s 
proces s e-mail s serially ,  ther e i s n o benefi t  i n seek -
in g t o sor t  th e unrea d e-mails ,  beyon d attemptin g t o 
ensur e tha t  a t  an y tim e th e top-mos t  e-mai l  i s  th e 
one mos t  likel y t o b e good . 

• The best available e-mail should be placed at the 
to p o f  th e inbox ,  a s th e nex t  on e t o b e rea d b y th e 
user . 

These answers suggest a simple fast and frugsJ de-
cisio n mode l  fo r  prioritization .  Th e cue s ar e ordere d 
i n term s o f  thei r  estimate d vaUdit y and ,  startin g wit h 
th e highes t  validity ,  a  searc h i s mad e fo r  a n uru-ea d 
e-mai l  tha t  ha s thi s cue .  I f  thi s searc h i s successful , 
th e proces s terminate s withou t  considerin g an y fur -
the r  cues .  I f  n o e-mai l  i s  found ,  th e seawc h continue s 
usin g th e nex t  highes t  validit y cue ,  an d thi s proces s i s 
repeate d unti l  a n e-mai l  i s  found .  Thi s mode l  i s  closel y 
relate d t o Tak e th e Best ,  an d belong s t o th e clas s o f 
what  Gigerenze r  an d Tod d (1999 )  ter m 'on e reaso n de -
cisio n making '  models .  Onl y on e reason ,  i n th e for m 
of  th e presenc e o f  a  hig h \^dit y cue ,  i s al l  tha t  i s 
require d t o find  th e nex t  e-mai l  fo r  presentation . 

Experiment 

D a t a Collectio n 

We develope d a  macr o fo r  th e Microsof t  Outloo k e -
mai l  applicatio n tha t  unobtrusivel y logge d th e behav -
io r  o f  on e use r  fo r  a  perio d o f  7 6 consecutiv e days . 
Thi s loggin g involve d recordin g th e action s mad e b y 
th e use r  i n reading ,  respondin g to ,  an d organizin g th e 
e-mail s i n thei r  inbox .  Ever y tim e th e use r  repUe d to , 
forwarded ,  saved ,  move d o r  delete d a n e-mai l  i n thei r 
inbox ,  a n entr y i n a  lo g file  wa s made .  Often ,  a  partic -
ula r  e-mai l  wa s subjecte d t o severa l  processin g action s 

Tabl e 1 :  Th e logge d e-mai l  propertie s use d t o generat e 
cues ,  togethe r  wit h a  sampl e cue . 

Propert y Samp l e C u e 
Attachment s 
C C lis t 
Fla g statu s 
Importanc e 
Sender' s e-mai l 
Sender' s nam e 
Subjec t  keywor d 
Addresse e lis t 

"AttachmentCount=2 " 
"CC=mark®adelaide.edu.au " 
"FlagStatu8=0 " 
"Importance=l' ' 
"SendersEmail=jdl<aimbox.com' ' 
"Sender8Name=Joh n Lee " 
"Subject=upgrade " 
"To=Be n Stamley " 

ove r  time ,  suc h a s bein g forwarded ,  an d the n deleted . 
We use d a n operationa l  definitio n o f  wha t  make s a n 
e-mai l  a  goo d o r  ba d one ,  base d o n thes e processin g 
sequences ,  t o enabl e eac h e-mai l  t o b e labele d a s ei -
the r  goo d o r  bad .  I f  a n e-mai l  wa s eve r  printed ,  for -
warded ,  replie d to ,  copie d t o anothe r  folder ,  o r  saved , 
i t  wa s regarde d a s a  goo d e-mail .  Otherwise ,  whe n 
th e e-mai l  wa s onl y deleted ,  i t  wa s regarde d a s bad . 
Of  course ,  thi s sor t  o f  operationa l  definitio n i s no t  vm -
problematic ,  bu t  w e believ e i t  represent s a  reasonabl e 
first-order  approximatio n fo r  identifyin g thos e e-mail s 
tha t  ar e mor e 'important' ,  'useful '  o r  'urgent' . 

Th e propertie s o f  th e e-mail s bein g manipulate d 
wer e als o recorded ,  providin g th e subjec t  tex t  o f  th e 
e-mai l  (fo r  ethica l  reason s n o messag e conten t  wa s 
recorded) ,  a s we U a s metadat a identifyin g th e sende r 
of  th e e-mail ,  whethe r  i t  ha d a n attachment ,  an d s o 
on.  Thos e propertie s takin g discret e value s wer e use d 
t o generat e th e cue s fo r  representin g e-mail s b y psiirin g 
th e propert y wit h eac h possibl e value .  Tabl e 1  detail s 
th e eigh t  propertie s use d i n thi s way ,  togethe r  wit h a n 
exampl e o f  a  cu e fo r  each .  Th e onl y pre-processin g 
use d i n generatin g thes e cue s wa s t o remov e commo n 
Englis h word s from  th e subjec t  tex t  usin g a  'stopword ' 
list .  Th e final  dat a se t  containe d 88 6 e-mails ,  36 2 o f 
whic h wer e good ,  define d i n term s o f  3,11 2 binar y cues . 

Effectiveness of Prioritization 

Bot h th e rationa l  an d th e fas t  an d frugal  model s wer e 
appUed t o th e e-mai l  data ,  usin g th e Bayesia n learn -
in g approach .  Eac h day' s e-mail s wer e prioritize d 
i n sequence ,  t o simulat e th e effec t  tha t  prioritizatio n 
woul d hav e i f  i t  wer e implemente d on-Une .  Figur e 1 
summarize s th e result s o f  1 0 independen t  appUcation s 
of  eac h metho d usin g a n efî ort-rewar d graph .  Th e 
performanc e curve s relat e hypothetica l  level s o f  'ef -
fort' ,  whic h describ e th e proportio n o f  availabl e e-mail s 
processe d b y th e user ,  t o th e resultan t  leve l  o f  reward , 
as measure d b y th e proportio n o f  availabl e goo d e -
mail s tha t  ar e found .  Mea n performanc e level s ar e 
shown b y th e curve ,  wit h best -  an d worse-cas e perfor -

580 



1 

0.9 

0.8 

0.7 

^c e 

J 0. 5 
o 
•^0. 4 

0.3 

0.2 

0.1 

n 

7 
/ 
/ /  ' 

/ 
/ 

f  / i i  / i 
1 j / 
1 t y 

1 ^ 
; '  B ^  y 
/  X  / • J  / 

/  g  / 1 g  / /  i  / 
1 M / f  m / 

: ? / 

w / 
(;  . 

^y^^^^ ^  /  ̂  
r^ ^  /  ' 

tr^y ^  /  ' 
r̂̂ ^ r  y  ' 

^r  g ^  /  / 
J ^ ^  /  • / 
r̂  X  ' /  ' 

/  1 
/  1 

/  1 
/  { 

/-/  -
/ 

/ •  / 
:  / 
/  • 
t_ 
/; 

1 
1 

I 1 
1 

- o -  rationa l 
- o -  fruga l 

i  1  ,  .  1 

1 

0.9 

0. 8 

0.7 

^0 . 6 

0. 4 

0. 3 

0. 2 

0.1 

n 

/ 

/ '  y 

!  y  ff^ 

!  A /  / 
f 
1 
1 
1 

f / 
r 

V 

- o -  Bayesla n 
-D -  frequentis t 

fir  p y  1 

/ ^ ^ : 

/  !  ' 

/ 
/' 

/: 
•  »• 

1 
1 

;  ./. . 
/ 

> 

0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1 
Effor t 

0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1 
Effor t 

Figur e 1 :  Effort-rewar d performanc e o f  th e rationa l 
and 'fas t  an d frugal'  decisio n models . 

Figur e 2 :  Effort-rewar d performanc e o f  th e 'fas t  an d 
fruged'  mode l  usin g Bayesiei n an d frequentist  leauning . 

mance,  arisin g from  th e stochasti c proces s o f  breakin g 
ties ,  indicate d b y erro r  bar s (wher e larg e enoug h t o b e 
visiljle) . 

Withou t  prioritization ,  goo d e-mail s ar e evenl y dis -
tribute d accordin g t o thei r  base-rat e o f  occurrence , 
whic h correspond s t o th e diagona l  hn e i n Figur e 1 . 
The best -  an d worse-cas e possibl e effort-rewar d perfor -
mance o f  prioritizatio n ar e show n b y th e dotte d lines , 
whic h correspond ,  respectively ,  t o th e case s wher e al l 
goo d e-mail s ar e presente d first ,  an d wher e al l  ba d 
e-mail s ar e presente d first .  Figur e 1  show s tha t  th e 
rationa l  an d th e fas t  an d frugal  mode l  perfor m ver y 
similarly .  The y ar e clos e t o optima l  fo r  th e first  10 -
2 0 % o f  goo d e-mails ,  bu t  the n perfor m les s impres -
sively ,  althoug h the y continu e t o provid e a  significan t 
advantag e ove r  non-prioritize d presentation .  Readin g 
th e first  5 0 % o f  e-mails ,  fo r  example ,  result s i n finding 
approximatel y 75-80 % o f  th e goo d e-mail s available . 

Figur e 1  suggest s tw o importan t  conclusions . 
Firstly ,  i t  show s tha t  prioritizatio n i s effective ,  whic h 
suggest s tha t  huma n decision s i n processin g th e e-mail s 
hav e som e leve l  o f  systemati c relationshi p wit h th e var -
iou s cue s b y whic h th e e-mail s ar e represented .  Sec -
ond ,  th e fas t  an d frugal  approac h i s approximatel y a s 
effectiv e a s th e rationa l  approach ,  whic h suggest s tha t 
th e huma n decisio n makin g proces s ca n b e understoo d 
i n term s o f  th e identificatio n o f  ke y feature s o f  th e e -
mails ,  rathe r  tha n th e exhaustiv e integratio n o f  al l  o f 
thei r  properties . 

B a y e s i a n a n d Frequent is t  L e a r n i n g 

A n importan t  theoretica l  proble m fo r  prioritizatio n re -
late s t o th e balanc e betwee n exploitatio n an d explo -
ratio n processes .  I n th e contex t  o f  e-mai l  prioritiza -
tion ,  exploitatio n involve s usin g cue s tha t  ar e know n 
t o hav e som e vahdit y t o find  goo d e-m£iils ,  whil e explo -
ratio n involve s learnin g mor e abou t  cue s fo r  whic h lit -
tl e o r  nothin g i s known ,  i n th e hop e o f  find  ne w source s 
of  goo d e-mails .  Prioritizatio n algorithm s ar e o f  lim -
ite d us e i f  the y achiev e thei r  result s b y exploitatio n a t 
th e expens e o f  exploration ,  particularl y i n dynamicall y 
changin g environments .  Fo r  thi s reason ,  ther e ha s 
bee n som e considerabl e effor t  i n th e machin e learnin g 
literatur e (se e Sutto n an d Bart o 1998 )  t o balanc e th e 
competin g demand s o f  exploitatio n an d exploration , 
usuall y b y introducin g som e stochasti c elemen t  int o 
th e searc h process . 

As i t  turn s out ,  th e Bayesia n approac h t o learnin g 
vaUditie s addresse s thi s problem .  Figur e 2  show s th e 
effort-rewar d performanc e o f  1 0 run s o f  th e fas t  tin d 
frugal  mode l  usin g bot h th e Bayesia n an d th e frequen-
tis t  approaches .  T o assis t  i n th e expositio n o f  ou r  sub -
sequen t  analyses ,  onl y a  limite d se t  o f  cues ,  consistin g 
of  al l  o f  thos e generate d from  th e easil y understoo d 
'Sender s N a m e '  field  wer e used .  A s Figur e 2  shows , 
th e Bayesia n approac h perform s better ,  particularl y 
fo r  effor t  level s greate r  tha n abou t  0.5 . 

Th e reaso n fo r  th e superiorit y o f  th e Bayesia n va -
lidit y estimat e ca n b e demonstrate d throug h a  con -
cret e example .  O n da y 43 ,  a  (small )  tota l  o f  five  e -
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Tiibl e 2 ;  Sende r  cues ,  goo d (G )  an d ba d (B )  counts , 
and estimate d Bayesia n an d frequentis t  validitie s fo r 
day 43 . 

Sender' s N a m e 
A B C New s Onlin e 

Scot t  Brow n 
Tapc B Subliminale s 

Virtua l  Floris t 
W.  Pau l  Malcol m 

G 
1 
1 
0 
0 
0 

B 
140 
0 
0 
1 
0 

Baye s 
0.0 1 
0.6 7 
0.5 0 
0.3 3 
0.5 0 

FVeq. 
0.0 1 
1.0 0 
0.0 0 
0.0 0 
0.0 0 

mail s require d prioritization ,  comin g fro m fiv e differ -
ent  senders .  O f  thes e senders ,  thre e ha d previousl y 
sen t  e-mails :  "Scot t  Brown "  ha d sen t  on e goo d e-mail , 
"Virtua l  Florist "  ha d sen t  on e ba d e-mail ,  an d " A B C 
News Online "  ha d sen t  14 1 e-mails ,  onl y on e o f  whic h 
had eve r  bee n good .  Thes e pattern s o f  goo d an d ba d 
counts ,  togethe r  wit h thei r  Bayesia n an d frequentis t 
cu e validit y estimates ,  ar e show n i n T^bl e 2 . 

Under the frequentist approach, the "Scott Brown" 
e-mai l  wil l  b e presente d &st ,  becaus e i t  ha s bee n as -
sociate d wit h th e highes t  proportio n o f  goo d e-mails . 
Th e nex t  e-mai l  presente d wil l  b e th e " A B C New s On -
line "  e-mtul ,  becaus e i t  ha s th e nex t  highes t  estimate d 
vahdity ,  b y virtu e o f  bein g th e onl y othe r  sende r  eve r 
t o provid e a  goo d e-mail .  Th e remainin g tw o vmknow n 
sender s hav e estimate d validitie s o f  zero ,  an d s o thei r 
e-mail s wil l  b e presente d i n rando m order .  A s i t  hap -
pens ,  on e o f  thes e e-mails ,  from  th e ne w sende r  " W . 
Paul  Malcolm "  i s a  goo d one ,  an d s o prioritizatio n 
wil l  b e ineffective .  Fundamentally ,  thi s i s becaus e fre-
quentis t  validit y estimatio n favor s th e exploitatio n o f 
source s wit h ver y limite d return s ove r  th e exploratio n 
of  unknow n sources . 

Using the Bayesian approach, the "Scott Brown" e-
mai l  wil l  agai n b e presente d first,  becaus e i t  ha s th e 
highes t  estimate d validity .  However ,  "Virtua l  Florist " 
an d (especially )  " A B C New s Online "  e-mail s wil l  no t 
be presente d unti l  afte r  thos e from  th e sender s abou t 
w h o m nothin g i s known ,  becaus e thei r  validitie s ar e 
belo w th e 0. 5 prior .  I n thi s way ,  th e potentia l  ne w 
source s o f  goo d e-mail s wil l  b e explore d befor e thos e 
tha t  ar e know n t o hav e limite d return s ar e exploited . 
Notic e als o tha t  th e "Virtua l  Florist "  e-mai l  wil l  b e 
presente d befor e th e " A B C New s Online "  e-mail ,  be -
caus e les s dat a ar e availabl e fo r  estimatin g th e validit y 
of  th e former ,  an d s o i t  ha s mor e scop e t o achiev e a 
highe r  estimat e a s mor e observation s ar e mad e (i.e. , 
i t  i s  mor e worth y o f  furthe r  exploration) .  Finally ,  w e 
not e tha t  th e situatio n wit h man y 'spam '  e-mail s i s 
naturall y handle d withi n th e Bayesia n approac h b y 
changin g th e prio r  o n goo d e-mails . 

0 0. 1 0. 2 0. 3 0. 4 0. 5 0. 6 0. 7 0. 8 0. 9 1 
M a x i m u m Validit y 

Figure 3: The relationship between the maximum cue 
validit y fo r  a n e-mail ,  an d it s mea n cu e validity . 

The Structure of the Environment 

An analysi s o f  th e e-mai l  stimulu s domai n explain s wh y 
th e fas t  an d frugal  approac h perform s similarl y t o th e 
rationa l  approach .  Figur e 3  show s th e relationshi p be -
twee n th e mea n estimate d vahdit y o f  th e cue s associ -
ate d vnt h eac h messag e (usin g Bayesia n learning) ,  an d 
th e m a x i m u m estimate d validity .  Ther e i s a  positiv e 
correlatio n o f  r  =  0.8 0 betwee n thes e measures ,  in -
dicatin g tha t  th e m a x i m u m cu e validity ,  a s use d b y 
th e fas t  an d frugal  method ,  i s  highl y predictiv e o f  th e 
vaUditie s o f  th e remainin g cue s considere d b y th e ra -
tiona l  method .  Thi s environmenta l  regularit y i s th e 
reaso n fo r  th e succes s o f  th e fas t  an d frugal  model :  B y 
findin g th e unread  e-mai l  wit h th e greates t  cu e vahd -
ity ,  i t  doe s no t  nee d t o conside r  furthe r  cues ,  becaus e 
thei r  validitie s ar e largel y alread y determine d b y th e 
m a x i m u m value . 

Future Work 

Th e outstandin g proble m relate s t o adaptation .  I f 
th e characteristic s o f  th e externa l  e-mai l  environ -
ment  chang e (e.g. ,  peopl e sen d differen t  type s o f  e -
mails) ,  o r  th e use r  change s th e wa y the y regar d e -
mail s a s goo d o r  bad ,  prioritizatio n need s t o reflec t 
th e ne w situation .  Th e learnin g processe s use d i n 
our  stud y wil l  b e slo w t o adap t  t o thes e sort s o f 
changes ,  a s demonstrate d fo r  th e Bayesia n approac h 
by th e patter n o f  chang e o f  th e five  cue s show n i n Fig -
ur e 4 .  Validitie s fo r  th e "To=Mik e Lee "  an d "Sub -
ject=newmair '  cue s ar e learne d effectively ,  becaus e 
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To-MHw Lm' 

-To-takycal(*a60hotmail.co(T V 

•Sub|ect«»wtnbume ' 

Tô doug.vtakers : 

•Sub)«*«now8mar 

10 2 0 3 0 4 0 S O 6 0 7 0 7 6 
Days 

Figur e 4 :  T h e patter n o f  chang e ove r  al l  processin g 
day s fo r  five  cues ,  usin g Bayesia n learning . 

the y ar e consistentl y evaluate d b y th e user .  T h e 
"To=fairycake85@hotmail.com "  cue ,  however ,  i s  eval -
uate d a s goo d i n th e first  tw o weeks ,  bu t  it s chang e t o 
a ba d cu e i s learne d slowly .  Meanwhi le ,  th e cue s "Sub -
ject=swinburne "  an d "To=doug.vickers "  hav e simila r 
estimate d validitie s a t  da y 76 ,  ye t  ther e ar e ground s 
t o b e m o r e confiden t  abou t  th e accursic y o f  th e latter , 
sinc e i t  i s  base d o n a  significan t  vo lum e o f  recen t  data , 
whil e th e forme r  ha s no t  bee n see n sinc e abou t  da y 22 . 

T h e abilit y t o adap t  require s tha t  m e m o r y processe s 
be introduce d int o th e cognitiv e decisio n models .  B y 
replacin g ol d informatio n i n th e count s g i  an d b t  wit h 
n e w information ,  givin g greate r  weigh t  t o n e w informa r 
tion ,  o r  forcin g informatio n t o deca y ove r  time ,  validit y 
estimate s wil l  b e base d o n dat a tha t  reflect s th e cur -
ren t  stat e o f  affairs .  A  variet y o f  m e m o r y mechanism s 
hav e bee n develope d fo r  simpl e psychologica l  decisio n 
model s (e.g. ,  Pietsc h &  Vicker s 1997) ,  an d thei r  de -
taile d empirica l  evaluatio n i s a  priorit y fo r  futur e re -
search .  T h e othe r  necessar y are a o f  futur e researc h i s 
t o exten d ou r  evaluatio n t o a  large r  n u m b e r  o f  users . 

Conclusion 

We argue d i n th e Introductio n tha t  usin g cognitiv e de -
cisio n model s t o prioritiz e e-mail s provide d a  wa y t o 
addres s a n applie d problem ,  an d als o advanc e ou r  the -
oretica l  understandin g o f  huma n decisio n making .  W e 
conclud e b y suggestin g som e impfication s o f  ou r  result s 
on bot h th e appUe d an d theoretica l  fronts. 

I n term s o f  developin g a n e-mai l  prioritizatio n ap -
pUcation ,  th e fas t  an d frugal  mode l  ha s significan t  po -
tential .  Th e dat a require d t o driv e th e algorithm ,  i n 
th e for m o f  use r  evaluation s o f  goo d an d ba d e-mails ,  i s 
done entirel y unobtrusively ,  doe s no t  requir e an y addi -

tiona l  use r  eff"ort ,  an d provide s a  continua l  on-lin e dat a 
sourc e tha t  shoul d allo w fo r  adaptation .  Th e balanc e 
betwee n exploratio n an d exploitatio n i s handle d natu -
rall y b y th e Bayesia n approac h t o validit y estimation , 
and th e th e fas t  an d frugal  algorith m scale s wel l  t o 
larg e problems .  Onl y on e e-mai l  wit h on e cu e need s t o 
be foun d a t  eac h stag e o f  prioritization ,  a s compare d 
wit h th e rationa l  approach ,  whic h examine s ever y cu e 
of  ever y e-mai l  a t  ever y stage . 

Theoretically ,  ou r  result s sugges t  tha t  huma n deci -
sio n makin g i n processin g e-mail s ca n b e understoo d 
i n term s o f  a  on e reaso n decisio n makin g proces s tha t 
i s tune d t o regularitie s i n it s environment ,  an d s o sup -
port s Gigerenze r  an d Todd' s (1999 )  fas t  an d fruga l  ap -
proac h t o cognitiv e modeling .  Th e Bayesia n approac h 
t o validit y estimatio n als o provide s a  theoretica l  too l 
fo r  an y learnin g o r  decisio n makin g situatio n wher e 
exploratio n mus t  b e balance d wit h exploitation ,  sm d 
coul d b e use d i n othe r  cognitiv e decisio n models . 
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Abstrac t 
We presen t  th e result s o f  a  stud y examinin g th e 
effect s o f  categor y learnin g o n th e performanc e o f 
fiv e year-ol d childre n an d adult s o n similarit y 
judgmen t  an d same-differen t  tasks .  Participant s 
i n th e learnin g conditio n learne d t o distinguis h 
tw o land s o f  invente d alie n stimul i  b y hearin g a n 
interactiv e stor y ove r  th e cours e o f  tw o days ,  a t 
th e en d o f  whic h die y performe d thre e tasks .  A 
compariso n o f  thei r  performanc e wit h contro l 
participant s reveale d a  marke d expansio n effec t 
i n bot h childre n an d adults ,  wit h learnin g group s 
judgin g betwcen-categor y pair s t o b e mor e 
diflferen t  tha n connx> l  group s did .  Ther e wa s n o 
compressio n effec t  (within-categor y pair s wer e 
not  judge d a s mor e simila r  b y learnin g tha n 
contro l  groups) .  W e hypothesiz e tha t  expansio n 
occurre d becaus e distinguishin g pair s o f  stimul i 
was difficult ,  a s indicate d b y a  hig h erro r  rat e o n 
th e same-differen t  tas k fo r  bot h chil d an d adul t 
participants . 

Introduction 

Nearl y a  decad e o f  researc h n o w suggest s tha t 
th e spac e o f  similaritie s withi n whic h w e locat e 
object s undergoe s a  systemati c chang e i n metri c 
structur e i n th e cours e o f  categor y learnin g (e.g. , 
Beal e an d Keil ,  1995 ;  Goldstone ,  1994a ; 
Goldstone ,  Lippa ,  an d Shiffrin ,  2001 ; 
Livingston ,  Andrews ,  an d H a m a d ,  1998) .  Thi s 
resul t  contrast s sharpl y wit h th e vie w o f 
similarit y take n fo r  grante d i n classica l 
description s o f  th e categor y learning ,  wher e i t  i s 
assume d tha t  th e metri c o f  psychologica l 
similarit y i s  fixed ,  wit h th e resul t  tha t  th e 
location s o f  object s withi n tha t  space ,  an d thu s 
thei r  relationship s t o on e another ,  ar e entirel y 
determine d b y thei r  perceptua l  propertie s (e.g. . 

Bruner ,  Goodnow ,  an d Austin ,  1956 ;  Hutchinso n 
an d Lockhead ,  1977) .  Th e mor e recen t  wor k 
suggest s tha t  th e proces s o f  categor y learnin g 
itsel f  m a y actuall y alte r  th e similarit y spac e an d 
thu s th e representationa l  structur e o f  ou r 
categories . 

T w o differen t  kind s o f  change s t o 
psychologica l  similarit y spac e hav e n o w bee n 
documente d i n th e literature .  Compress io n 
occur s whe n on e regio n o f  th e n-dimensional 
spac e o f  similaritie s change s suc h tha t  item s 
fallin g withi n tha t  regio n c o m e t o hav e mor e 
nearl y equivalen t  encoding s tha n the y di d prio r 
t o categor y learning .  Thi s patter n ha s bee n 
observe d b y Livingston ,  e t  al .  (1998) ,  an d Kurt z 
(1996) ,  fo r  example ,  an d manifest s a s (1 )  a n 
increase ,  followin g categor y learning ,  i n 
similarit y rating s amon g item s draw n fro m th e 
same categor y a s compare d wit h item s draw n 
fro m differen t  categories ,  or ,  (2 )  a s greate r 
confiisabilit y  amon g item s draw n from  th e sam e 
categor y tha n amon g thos e draw n from  differen t 
categories .  I n neura l  networ k simulations ,  th e 
chang e ha s bee n measure d directl y a s a n 
increase d similarit y i n activatio n pattern s o n 
hidde n unit s i n a  simpl e feedforwar d networ k 
(Hamad ,  Hanson ,  an d Lubin ,  1995) . 

The othe r  patter n o f  chang e i n similarit y spac e 
followin g categor y learning ,  calle d expansion , 
occur s whe n a  regio n o f  th e spac e o f  similaritie s 
change s suc h tha t  item s fallin g withi n tha t  regio n 
ar e judge d t o b e mor e differen t  afte r  categor y 
learnin g tha n prio r  t o it ,  o r  ar e les s confusabl e i n 
a same-differen t  task .  Thi s patter n ha s bee n 
extensivel y documente d b y Goldston e (1994a ; 
1994b ;  1996 ;  se e als o Goldstone ,  e t  al .  2001) .  I n 
neura l  networ k simulations ,  th e chang e ha s bee n 
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measure d directl y a s a n a  greate r  i/iysimilarii y  i n 
activatio n pattern s o n hidde n unit s i n a 
feedforwar d networ k (Hamad ,  e t  al .  1995 ; 
Tijsselin g an d Hamad ,  1997) . 

I n theory ,  bot h kind s o f  change s coul d occu r  i n 
th e cours e o f  categor y learning ,  bu t  i n genera l 
onl y on e patter n i s typicall y observe d fo r  a  give n 
set  o f  stimuli .  Researc h i s currentl y ongoin g t o 
establis h th e condition s unde r  whic h on e 
observe s compressio n versu s expansion .  On e 
hypothesi s unde r  activ e investigatio n i s tha t 
expansio n i s observe d i n thos e case s wher e th e 
discriminatio n amon g exemplar s i n th e trainin g 
set  i s perceptuall y difficult ,  whic h result s i n 
discriminatio n learning .  Compression ,  o n th e 
othe r  hand ,  occur s whe n n o difficul t  perceptua l 
discrinunatio n i s required .  Wha t  i s importan t  t o 
note ,  regardles s o f  th e ultimat e fat e o f  thi s 
hypothesis ,  i s  tha t  eithe r  compressio n o r 
expansio n i s sufficien t  t o produc e th e effec t 
necessar y fo r  th e psychologica l  distinctivenes s 
tha t  characterize s concepts :  a  se t  o f  similarit y 
relationship s tha t  set s th e member s o f  th e 
categor y apar t  fro m non-member s b y it s 
relativel y greate r  degre e o f  intra-categor y 
similarit y (or ,  alternatively ,  inter-categor y 
dissimilarity) . 

I t  ha s bee n suggeste d b y man y o f  th e 
researcher s w h o hav e studie d compression -
expansio n effect s tha t  th e proces s ma y b e s o 
fundamenta l  t o categor y learnin g tha t  i t 
constitute s a  basi c mechanis m b y whic h abstrac t 
and universa l  representation s (concepts )  ar e 
forme d (Dampe r  an d Hamad ,  2000 ;  Goldstone , 
1996 ;  i n press ;  Livingston ,  e t  al ,  1998) .  I f  thi s 
contentio n i s correct ,  the n evidenc e fo r  th e 
operatio n o f  thi s proces s shoul d b e foun d amon g 
youn g childre n a s wel l  a s i n adults .  T o coun t  a s 
trul y fundamenta l  t o th e proces s b y whic h 
perceptua l  categorie s ar e built ,  i t  shoul d no t  tur n 
out  tha t  compression-expansio n effect s reflec t  a 
strateg y acquire d lat e i n lif e o r  takin g a  lon g tim e 
t o develop .  Indeed ,  i t  doe s no t  appea r  tha t  ther e 
i s anythin g consciousl y strategi c abou t  th e 
proces s a t  all ;  i t  seem s t o reflec t  th e operatio n o f 
an automati c recalibratio n o f  psychologica l 
similarit y spac e i n respons e t o th e discovery , 
durin g categor y learning ,  tha t  a  se t  o f  item s 
need s t o b e partitione d i n a  consisten t  way . 
Nevertheless ,  evidenc e tha t  thi s proces s operate s 
i n youn g childre n a s wel l  a s i n adult s woul d 
strengthe n th e clai m tha t  i t  constitute s a  basi c 
mechanis m o f  categor y leaming . 

Certainl y ther e i s littl e doub t  tha t  childre n an d 
youn g infant s ca n lear a t o mak e categor y 
distinctions ,  a t  leas t  amon g perceptua l  categorie s 

of  th e kin d a t  issu e her e (e.g. ,  Quinn ,  Slater , 
Brown ,  an d Hayes ,  2001) .  Ther e i s als o a 
growing ,  i f  stil l  controversial ,  bod y o f  literatur e 
concernin g th e abilit y  o f  youn g childre n t o mak e 
use o f  informatio n abou t  functio n (e.g. ,  Rakiso n 
and Cohen ,  1999 )  o r  internal ,  inferre d feature s 
(Gutheil ,  Vera ,  an d Keil ,  1998 )  whe n leamin g 
ne w categorie s o r  assignin g nove l  object s t o 
existin g ones .  Ther e see m t o b e m a n y 
similaritie s betwee n th e processe s o f  concep t 
formatio n i n childre n an d adults .  T o date , 
however ,  ther e ha s bee n n o successfu l 
demonstratio n tha t  children' s categor y leamin g i s 
characterize d b y compression-expansio n effect s 
(bu t  se e Katz ,  196 3 fo r  suggestiv e fmdings) . 

The majo r  purpos e o f  th e researc h reporte d 
her e i s t o tes t  th e hypothesi s tha t  th e categor y 
learnin g o f  childre n wil l  sho w pattern s o f 
compressio n and/o r  expansio n simila r  t o thos e 
alread y observe d amon g adults .  I n addition ,  th e 
presen t  stud y present s a n opportunit y t o compar e 
performanc e o n similarit y judgment s wit h 
performanc e (error s an d respons e times )  o n a 
same-differen t  discriminatio n task .  Th e 
similarit y tas k m a y b e mor e sensitiv e t o th e 
effect s o f  categor y learnin g tha n th e same -
differen t  task ,  bu t  it s conceptua l  complexit y 
makes i t  difficul t  t o us e wit h childre n younge r 
tha n five.  Evidenc e tha t  th e same-differen t  tas k 
ca n captur e th e effect s o f  categor y leamin g 
woul d clea r  th e wa y fo r  fiiture  wor k wit h 
younge r  children . 

The limite d attentio n span s o f  youn g childre n 
necessitate d th e developmen t  o f  a  mor e elaborat e 
trainin g an d testin g procedur e tha n i s neede d 
wit h adults .  Extensiv e pre-testin g wa s require d 
t o desig n a  story-base d categor y leamin g tas k 
and engagin g task s fo r  th e testin g process .  Pilo t 
studie s reveale d tha t  th e procedure s ar e to o 
demandin g fo r  childre n younge r  tha n five  year s 
of  age ,  an d eve n fo r  olde r  childre n mus t  b e 
sprea d acros s session s o n tw o consecutiv e days . 
Rathe r  tha n rel y o n a n implici t  compariso n t o th e 
adul t  literature ,  w e include d a n adul t  sampl e tha t 
followe d th e sam e procedure s use d wit h th e 
children . 

Method 

Participants 

Participant s wer e 2 7 kindergarte n childre n 
betwee n th e age s o f  five  an d six ,  an d 2 3 Vassa r 
Colleg e student s participatin g throug h a n 
introductor y psycholog y researc h requirement . 
Participant s i n eac h ag e grou p wer e randoml y 
assigne d t o th e leamin g o r  contro l  conditions . 
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S t i m u U 

Th e stimul i  wer e designe d t o resembl e 
friendly-lookin g alie n creature s an d varie d o n th e 
dimension s o f  tors o widt h an d ar m length . 
Figur e 1  show s stimul i  wit h extreme s o n thes e 
dimensions ;  intermediat e value s wer e define d a t 
equa l  interval s betwee n extremes .  Al l  stimul i  ha d 
yello w bodies ,  gree n feet ,  blu e hands ,  an d a  pin k 
nose . 

For  th e learnin g condition ,  tw o categorie s 
wer e create d an d identifie d b y th e nonsens e 
label s Fi p an d Zug .  Th e Fip s ha d longe r  arm s 
and narrowe r  torsos ,  whil e th e Zug s ha d shorte r 
arm s an d wide r  torsos .  Fo r  eac h categor y ther e 
wer e thre e possibl e value s o n eac h dimension , 
fo r  a  tota l  o f  nin e possibl e member s o f  eac h 
category .  O f  th e eightee n differen t  possibl e 
stimuli ,  fourtee n (seve n i n eac h category )  wer e 
use d i n th e experiment .  Stimul i  wer e printe d ou t 
on yello w paper ,  laminated ,  an d glue d ont o fel t 
w i A a  blac k oval-shape d background .  A  ISS-c m 
X 74-c m boar d covere d i n blac k fel t  serve d a s 
th e backgroun d fo r  th e story .  T o enhanc e th e 
interactio n o f  th e childre n wit h th e material s an d 
make th e stor y mor e interesting ,  fel t  prop s wer e 
als o used .  Thes e prop s represente d variou s 
object s an d device s describe d i n th e story .  Fo r 
instance ,  w h e n i t  wa s explaine d tha t  th e Zug s 
traine d b y liftin g m o o n rock s an d eatin g a  die t  o f 
fuzz y pickle s an d purpl e pretzels ,  participant s 
woul d b e aske d t o plac e m o o n rocks ,  fuzz y 
pickles ,  an d purpl e pretzel s alongsid e th e Zugs . 

^ 

Figur e 1 .  Example s o f  th e stimuli . 

Procedure 

77i e learnin g condition .  Thos e w h o learne d t o 
distinguis h Fip s an d Zug s di d s o ove r  th e cours e 
o f  two ,  one-on-on e session s wit h a n 
experimenter .  Learnin g occurre d i n th e contex t 
of  a  story ,  tol d usin g th e larg e fel t  boar d an d fel t 
props ,  abou t  tw o team s o f  fou r  aliens ,  th e Fip s 
and th e Zugs ,  w h o compet e i n a n alie n Olympic s 
competition .  Th e stor y i s designe d t o hol d a 

youn g child' s attentio n s o a s t o allo w th e 
experimente r  t o highligh t  th e difference s 
betwee n th e tw o categorie s i n th e contex t  o f  a n 
interactiv e dialogu e rathe r  tha n b y direc t 
instruction .  Fo r  example ,  th e long-arme d Fip s 
mor e easil y ge t  tangle d i n a  carg o ne t  whil e 
climbing ,  bu t  thei r  narro w torso s mak e the m les s 
likel y t o ge t  stuc k i n a n obstacl e course . 
Interactivit y i s introduce d b y invitin g th e 
participan t  t o hel p construc t  eac h scene .  A t 
severa l  point s i n th e scrip t  th e participan t  i s als o 
aske d t o sor t  th e alien s int o categories ,  t o allo w 
provisio n o f  feedbac k a s learnin g progressed . 

On th e secon d da y o f  th e learnin g condition , 
th e stor y wa s continued .  I t  conclude s wit h a 
final  competition ,  whic h result s i n a  tie .  Th e 
participan t  i s tol d tha t  h e o r  sh e wil l  ge t  t o stag e 
one las t  gam e t o settl e th e tie ,  bu t  tha t  first  ther e 
ar e som e othe r  game s t o b e played .  Thes e othe r 
games ar e th e thre e primar y dat a gatherin g tasks . 

Th e participan t  gav e similarit y judgment s fo r 
al l  fifteen  possibl e pair s o f  si x aliens ,  whic h 
includ e fou r  tha t  th e participan t  ha d learne d t o 
categoriz e durin g th e stor y tellin g (tw o fro m 
eac h category )  an d tw o no t  see n befor e (on e 
fro m eac h o f  th e tw o categories) .  Pre-testin g 
indicate d tha t  fifteen  judgment s i s a n uppe r  limi t 
on five-year-olds'  attention .  Th e nove l  stimul i 
provid e a  chec k o n whethe r  wha t  ha s bee n 
learne d i s a  generalizabl e category .  I n th e 
similarit y judgmen t  procedur e on e pictur e i s 
place d a t  th e lef t  en d o f  a  lon g fel t  stri p marke d 
of f  int o distinc t  interval s tha t  allowe d score s 
fro m 0. 5 t o 8. 5 i n 0. 5 intervals .  Th e participan t  i s 
aske d t o plac e th e othe r  ite m accordin g t o h o w 
simila r  i t  wa s t o th e first  item ,  wit h mor e 
proxima l  placemen t  indicatin g greate r  similarity . 
Th e participan t  i s traine d o n th e tas k usin g 
picture s o f  differen t  breed s o f  dogs .  Pre-trainin g 
continue d unti l  th e judgment s wer e bein g mad e 
reliabl y an d wit h confidence .  Onc e th e syste m 
was understood ,  w e presente d th e fifteen  pair s o f 
aliens .  Th e experimente r  recorde d th e judgmen t 
by readin g th e positio n o f  th e cente r  o f  th e 
stimulu s i n relatio n t o th e maric s o n th e strip . 

I n th e secon d task ,  participant s viewe d twenty -
one pair s o f  stimuli ,  presente d simultaneousl y o n 
a Macintos h Powerma c G 3 o r  Powerboo k G 3 
usin g SuperLa b Pr o 1.7 5 software .  Th e sam e si x 
stimul i  use d i n th e similarit y judgmen t  tas k wer e 
use d her e a s well .  I n additio n t o th e fifteen  pair s 
presente d i n tha t  task ,  a n additiona l  si x pair s 
wer e presented ,  comprise d o f  eac h o f  th e si x 
stimul i  presente d wit h it s identica l  twin .  Carefu l 
trainin g usin g picture s o f  flowers  ensure d tha t 
participant s understoo d tha t  a  "same "  respons e 
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require d th e stimul i  t o b e identical .  Participant s 
answere d b y pressin g clearl y marke d key s o n a 
keyboard .  A  colorfii l  feedbac k scree n indicate d 
whethe r  th e respons e wa s correct .  Thes e screen s 
wer e designe d durin g pre-testin g s o a s t o assur e 
tha t  th e childre n wante d t o produc e th e "correct " 
scree n an d di d no t  lik e th e "incorrect "  screen . 

For  th e thir d an d fma l  tas k eac h participan t 
was aske d t o sor t  a  slightl y large r  se t  o f  fourtee n 
stimul i  int o tw o groups ,  th e Fip s an d th e Zugs . 
To th e eigh t  stimul i  use d i n th e story ,  an d th e 
tw o adde d durin g testing ,  w e adde d fou r  more , 
tw o from  eac h category .  Pilo t  studie s suggeste d 
chil d sortin g become s unreliabl e whe n mor e tha n 
fourtee n stimul i  wer e included .  Thi s fma l  tas k 
provide s dat a concernin g whethe r  participant s i n 
th e "learning "  conditio n actuall y di d lear n th e 
categor y distinction ,  an d i f  s o h o w wel l  the y 
exten d di e concep t  t o ne w instances . 

The contro l  condition .  Participant s i n th e 
contro l  conditio n performe d th e sam e thre e task s 
as thos e i n th e learnin g conditio n bu t  di d no t 
lear n th e stor y o r  receiv e an y informatio n abou t 
categorie s o r  type s o f  aliens .  Becaus e the y ha d 
not  learne d t o categoriz e them ,  w e coul d no t 
refe r  t o the m b y name .  Th e onl y chang e i n th e 
task s require d b y thi s differenc e wa s t o th e 
sortin g tas k instructions ,  whic h simpl y aske d tha t 
th e alien s b e pu t  int o tw o group s accordin g t o 
whic h one s see m t o g o together . 

Results 

SimUmtyjwismint^- A 2 (age: child vs. 
adult )  b y 2  (group :  learnin g vs .  control )  b y 3 
(pai r  type :  Fip-Fip ,  Fip-Zug ,  Zug-Zug )  analysi s 
of  varianc e wit h repeate d measure s o n th e thir d 
variabl e yielde d a  highl y significan t  mai n effec t 
of  pai r  typ e (F(2 ,  90 )  =  81.140 ,  M S E =  1.004 ,  ̂  
< .0001 )  an d a  highl y significan t  interactio n 
betwee n conditio n an d pai r  type(F(2 ,  90 )  = 
10.473 ,  M S E =  1004 ,  E  <  .0001) .  Th e between -
categor y pair s wer e judge d overal l  t o b e les s 
simila r  tha n th e within-categor y pairs ,  an d th e 
between-categor y pair s wer e als o judge d t o b e 
les s simila r  b y th e learnin g group s tha n b y th e 
contro l  groups ,  a  clea r  cas e o f  expansio n a t  th e 
categor y boundar y followin g learning .  Ther e i s 
no interactio n wit h ag e (se e Figur e 2. )  N o othe r 
effect s wer e statisticall y significant . 

Sarn?-difM?n t  Judgments .  Thi s tas k yielde d 
tw o dependen t  measures ,  proportio n o f  error s 
and mea n respons e time .  Single-sampl e i  test s 
demonstrat e tha t  al l  fou r  group s performe d th e 
same-differen t  tas k bette r  tha n chance .  A  2  (age : 
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Figur e 2 .  Mea n similarit y judgment s b y bot h learnin g 
and contro l  group s fo r  eac h o f  thre e pai r  type s (FF , 
FZ,  ZZ) .  Highe r  number s indicat e greate r 
dissimilarit y 

child vs. adult) by 2 (group: learning vs. control) 
by 3  (pai r  type :  identical ,  sam e categor y non -
identical ,  differen t  category )  analysi s o f  varianc e 
wit h repeate d measure s o n th e thir d variabl e o n 
th e proportio n o f  error s yielde d a  significan t 
mai n effec t  o f  ag e (F(l ,  46 )  =  4.611 ,  M S E = 
.045 ,  2  <  04 )  an d a  highl y significan t  mai n 
effec t  o f  pai r  typ e (E(2 ,  92 )  =  23.095 ,  M S I  = 
.027 ,  e  <  .0001) .  Childre n m a d e mor e error s 
tha n adult s (.22 1 vs .  .146 )  an d differen t  categor y 
pair s produce d fewe r  error s (.057 )  tha n identica l 
pair s (.218 )  o r  sam e categor y non-identica l  pair s 
(.275) .  N o othe r  effect s wer e statisticall y 
significant . 

A 2  (age :  chil d vs .  adult )  b y 2  (group : 
learnin g vs .  control )  b y 3  (pai r  type :  identical , 
same categor y non-identical ,  differen t  category ) 
analysi s o f  varianc e wit h repeate d measure s o n 
th e thir d variabl e o n th e respons e time s yielde d 
significan t  mai n effect s o f  ag e (F(l ,  45 )  =  8.823 , 
M SE =  12859202 ,  e  <  005 )  an d pai r  typ e (F(2 , 
90 )  =  5.399 ,  M S E =  1932184 ,  e  <  007) ,  an d a 
significan t  interactio n o f  ag e an d pai r  typ e (F(2 , 
90 )  =  7.748 ,  M S E =  1932184 ,  e  <  .001) .  Adult s 
wer e significantl y faste r  tha n childre n overal l 
(267 9 msec .  vs .  457 7 m s e c ) ,  bu t  thi s differenc e 
was du e entirel y t o th e non-identica l  pair s (bot h 
same an d differen t  category) ,  whic h wer e als o 
faste r  overal l  tha n th e identica l  pairs .  N o othe r 
effect s wer e statisticall y significant . 

Sortin g task .  A n ite m w a s considere d 
correctl y sorte d i f  i t  wa s place d wit h th e majorit y 
of  th e item s o f  it s  category .  Thi s allow s 
characterizatio n o f  sort s b y contro l  participant s 
as correc t  o r  incorrect .  I f  on e o f  th e group s wa s 
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sufficientl y large r  tha n th e othe r  a t  th e 
completio n o f  th e sorting ,  i t  migh t  contai n a 
majorit y o f  item s fro m bot h categories .  I n tha t 
case ,  th e large r  majorit y wa s sai d t o defm e th e 
categor y an d thu s wha t  counte d a s correc t  an d 
incorrec t  i n th e tw o categories .  A  2  (age :  chil d 
vs .  adult )  b y 2  (group :  learnin g vs .  control ) 
analysi s o f  varianc e o n th e numbe r  o f  item s 
incorrectl y sorte d yielde d significan t  mai n 
effect s o f  ag e (F(l ,  45 )  =  9.032 ,  M S E =  2.603 ,  fi 
< .005 )  an d conditio n (£(1.45 )  =  13.683 ,  M S E = 
2.603 ,  2  <  .001) .  Th e interactio n approache d 
significanc e (F(l ,  45 )  =  3.846 ,  M S E =  2.603 ,  b  < 
.06) .  Childre n m a d e mor e error s tha n adult s an d 
contro l  group s m a d e mor e error s tha n learnin g 
groups ,  wit h contro l  childre n makin g b y fa r  th e 
most  errors .  Single-sampl e {  test s demonstrat e 
tha t  onl y th e childre n i n th e contro l  conditio n 
performe d thi s sortin g tas k n o bette r  tha n chance . 

Discussion 

Th e finding,  base d o n similarit y judgments , 
tha t  bot h adult s an d childre n i n th e learnin g 
conditio n sho w th e sam e patter n o f  expansio n a t 
th e categor y boundar y whe n compare d wit h 
participant s i n th e contro l  conditio n i s consisten t 
wit h th e ide a tha t  change s t o th e metri c o f 
similarit y spac e m a y mediat e concep t  formatio n 
i n a n age-independen t  fashion .  Th e result s thu s 
provid e encouragemen t  t o see k simila r  evidenc e 
fro m wor k wit h stil l  younge r  children ,  an d t o 
pursu e tha t  ide a tha t  adjustment s t o th e metri c 
propertie s o f  similarit y spac e constitut e a  genera l 
p h e n o m e n o n i n categor y learning . 
Unfortunately ,  th e failur e t o find  evidenc e fo r 
expansio n usin g th e same-differen t  tas k suggest s 
tha t  thi s procedur e i s no t  a  goo d candidat e fo r 
extensio n t o younge r  ages .  W e ha d hope d tha t 
ther e woul d b e differentia l  change s i n spee d o f 
respondin g betwee n experimental  an d contro l 
groups ,  eve n i n th e absenc e o f  difference s i n 
errors ,  bu t  foun d non e o f  th e necessar y 
interactio n effect s fo r  tha t  measur e either . 
Clearly ,  othe r  tas k candidates ,  lik e th e match-to -
sampl e techniqu e (e.g. ,  Smile y an d Brown , 
1979) ,  wil l  hav e t o b e explored .  A t  leas t  on e 
finding  fro m th e same-differen t  tas k bear s 
noting ,  however .  Th e fac t  tha t  identica l  pair s 
and differen t  pair s fro m withi n th e sam e categor y 
produce d th e sam e hig h leve l  o f  error s fo r  bot h 
adult s an d childre n (ove r  2 0 % )  suggest s jus t  h o w 
difficul t  th e discrimination s wer e betwee n items , 
and i s a t  leas t  consisten t  wit h th e hypothesi s tha t 
expansio n effect s a t  th e boundar y reflec t 
perceptua l  discriminatio n learnin g rathe r  tha n 

solel y higher-orde r  cognitiv e change s 
(Livingston ,  e t  al. ,  1998) . 

One o f  th e mor e interestin g theoretica l  ~  an d 
empirical ,  fo r  tha t  matte r  ~  question s goin g 
forwar d wil l  b e ho w th e operatio n o f  a  similarit y 
metri c modificatio n proces s lik e th e on e 
describe d her e map s ont o othe r  pattern s observe d 
i n th e developmen t  o f  th e child' s syste m o f 
concepts .  W e earlie r  highlighte d th e similaritie s 
betwee n th e concep t  learnin g o f  adult s an d 
children ,  bu t  interestin g difference s hav e bee n 
note d an d discusse d i n th e developmenta l 
literature .  Fo r  example ,  h o w doe s on e squar e a 
compression-expansio n mechan is m wit h 
variation s i n criteri a fo r  classification ,  whic h 
hav e bee n sai d t o shif t  fro m themati c t o 
taxonomi c (Smile y an d Brown ,  1979) ,  o r 
perhap s fro m basic-leve l  taxonomi c t o themati c 
and the n t o superordinate-taxonomi c (Gelman , 
Coley ,  Rosengren ,  Hartman ,  an d Pappas ,  1998) . 
To addres s thi s issu e mor e full y woul d requir e a 
mor e detaile d analysi s tha n i s possibl e here ,  bu t 
tw o possibilitie s ar e immediatel y apparent .  Th e 
first  i s  tha t  ther e i s a n importan t  differenc e 
betwee n perceptua l  categorizatio n an d 
conceptua l  categorizatio n (Mandler ,  2000) ,  an d 
tha t  th e processe s w e ar e describin g appl y onl y 
t o th e former .  Thi s i s a  highl y controversia l 
distinctio n (se e th e numerou s commentarie s tha t 
follo w Mandler' s  paper) ,  bu t  i f  correc t  i t  woul d 
make i t  al l  th e mor e importan t  t o find  way s t o 
pursu e evidenc e fo r  compression-expansio n 
effect s i n toddler s an d infants ,  fo r  w h o m high -
leve l  conceptua l  processe s ar e stil l  poorl y 
developed .  Th e othe r  possibilit y  i s  tha t  ther e i s 
but  a  singl e process ,  mediate d b y change s i n 
similarit y metrics ,  an d tha t  variation s i n 
organizationa l  structure ,  whethe r  identifie d a s 
thematic ,  taxonomic ,  holistic ,  analytic ,  o r  what -
have-you ,  reflec t  shift s i n th e patter n o f  attentio n 
give n t o object s an d event s i n th e world ,  shift s 
tha t  establis h th e basi c dimensionalit y o f  th e 
similarit y spac e int o whic h object s ar e sorte d o n 
a give n occasion . 

Conclusion 

Th e successfu l  demonstratio n o f  learne d 
expansio n i n childre n show s tha t  th e 
modificatio n o f  psychologica l  similarit y spac e 
tha t  occur s i n adul t  categor y learnin g operate s 
ver y earl y i n lif e an d m a y indee d constitut e a 
fundamenta l  mechanis m i n concep t  acquisition . 
We sugges t  tha t  furthe r  wor k i s neede d t o exten d 
thes e result s t o stil l  younge r  children ,  an d t o 
resolv e importan t  theoretica l  issue s abou t  h o w 
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di e compression-expansio n proces s i s relate d t o 
know n developmenta l  change s i n concep t 
learnin g durin g Ui e childhoo d years . 
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Abstrac t 

A largely accepted view in the categorization literature is that 
similarity-base d reasonin g i s  faste r  tha n theory-base d 
reasoning .  I n th e cmren t  study ,  w e explore d whethe r  theory -
base d categorizatio n behavio r  woul d continu e t o b e observe d 
when peopl e ar e force d t o mak e categor y decision s unde r 
tim e pressure .  A s a  specifi c  tes t  o f  th e theory-base d vie w t o 
categor y representatio n w e examine d th e causa l  statu s 
hypoOiesis ,  whic h state s tha t  propertie s actin g a s cause s ar e 
mor e importan t  tha n propertie s actin g a s effect s whe n 
categorizin g a n item .  Subject s learne d fou r  categorie s o f 
item s compose d o f  thre e feature s an d learne d causa l  relation s 
betwee n thos e features .  I n tw o experiment s w e foun d tha t 
participant s gav e mor e weigh t  t o caus e feature s tha n t o effec t 
feature s eve n unde r  rapi d respons e conditions .  W e discus s 
implication s o f  thes e finding s fo r  categorization . 

Introduction 

W h en pose d wit h categorizatio n task s i n everyda y lif e 
peopl e recrui t  informatio n from  a  variet y o f  sources .  I n 
general ,  previou s wor k o n categorizatio n ha s focuse d o n tw o 
source s o f  information :  similarit y an d theories .  O n e famil y 
of  categorizatio n theorie s ha s centere d o n th e notio n o f 
similarit y (e.g. ,  Kruschkc ,  1992 ;  Nosofsky ,  1986 ;  Smit h & 
Medin ,  1981 ;  Rosc h &  Mervis ,  1975) .  O n thi s vie w 
concep t  learnin g an d us e i s  base d o n computin g th e 
similarit y betwee n a n objec t  t o b e categorize d an d a  store d 
representatio n o f  a  categor y (e.g. ,  exemplars ,  Nosofsky , 
1986 ;  o r  prototypes ,  Hampton ,  1995) . 

A n alternativ e vie w assume s tha t  peopl e hav e theorie s 
tha t  embod y relation s betwee n propertie s an d influenc e 
categorizatio n behavio r  (Carey ,  1985 ;  Keil ,  1989 ;  Murph y 
& Medin ,  1985 ;  Rips ,  1989) .  A n illustrativ e exampl e come s 
from  Keil' s  (1989 )  discover y experiment .  W h e n presente d 
wit h a n anima l  tha t  ha d th e appearanc e an d behavio r  o f  a 
hors e bu t  th e inside s an d lineag e o f  a  cow ,  adult s woul d 
categoriz e th e anima l  a s a  cow .  Thi s behavio r  suggest s tha t 

lineag e ha s a  specia l  statu s abov e an d beyon d perceptua l 
features ,  presumabl y reflectin g th e importanc e o f  lineag e i n 
our  la y theor y o f  biology .  Similarly ,  Medi n an d Shobe n 
(1988 )  showe d tha t  peopl e woul d rathe r  accep t  a  squar e 
cantaloup e tha n a  squar e basketball ,  presumabl y becaus e 
"bein g round "  i s mor e centra l  i n naiv e theorie s o f  physic s 
(i.e. ,  di e domai n i n whic h basketball s ar e groimded )  tha n i n 
naiv e theorie s o f  biolog y (i.e. ,  th e domai n i n whic h 
cantaloupe s ar e grounded) . 

Th e similarity-base d an d theory-base d view s ar e no t 
necessaril y  incompatibl e (e.g. ,  Sloma n &  Rips ,  1998) .  I n 
fact ,  m a n y proponent s o f  eithe r  vie w allo w for ,  o r  eve n 
advocate ,  th e operatio n o f  bot h kind s o f  processe s (e.g . 
Sloman ,  1996 ;  Smit h &  Sloman ,  1994) .  However ,  thes e 
proposal s typicall y pu t  th e tw o view s o n unequa l  footing .  A 
persisten t  bia s presen t  i n thes e 'hybrid '  model s i s  tha t 
similarity-base d categorizatio n i s primary .  Fo r  instance ,  i n 
di e developmento l  literature ,  i t  ha s bee n argue d tha t  theory -
base d mechan ism s canno t  preced e similarity-base d 
mechanism s i n developmen t  becaus e theorie s mus t  b e 
acquire d throug h similarity-base d mechanism s (Quine , 
1977 ;  Vygotsky ,  1962 ;  bu t  se e Keil ,  Smith ,  Simons ,  & 
Levin ,  1998) .  Thus ,  onl y afte r  sufficien t  experienc e ha s 
bee n obtaine d m a y theorie s b e develope d an d used , 
amendin g (o r  supplanting )  similarity-base d information . 

I n additio n t o th e ide a dia t  similarity-base d categorizatio n 
i s developmentall y primary ,  ther e i s a  notio n dia t  similarity -
base d informatio n i s  accesse d mor e rapidly ,  an d perhap s 
mor e automatically ,  tha n theory-base d information .  Thi s 
assumptio n m a y b e motivate d b y th e observatio n tha t 
novice s (e.g. ,  children )  us e similarity-base d reasonin g an d 
tbu s i t  i s a  someho w simple r  m o d e o f  reasonin g (c f  Kei l  e t 
al ,  1998) .  Smit h an d Sloma n (1994 )  mak e dii s argtunen t 
explici t  b y assumin g tha t  theory-base d reasonin g i s a  typ e o f 
rule-base d reasoning ,  arguin g tha t  rule-base d reasonin g is , 
"mor e analyti c an d reflectiv e tha n similarity-base d 
categorization "  (pp .  377-378) . 
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To tes t  thi s assumptio n Smit h an d Sloma n designe d a 
stud y t o examin e th e effec t  o f  tim e constraint s o n theory -
base d (o r  rule-based )  categorization .  Smit h an d Sloman' s 
subject s performe d a  forced-choic e tas k i n whic h eac h ite m 
consiste d o f  a  descriptio n o f  a n objec t  paire d wit h tw o 
possibl e categorie s (tas k an d stimul i  adapte d fro m Rips , 
1989) .  Eac h ite m ha d on e respons e tha t  corresponde d t o a 
rule-base d (i.e .  theory-based )  decisio n an d on e tha t 
corresponde d t o a  similarity-base d decision .  Fo r  example , 
"Circula r  objec t  wit h a  4  inc h diameter "  coul d b e 
categorize d a s a  pizz a o r  a  quarter .  Callin g thi s objec t  a 
pizz a woul d signif y theory-base d understandin g o f  th e 
mintin g proces s wherea s callin g thi s objec t  a  quarte r  woul d 
signif y a  similarit y computatio n becaus e a  circula r  4-inc h 
objec t  i s  mor e simila r  t o quarter s tha t  t o mos t  pizza s (bu t  se e 
Nosofsk y &  Johansen ,  2000) .  Rip s (1989 )  foun d tha t 
peopl e tende d t o choos e th e theory-base d response . 
However ,  w h e n aske d t o respon d a s quickl y a s possible , 
subject s i n Smit h an d Sloman' s stud y faile d t o reproduc e 
thi s result .  Onl y whe n instructe d t o tal k alou d whil e 
categorizin g di d subject s ten d t o answe r  i n accordanc e wit h 
th e theory-derive d rules .  Thus ,  Smit h an d Sloma n 
conclude d tha t  a  "...possibl e constraint...i s  tha t  th e 
situatio n encourag e peopl e t o articulat e an d explai n thei r 
reason s fo r  categorization ,  rathe r  tha n encourag e rapi d 
judgments "  (p .  383) . 

O ne proble m wit h thi s interpretatio n i s tha t  th e us e o f 
eithe r  similarit y o r  theorie s resulte d th e i n subject s 
acceptin g bizarr e object s a s categor y members .  Fo r  instance , 
participant s ha d t o decid e whethe r  a  circula r  objec t  wit h a  4 -
inc h diamete r  tha t  i s  silve r  colore d i s a  pizz a o r  a  quarter . 
Thi s i s a  rathe r  stric t  tes t  o f  theory-us e an d m a y no t 
represen t  a  naturalisti c situatio n i n whic h t o tes t  th e 
influenc e o f  speed . 

Mor e recen t  studie s hav e suggeste d tha t  theory-base d 
categorizatio n m a y b e a t  leas t  a s fas t  a s (an d perhap s a s 
automati c as)  similarity-base d categorization .  Fo r  example , 
Li n an d Murph y (1997 )  pitte d perceptua l  similarit y agains t 
knowledg e o f  a n object' s functio n durin g speede d 
categorization .  Fo r  instance ,  a n objec t  wit h a  loo p wa s 
eithe r  describe d a s a  too l  use d t o hun t  animal s wher e th e 
loo p i s place d aroun d th e animal' s neck ,  o r  a  pesticid e 
spraye r  wher e th e loo p wa s use d t o han g i t  whe n no t  i n use . 
Thus ,  th e loo p shoul d hav e bee n viewe d a s centra l  t o th e 
categor y i n th e forme r  conditio n an d mor e periphera l  i n th e 
latte r  condition .  Eve n whe n categor y response s ha d t o b e 
made withi n a  one-secon d deadline ,  o r  whe n th e pictur e o f 
th e objec t  t o b e categorize d wa s presente d fo r  onl y 50m s 
and the n masked ,  subject s continue d t o b e influence d b y 
domai n knowledg e (e.g. ,  th e object' s describe d function) . 

Palmer i  an d Blaloc k (2000 )  reporte d a  simila r  patter n o f 
results .  Extendin g th e findings  o f  Wisnewsk i  an d Medi n 
(1994) ,  the y ha d subject s categoriz e drawing s supposedl y 
draw n b y childre n describe d a s eithe r  "creative "  o r  "non -
creative. "  Subject s wer e abl e t o categoriz e usin g thi s 
backgroun d knowledg e (e.g. ,  b y th e amoun t  o f  emotiona l 

expression )  eve n w h e n th e picture s wer e show n fo r  onl y 
200m8.  Thei r  stud y demonstrate d tha t  theory-us e di d no t 
requir e length y period s o f  reflection . 

Th e mai n goa l  o f  th e curren t  stud y wa s t o buil d upo n 
thes e recen t  findings  an d t o examin e speede d theory-base d 
categorizatio n a t  a  finer  level .  A s a  specifi c  tes t  o f  th e 
theory-base d vie w w e hav e chose n t o examin e th e causa l 
statu s hypothesi s (CSH ;  Ahn ,  K im ,  Lassaline ,  &  Dennis , 
2000 ;  Ahn ,  1998) .  Thi s hypothesi s wa s develope d i n 
respons e t o th e vali d criticism s tha t  specifi c  mechanism s 
underlyin g theory-base d categorizatio n ha d no t  bee n 
explicated .  C S H state s tha t  feature s o f  a n objec t  tha t  ac t  a s 
cause s i n one' s domai n theor y ar e mor e importan t  tha n 
feature s tha t  ac t  a s effects ,  ceteri s paribus .  Thi s measure , 
referre d t o a s causa l  depth ,  make s explici t  w h y som e 
feature s ar e mor e centra l  t o one' s theor y tha n others . 

As a  tes t  o f  th e C S H ,  A h n e t  al .  (2000 )  provide d subject s 
wit h nove l  categorie s tha t  possesse d feature s a t  differen t 
causa l  depths .  W h e n aske d t o classif y possibl e categor y 
members ,  eac h o f  whic h wa s missin g a  singl e characteristi c 
feature ,  subject s rate d thos e missin g a n eflfec t  featur e a s a 
bette r  categor y m e m b er  tha n thos e missin g a  caus e feature . 
I n th e curren t  stud y w e employe d a  simila r  methodolog y t o 
tes t  di e effect s o f  tim e pressur e o n th e causa l  statu s effec t 

Experiment 1 

M e t h o d 

Adaptin g th e paradig m fro m A h n e t  al .  (2000) ,  ou r  stimul i 
consiste d o f  fou r  fictional  animal s (se e Fig .  1) .  Eac h anima l 
was describe d a s possessin g thre e features .  Th e feature s 
wer e describe d a s havin g a  causa l  chai n structur e suc h tha t 
featur e A  cause s featur e B ,  an d featur e B  cause s featur e C . 

I t  i s  crucia l  t o ensur e that ,  i n th e absenc e o f  causa l 
information ,  th e thre e feature s di d no t  var y i n salience . 
Otherwise ,  an y obtaine d causa l  statu s effec t  coul d no t  b e 
solel y attribute d t o th e causa l  backgroun d knowledg e bu t 
coul d instea d b e attribute d t o som e othe r  facto r  (e.g. , 
physiologica l  featur e versu s behaviora l  feature) .  T o 
eliminat e thi s possibilit y  w e pre-teste d th e stimul i  o n a 
separat e se t  o f  subjects ,  usin g th e anima l  description s 
withou t  th e explici t  causa l  information .  Subject s wer e the n 
aske d t o rat e th e likelihoo d o f  categor y membershi p o f  item s 
missin g a  singl e featur e (se e Fig .  2) .  Th e result s o f  thi s pre -
tes t  showe d n o significan t  difference s betwee n th e rating s o f 
item s missin g th e first  feature ,  item s missin g th e secon d 
feature ,  an d item s missin g th e thir d featur e (al l  p's>.4) . 
Thus ,  w e conclude d tha t  th e feature s wer e equate d fo r  a 
prior i  strength . 

I n th e categorizatio n task s use d b y A h n e t  al .  (2000) , 
subject s wer e allowe d t o vie w th e anima l  description s 
(alon g wit h th e causa l  structur e information )  whil e the y 
wer e makin g thei r  categor y judgments .  T o allo w fo r 
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speede d responses ,  subject s i n ou r  stud y wer e instea d 
require d t o lear n an d memoriz e th e fou r  animals ,  thei r 
features ,  an d th e causa l  relation s betwee n th e features . 
First ,  subject s wer e give n th e opportunit y t o stud y th e 
descriptio n o f  eac h anima l  a t  th e beginnin g o f  th e 
experiment .  Whil e studyin g eac h descriptio n subject s wer e 
instructe d t o "writ e abou t  ho w yo u thin k eac h featur e cause s 
th e next, "  i n a n attemp t  t o forc e subject s t o thin k causall y 
abou t  th e feature s (instea d o f  a s a  simpl e ordere d list) .  T o 
hel p subject s furthe r  lear n th e items ,  the y wer e the n 
presente d wit h 6  block s o f  trials ,  durin g whic h the y wer e 
prompte d wit h th e nam e o f  on e o f  th e animal s an d wer e 
require d t o selec t  (usin g a  mouse-click )  th e feature s o f  tha t 
anima l  from  a n arra y containin g th e feature s o f  al l  4 
animals .  The y wer e require d t o selec t  thos e feature s i n th e 
appropriat e causa l  order .  Successfull y respondin g t o th e 
entir e se t  o f  animal s twic e allowe d subject s t o mov e o n t o 
th e nex t  block .  I n th e firs t  tw o block s response s wer e 
unspeeded ,  whil e i n th e las t  fou r  block s response s ha d S -
secon d deadline s (an y respons e no t  meetin g th e deadlin e 
was counte d a s incorrect) .  Thi s speeded-leamin g procedur e 
was adde d s o tha t  th e nove l  causa l  backgroun d knowledg e 
woul d b e sufficientl y internalized ,  thereb y approximatin g 
real-lif e la y theories .  I n addition ,  o n hal f  o f  th e blocks , 
subject s wer e aske d fo r  th e causa l  relation s i n th e forwar d 
orde r  (e.g .  A ,  B ,  C )  an d o n th e othe r  hal f  i n th e backwar d 
orde r  (e.g .  C ,  B ,  A ) .  Th e orde r  manipulatio n alternate d 
acros s block s an d subjects ,  alway s begirmin g wit h a  forwar d 
block . 

K e h o e s 

hav e a  smal l  hear t 

hav e a  l o w b o d y t e m p 

hibernate in winter 

Figur e 1 :  A  sampl e anima l  wid i  causa l  link s 

Once subjects completed these six blocks they proceeded 
t o th e experimenta l  transfe r  task .  Subject s wer e presente d 
wit h item s missin g a  singl e featur e an d wer e aske d t o rat e 
th e likelihoo d tha t  th e ite m belonge d t o it s targe t  categor y 
on a n 8-poin t  scal e (wid i  1  bein g "Definitel y Unlikely "  t o 8 
bein g "Definitel y Likely") .  Feature s o f  eac h transfe r  ite m 
wer e presente d i n a  tria d a s show n i n Figur e 2 ,  wit h th e 
positio n o f  th e feature s randomized . 

Ther e wer e 4  block s o f  trial s i n th e transfe r  task .  I n tw o 
of  th e blocks ,  subject s wer e instructe d t o answe r  a s quickl y 
as possible .  I n th e othe r  tw o blocks ,  the y wer e tol d t o tak e 
as muc h tim e a s needed .  Th e spee d conditio n alternate d 
acros s block s an d wa s coimterbalance d acros s subjects . 

For  th e unspeede d trial s w e expecte d t o find  result s 
simila r  t o thos e o f  Ah n e t  al .  (2000) .  Tha t  is ,  item s missin g 
th e termina l  effec t  featur e shoul d b e rate d a s mor e likel y 
categor y member s tha n thos e missin g th e initia l  caus e 
feature .  Th e critica l  questio n wa s whethe r  thi s causa l  statu s 
effec t  woul d disappea r  durin g th e speede d trials ,  a s 
suggeste d b y Smit h an d Sloma n (1994) . 

K e h o e ? 

does not have a low body temp 

has a small heart hibernates in winter 

Figur e 2 :  A  sampl e transfe r  ite m from  Experimen t  1 

Result s an d Discussio n 

Befor e analyzin g th e subjects '  categor y ratings ,  w e verifie d 
th e instructiona l  spee d manipulation .  Th e RT s i n th e 
speede d block s ( M =  1560ms )  wer e indee d significantl y 
faste r  tha n th e RT s i n th e unspeede d block s ( M =  3202ms) , 
p<.05 ,  Tukey' s H S D . 

D Missing First Feature 
o 1  B  Mjssin g Secon d Featur e 

I  Missin g Thir d Featur e 

i ^ 

Speede d Unspeede d 

Figur e 3 :  Result s from  Experimen t  1 

The results for subjects' categorization responses are 
summarize d i n Figur e 3 .  A  2  (spee d condition :  speede d vs . 
unspeeded )  X  3  (ite m type :  missin g first  featur e vs .  missin g 
secon d featur e vs .  missin g thir d feature )  repeate d measure s 
A N O VA wa s performe d o n th e date .  W e observe d a 
significan t  mai n effec t  o f  ite m type ,  F(2 ,  56)=22.69 , 
p<.0001 ,  demonstratin g tha t  subject s categorize d i n 
accordanc e wit h th e causa l  statu s hypothesis .  I n addition , 
we observe d n o mai n effec t  o f  speed ,  F(l,28)=2.89 ,  p>.05 , 
and th e spee d X  ite m typ e interactio n wa s als o no t 
significant ,  F(2,56)=1.03 ,  p>.05 . 
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Planne d comparison s wer e carrie d ou t  t o examin e 
difTerence s betwee n ite m types .  I n bot h th e speede d an d 
unspeede d condition s item s missin g th e thir d featur e wer e 
rate d significantl y highe r  tha n thos e missin g th e firs t  o r 
secon d feature s (p's<.05 ,  Tukey' s H S D ) .  Th e differenc e 
betwee n item s missin g th e firs t  featur e an d thos e missin g 
th e secon d featur e wa s no t  significan t  (p's>.05 ,  Tukey' s 
H S D ) ,  possibl y becaus e th e secon d featur e als o serve d a s a 
caus e o f  anothe r  feature ,  makin g th e differenc e betwee n th e 
firs t  an d th e secon d featur e les s pronounce d (se e als o K i m 
and Ahn ,  2002) . 

Overall ,  thes e result s demonstrat e tha t  i t  i s  possibl e t o 
categoriz e usin g causa l  knowledg e eve n whe n tim e fo r 
length y reflectio n i s no t  allowed .  I t  i s  temptin g t o contras t 
our  finding s wit h thos e o f  Smit h an d Sloma n (1994) .  I n 
diei r  experiment ,  subject s neede d unspeede d condition s an d 
t o tal k alou d whil e makin g th e judgmen t  i n orde r  t o 
demonstrat e theory-base d behavior .  I t  i s  possibl e tha t  th e 
paradig m use d b y Rip s (1989 )  an d Smit h an d Sloma n 
(1994 )  create d a  situatio n i n whic h theory-us e wa s mor e 
difficul t  t o appl y tha n ou r  situatio n (se e above) . 
Nevertfieless ,  ou r  finding s clearl y questio n th e assertio n tha t 
theory-us e i s relegate d t o situation s i n whic h reflectio n an d 
analyti c though t  i s permitted . 

Experiment 2 

I n Experimen t  1 ,  subject s wer e simpl y aske d t o respon d a s 
quickl y a s possibl e t o th e "speeded "  items .  Give n thi s 
freedom,  som e subject s responde d ver y quickl y bu t  other s 
responde d significantl y mor e slowly .  Althoug h th e spee d 
manipulatio n w e use d i n Experimen t  1  i s naturalistic ,  i n tha t 
participant s carrie d ou t  wha t  the y though t  t o b e a  rapi d 
decisio n makin g process ,  forcin g participant s t o respon d 
withi n a  specifi c  deadlin e woul d ensur e unifor m tim e 
pressur e acros s al l  subjects .  Therefore ,  i n Experimen t  2 ,  w e 
impose d stricte r  contro l  ove r  subjects '  respons e time s b y 
enforcin g deadline s o n thei r  categor y decisions . 

One methodologica l  complicatio n wit h establishin g 
appropriat e respons e deadline s i s tha t  i t  i s  difficul t  t o 
determin e beforehan d whethe r  a  particula r  deadlin e i s shor t 
enoug h t o challeng e th e categorizatio n syste m bu t  no t  s o 
shor t  a s t o mak e accurat e response s impossible .  Tha t  is ,  i f 
th e speede d conditio n doe s no t  sho w th e causa l  statu s effect , 
i t  ca n b e becaus e theory-base d reasonin g doe s no t  tak e plac e 
durin g rapi d categorizatio n o r  becaus e th e deadlin e i s to o 
shor t  t o produc e an y reasonabl e responses . 

For  thi s reason ,  w e als o teste d whethe r  similarit y 
informatio n coul d b e use d unde r  simila r  deadlines .  B y 
testin g bot h kind s o f  knowledge ,  th e casua l  statu s effect s 
ca n b e compare d t o similarity-base d categorizatio n a t  eac h 
deadline .  I n thi s w a y i t  ca n b e inferre d whethe r  an y 
breakdow n o f  th e causa l  statu s effec t  i s  du e t o th e inabilit y 
t o complet e th e processe s necessar y fo r  theory-base d 

categorizatio n o r  i f  reasonabl e response s a t  tha t  deadlin e ar e 
impossibl e fo r  bot h kind s o f  categorization . 

Similarit y i s frequentl y calculate d base d o n h o w m a n y 
attribute s a n ite m ha s i n c o m m o n wit h othe r  member s o f  th e 
categor y (e.g. ,  Tversky ,  1977) .  Therefore ,  a s a  similarity -
base d determinan t  fo r  featur e weighting ,  w e manipulate d 
th e relativ e bas e rate s o f  eac h featur e withi n a  categor y (i.e. , 
what  percentag e o f  categor y member s posses s a  feature) ,  a 
measur e als o k n o w n a s categor y validity .  I n fact ,  categor y 
validit y ha s bee n show n t o b e positivel y correlate d wit h 
typicalit y rating s (Rosc h &  Mervis ,  1975) . 

Experimen t  2  contain s a  similarit y conditio n tha t  provide s 
categor y validit y informatio n i n m u c h th e sam e w a y causa l 
informatio n w a s provide d i n Experimen t  1 .  Usin g thi s 
conditio n a s a  poin t  o f  comparison ,  an d wit h di e additio n o f 
stric t  respons e deadlines ,  w e hop e t o provid e a  m o r e 
rigorous  tes t  o f  th e causa l  statu s effec t  unde r  speede d 
conditions . 

Methods 

Subjects in the Causal condition were given the same 
stimul i  an d accompanyin g causa l  informatio n a s use d i n 
Experimen t  1 .  Subject s i n th e Base-Rat e conditio n wer e 
give n th e sam e stimul i  bu t  wer e instea d give n informatio n 
abou t  th e relativ e bas e rate s o f  eac h feature .  Thus ,  eac h 
categor y wa s describe d a s havin g thre e feature s (e.g .  A ,  B , 
an d C )  suc h tha t  1 0 0 % o f  categor y member s possesse d 
featur e A ,  8 0 % o f  possesse d featur e B ,  an d 6 0 % possesse d 
featur e C .  I n ou r  parlance ,  th e Causa l  conditio n represent s a 
theory-base d situatio n wherea s th e Base-Rat e conditio n 
represent s a  similarity-base d situation .  Parallelin g th e 
result s o f  Experimen t  1 ,  item s i n th e Base-Rat e conditio n 
missin g th e thir d (60% )  featur e shoul d b e rate d a s bette r 
categor y member s thos e missin g th e firs t  (100% )  feature . 
Thi s i s becaus e thos e missin g th e thir d featur e shar e mor e 
feature s wit h mor e categor y member s tha n thos e missin g th e 
firs t  feature . 

The learnin g phas e fo r  th e Causa l  conditio n wa s identica l 
t o tha t  use d i n Experimen t  1 .  Subject s i n th e Base-Rat e 
conditio n di d no t  hav e t o generat e explanation s bu t  instea d 
categorize d exemplar s int o on e o f  th e fou r  anima l 
categories .  Fo r  thi s task ,  eac h exempla r  alway s possesse d 
th e firs t  featur e o f  it s  category ,  possesse d th e secon d featur e 
on 8 0 % o f  th e trials ,  an d th e thir d featur e 6 0 % o f  th e tim e 
(thu s mirrorin g th e state d bas e rates) .  W h e n a  give n featur e 
di d no t  appea r  i n a n exemplar ,  a  featur e fro m on e o f  th e 
othe r  animal s wa s substituted .  Feedbac k wa s give n afte r 
eac h trial . 

Block s o f  3 0 suc h trial s alternate d wit h block s o f  th e 
"selectio n task "  use d i n th e Causa l  condition .  Th e onl y 
differenc e w a s tha t  feature s wer e selecte d i n a n orde r 
(forwar d o r  backwards )  dictate d b y thei r  bas e rat e rathe r 
tha n thei r  positio n i n th e causa l  chain . 
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Th e transfe r  phas e fo r  bot h condition s wa s nearl y 
identica l  t o tha t  use d i n Experimen t  1  excep t  fo r  a  modifie d 
spee d manipulation .  Instea d o f  a n instructio n t o respon d 
quickly ,  Experimen t  2  employe d a  signal-to-respon d 
techniqu e (Lamberts ,  1998) .  Thus ,  eac h tria l  presente d th e 
featur e tria d (Fig .  2 )  fo r  a  specifie d duratio n (se e below) . 
W h en th e tria d wa s remove d from  th e scree n subject s mad e 
thei r  response .  I f  a  respons e wa s mad e mor e tha n 300m s 
afte r  th e disappearanc e o f  th e triad ,  subject s wer e tol d t o 
respon d mor e rapidly . 

Ther e wer e fou r  block s o f  trials .  Eac h bloc k use d on e o f 
fou r  presentatio n duration s (1500ms ,  750ms ,  500ms ,  an d 
300ms) .  Thes e block s wer e ordere d randoml y fo r  eac h 
subject . 

6 -, • Missing First Feature 
T Missin g Firs t  Featur e 

1500ms 750m s 500m s 300m s 
Respons e Deadlin e 

Figur e 4 :  Result s from  Causa l  Conditio n 

Results and Discussion 

The result s from  th e categorizatio n tosk  ca n b e see n i n 
Figure s 4  an d 5 .  A  2  (knowledg e condition :  Causa l  vs . 
Base-Rate )  X  4  (spee d condition :  1500m s vs .  750m s vs . 
500ms vs .  300ms )  X  2  (ite m type :  missin g firs t  featur e vs . 
missin g third )  A N O V A wa s performe d wit h repeate d 
measure s o n th e latte r  tw o factors .  W e observe d a 
significan t  mai n effec t  o f  ite m type ,  F(l ,  58)=15.14 , 
p<.0005 ,  tha t  di d no t  interac t  wit h knowledg e condition , 
F<I ,  demonstratin g tha t  bot h backgroun d condition s ha d th e 
predicte d effec t  o n categorizatio n behaviors .  N o significan t 
mai n effec t  o f  spee d wa s observed ,  F(3 ,  174)=1.88 ,  p>.05 , 
but  thi s mai n effec t  mus t  b e interprete d i n ligh t  o f  a 
significan t  interactio n betwee n spee d an d ite m type ,  F(3 , 
174)=6.26 ,  p<.001 ,  whic h wil l  b e furthe r  examine d below . 
No significan t  mai n effec t  o f  backgroun d conditio n wa s 
observed ,  F(l ,  58)=3.43 ,  p>.05 ,  an d thi s facto r  di d no t 
interac t  wit h eithe r  o f  th e othe r  tw o factors .  Th e three-wa y 
interactio n betwee n backgroun d condition ,  speed ,  an d ite m 
typ e als o faile d t o reac h significance ,  F(3 ,  174) = 1.93 ,  p>.05 . 

Planne d comparison s wer e carrie d ou t  t o determine  a t 
what  respons e deadline s th e backgroun d informatio n ha d a 

significan t  effec t  o n categorization .  Fo r  simplicity ,  w e onl y 
repor t  comparison s betwee n item s missin g th e firs t  featur e 
and thos e missin g th e third ,  th e difference s tha t  C S H 
predict s t o b e th e largest .  Fo r  th e Base-Rat e condition , 
item s missin g th e firs t  (100% )  featur e significantl y differe d 
from  item s missin g th e thir d (60% )  featur e i n th e 1500m s 
condition ,  t(29)-3.43 ,  p<.005 ,  an d th e 750m s condition , 
t(29)-2.41 ,  p<.05 ,  bu t  no t  i n th e 500ms ,  t(29)=.3 ,  p>.05 ,  o r 
300ms,  t(29)=1.59 ,  p>.05 ,  conditions .  I n th e Causa l 
condition ,  item s missin g th e firs t  (initia l  cause )  featur e 
differe d from  thos e missin g th e thir d (termina l  effect ) 
featur e i n th e 1500ms ,  t(29)=2.22 ,  p<.05 ,  th e 750ms , 
t(29)-2.86 ,  p<.01 ,  an d th e 500m s conditions ,  t(29)=2.06 , 
p<.05 ,  bu t  no t  th e 300m s condition ,  t(29)=.81 ,  p>.05 . 

6 -, D Missing First Feature 
•  Missin g Thir d Featur e 

1500ms 750m s 500m s 
Respons e Deadlin e 

300ms 

Figur e 5 :  Result s from  Base-Rat e conditio n 

In light of these results, it is clear that theory-driven 
causa l  knowledg e ca n b e utilize d t o categoriz e stimul i  unde r 
eve n faste r  condition s tha n thos e create d i n Experimen t  1 . 
Subject s i n thi s experimen t  wer e abl e t o categoriz e 
accordin g t o thei r  theor y eve n whe n allowe d onl y 800m s t o 
vie w th e exempla r  an d mak e a  response .  Thi s i s impressiv e 
considerin g tha t  thi s conditio n wa s 200m s conditio n faste r 
tha n th e speede d conditio n use d b y Li n an d Murph y (1997 ; 
Experimen t  4 )  -  thei r  stimul i  wer e picture s wherea s our s 
wer e verba l  descriptions .  Furthermore ,  ou r  result s indicat e 
tha t  th e bas e rat e information ,  whic h ha s bee n considere d a 
ke y determinan t  o f  similarit y (Rosc h &  Mervis ,  1975) ,  di d 
not  resul t  i n differentia l  response s unde r  thi s deadline .  Th e 
result s take n togethe r  provid e stron g evidenc e tha t  theory -
base d categorizatio n canno t  b e slowe r  tha n similarity-base d 
categorization . 

Conclusion 

Th e curren t  experiment s demonstrate d tw o importan t 
fmdings :  First ,  theory-base d categorization ,  a s measure d b y 
th e causa l  statu s effect ,  di d no t  necessaril y  requir e excessiv e 
period s o f  deliberatio n i n orde r  t o exer t  a n influenc e o n 
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behavior .  Second ,  th e latencie s a t  whic h theory-us e i t 
possibl e ar e comparabl e t o thos e o f  similarity-use .  Thes e 
findings  bolste r  th e ide a tha t  us e o f  similarit y i s no t 
necessaril y  mor e primar y tha n theory-use .  Instead ,  i t 
appear s tha t  people' s us e o f  theorie s an d similarit y ma y b e 
inexorabl y intertwined ,  no t  jus t  durin g developmen t  (Keil , 
ct  al. ,  1998 )  bu t  durin g th e cours e o f  a  singl e categor y 
decisio n a s well . 

One ope n questio n concern s th e typ e o f  reasonin g tha t 
take s plac e whe n subject s actuall y categoriz e transfe r  items . 
W as an y causa l  reasonin g takin g plac e durin g th e transfe r 
tasks ,  o r  wer e subject s simpl y retrievin g pre-compile d 
notion s abou t  featur e importanc e derive d durin g learning ? 
Futur e studie s o n thi s issu e wil l  hel p u s develo p mor e 
detaile d processin g accoimt s o f  theory-base d categorization . 
The curren t  results ,  a t  th e ver y least ,  clearl y demonstrat e 
tha t  previousl y acquire d causa l  knowledg e influence s late r 
categorizatio n judgment s eve n whe n rapidl y categorizin g 
objects . 
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Abstrac t 

H ow doe e th e existenc e o f  cas e systems ,  an d stric t 
wor d orde r  pattern s affec t  th e learnabilit y  o f  a  give n 
language ? W e presen t  a  serie s o f  connectionis t  sim -
ulations ,  suggestin g tha t  bot h cas e an d stric t  wor d 
orde r  ma y facilitat e syntacti c acquisitio n b y a  se -
quentia l  learnin g device .  Ou r  result s ar e consis -
ten t  wit h typtologica l  dat a concernin g th e frequen-
cie s wit h whic h differen t  typ e o f  wor d orde r  pat -
tern s occu r  acros s th e language s o f  th e world .  Ou r 
model  als o accommodate s pattern s o f  syntacti c de -
velopmen t  acros s sever« J differen t  languages .  W e 
conclud e tha t  non-linguisti c constraint s o n genera l 
sequential-learnin g device s ma y hel p explai n th e re -
lationshi p betwee n case ,  wor d order ,  an d learnabil -
it y  o f  individua l  languages . 

I n t r o d u c t i o n 

In language acquisition, children are faced with 
m a ny formidabl e tasks ,  ye t  the y normall y acquir e 
most  o f  thei r  nativ e languag e withi n th e first  fiv e 
year s o f  life .  O n e o f  th e mos t  difficul t  o f  thes e task s 
involve s mappin g a  sequenc e o f  word s ont o som e sor t 
of  interpretatio n o f  wha t  tha t  sequenc e i s suppose d 
t o mean .  Tha t  is ,  i n orde r  fo r  th e chil d t o under -
stan d a  sentence ,  sh e need s t o determin e th e gram -
matica l  role s o f  th e individua l  word s s o tha t  sh e ca n 
wor k ou t  w h o di d wha t  t o w h o m .  Althoug h th e chil -
dre n appea r  t o brin g powerfu l  statistica l  learnin g 
mechanism s t o bea r  o n th e acquisitio n task s (e.g. , 
Saffi-an ,  Aslin ,  k  Newpor t  1996) ,  th e existenc e o f 
linguisti c universal s c o m m o n acros s radicall y differ -
ent  language s (Greenber g 1963 )  point s t o th e pres -
enc e o f  iimat e constraint s o n suc h learning .  Withou t 
suc h constraints ,  i t  become s difficul t  t o explai n w h y 
ther e ar e few ,  i f  any ,  Object-Subject-Ver b ( O S V ) 
language s (va n Everbroeck ,  1999 )  eve n thoug h i n 
principl e suc h a  languag e appear s t o b e a s goo d a s 
an y other .  I n thi s paper ,  w e propos e tha t  thes e con -
straint s m a y aris e fro m non-linguisti c limitation s o n 
th e sequentia l  learnin g o f  statistica l  structure ,  an d 
examin e ho w thi s perspectiv e m a y she d ligh t  o n ho w 
childre n lear n t o m a p th e word s i n sentence s ont o 
thei r  appropriat e grammatica l  roles .  Ther e ar e tw o 
majo r  way s i n whic h language s signa l  syntacti c rela -
tionship s an d grammatica l  roles—wor d orde r  ( W O ) , 

an d cas e markings .  I n a  stric t  W O languag e lik e En -
glish ,  declarativ e sentence s follo w a  Subject-Verb -
Objec t  ( S V O )  pattern .  I t  i s  th e occurrenc e o f  th e 
subjec t  i n th e firs t  position ,  an d th e objec t  i n th e 
second ,  tha t  allow s th e heare r  t o comprehen d w h o 
di d wha t  t o w h o m .  I n contrast ,  language s suc h a s 
Russia n o r  Japanes e allo w multipl e wor d order s an d 
rel y o n cas e marking s t o disambiguat e subject s hor n 
objects .  Fo r  instance ,  Maah a lubi t  Petyo o (SVO) , 
Petyo o lubi t  Mash a (OVS) ,  an d Lubi t  Petyo o Mash a 
(VOS)  ar e al l  grammatica l  i n Russia n an d al l  mea n 
Mar y love s Pete r  (albei t  wit h differen t  emphase s o n 
th e constituents) ,  du e t o th e nominativ e -o ,  an d £ic -
cusativ e - u cas e markers . 

While long-standing theories describe acquisition 
of  languag e throug h a n irmat e languag e acquisitio n 
devic e (e.g. .  Pinker ,  1995) ,  a n alternativ e approac h 
tha t  i s gainin g groun d i s th e adaptatio n o f  linguisti c 
structure s t o th e h u m a n brai n rathe r  tha n vic e vers a 
(e.g. ,  Christiansen ,  1994 ;  Kirby ,  1998) .  O n thi s ac -
count ,  languag e universal s m a y reflec t  non-linguisti c 
cognitiv e constraint s o n learnin g an d processin g o f 
sequentia l  structure ,  rathe r  tha n constraint s pre -
scribe d b y a n innat e universa l  grammtir .  Previ -
ous wor k ha s show n tha t  sequential-learnin g device s 
wit h n o language-specifi c  biase s ar e bette r  abl e t o 
lear n mor e universa l  aspect s o f  languag e a s com -
pare d t o aspect s encoimtered  i n rar e language s (e.g. , 
Ellefso n &  Christiansen ,  2000 ;  Christianse n &  De -
vlin ,  1997 ;  Va n Everbroeck ,  1999 ,  2001) . 

Here, we examine the ways in which case markings 
an d wor d orde r  m a y functio n a s cue s fo r  a  sequen -
tia l  learnin g devic e acquirin g syntacti c structure .  I n 
simulatio n 1 ,  w e mode l  differen t  wor d orders ,  an d 
hypothesiz e tha t  typologicall y c o m m o n language s 
shoul d b e easie r  t o lear n b y a  sequential-learnin g 
devic e tha n th e mor e rar e ones .  W e expan d o n thi s 
ide a i n simulatio n 2  b y studyin g th e performanc e o f 
network s traine d o n language s o f  varyin g degree s o f 
cas e marking s an d flexibility.  Finally ,  i n simulatio n 
3,  w e establis h tha t  ou r  traine d network s ar e abl e 
t o mimi c syntacti c performanc e o f  childre n learn -
in g English ,  Italian ,  Turkish ,  an d Serbo-Croatia n 
(Slobi n an d Bever ,  1982) . 
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Acqu is i t io n o f  W o r d O r d e r 

Generativ e linguist s hav e lon g relie d o n paramete r 
settin g t o explai n ho w childre n acquir e th e distinc t 
pattern s o f  thei r  nativ e language .  Fo r  instance ,  i t 
has bee n assume d tha t  th e wa y a  chil d know s t o 
generat e S V O an d no t  S O V Englis h sentence s i s 
throug h th e settin g o f  a  V O / O V paramete r  (Neele -
man,  1994) .  Thi s accoun t  ha s bee n imsatisfactor y 
becaus e i t  doe s no t  accoun t  fo r  man y observe d cor -
relations ;  fo r  instance ,  O V language s typicall y hav e 
flexibl e wor d order s (Koster ,  1999) .  Mor e generally , 
paramete r  theor y ha s bee n largel y unabl e t o accoun t 
fo r  th e asymmetrie s an d pattern s i n th e distributio n 
of  worl d languages .  Why ,  fo r  instance ,  ar e th e mos t 
common wor d order s SOV,  S V O ,  an d V S O (Green -
ber g 1963 :  Universa l  1) ? W h y d o verb-fina l  lan -
guage s almos t  alway s hav e a  cas e syste m (Greenber g 
1963 :  Universa l  41) ? An d eve n mor e fundamentally , 
why d o cas e language s hav e flexibl e wor d order s t o 
begi n with ? I t  i s  ou r  positio n tha t  thes e observation s 
ca n b e a t  leas t  partiall y  accounte d fo r  b y examinin g 
th e leamabilit y  o f  language s fro m th e viewpoin t  o f 
sequentia l  learning . 

Generativ e linguistic s als o leave s largel y unex -
plaine d th e proces s childre n us e t o actuall y se t  th e 
parameters .  Wit h regar d t o wor d orders ,  a n ex -
planatio n espouse d b y Pinke r  (e.g. ,  1995 )  involve s 
th e so-calle d Subse t  Principle .  Accordin g t o th e 
Subse t  Principle ,  childre n tak e th e mos t  conserva r 
tiv e strateg y an d so ,  b y default ,  assum e a  fixe d or -
der .  Alternativ e wor d order s ar e onl y accepte d i f 
a chil d i s expose d t o thes e orders ,  a t  whic h tim e a 
fre e wor d orde r  paramete r  get s switche d on .  Unde r 
thi s assumption ,  F W O language s ar e predicte d t o b e 
more difficul t  t o leeirn .  Althoug h th e ide a tha t  al l 
language s ar e initiall y  approache d a s havin g stric t 
word-orde r  ( S W O )  wa s popula r  i n th e sixtie s an d 
seventie s (Slobin ,  1966) ,  Slobi n an d Beve r  (198 2 con -
clud e tha t  th e primac y assigne d t o wor d orde r  wa s 
undul y influence d b y language s suc h a s English . 

Ther e i s ampl e evidenc e tha t  childre n learnin g 
a stric t  word-orde r  languag e suc h a s EngUs h neve r 
lea p t o th e conclusio n tha t  i t  i s  a  free-wor d orde r  lan -
guag e (Pinke r  1995) .  Whil e Pinke r  ha s use d thi s ev -
idenc e fo r  reinforcin g parameter-setting—th e reaso n 
childre n neve r  lea p t o suc h conclusion s i s becaus e a 
word-orde r  paramete r  ha s bee n set—w e sugges t  a n 
alternativ e explanation .  Simply ,  childre n learnin g 
Englis h generall y d o no t  produc e non-SV O sentence s 
becaus e non-SV O sentence s ar e incomprehensibl e i n 
English .  I n th e absenc e o f  cas e markings .  Kicke d 
Joh n Bil l  i s  ambiguou s a s t o wh o di d th e kicking . 
Childre n learnin g English ,  us e th e statistica l  prop -
ertie s o f  th e languag e t o lear n tha t  wor d orde r  i s a  re -
liabl e cu e t o syntacti c relationships .  Childre n learn -
in g a  case-base d languag e suc h a s Russian ,  mak e a 
simila r  observatio n abou t  cas e markings .  Thi s vie w 
obviate s th e nee d fo r  a  defaul t  strategy .  Wha t  i s 
importan t  i s  tha t  ther e exis t  som e se t  o f  cue s t o in -

dicat e syntacti c relationships—ther e i s nothin g in -
herentl y specia l  abou t  wor d orde r  o r  cas e markings . 
I n short ,  w e posi t  tha t  a  majo r  reaso n fo r  th e ob -
servabl e asymmetrie s amon g th e world' s language s 
i s tha t  certai n pattern s mak e a  languag e mor e eas -
il y  learnabl e b y a  genera l  sequential-learnin g device , 
ensurin g th e proliferatio n o f  suc h a  languag e i n th e 
human population . 

Simulation 1: Exploring the 

Learnabi l i t y  o f  C a s e a n d W o r d O r d e r 

I n th e vie w tha t  th e frequenc y o f  certai n W Os i s 
correlate d wit h thei r  learnability ,  w e hypothesize d 
tha t  typologicall y rar e language s wil l  b e mor e dif -
ficult  t o lear n b y a  sequential-learnin g devic e tha n 
th e mor e commo n languages .  T o tes t  thi s predic -
tion ,  w e traine d simpl e recurren t  network s (SRNs : 
Elman ,  1990 )  o n a  tota l  o f  1 4 artificia l  grammars , 
reflectin g th e 6  possibl e stric t  wor d order s ( S W O ) 
and a  flexible  wor d orde r  ( F W O ) ,  wit h o r  withou t 
th e presenc e o f  cas e markings . 

Method 

Network s Te n SRNs wer e use d i n eac h condition . 
The network s wer e initialize d wit h rando m weight s 
i n th e interva l  [-0.1 ,  0]. ^  Eac h inpu t  t o th e net -
work s consiste d o f  a  distribute d representatio n o f  a 
word ,  splice d wit h a  cas e marker .  Word s wer e rep -
resente d b y 20-uni t  randoml y generate d bit-vectors . 
Althoug h som e vector s wer e boun d t o b e clos e i n th e 
representatio n space ,  rando m assignmen t  t o word s 
assure d tha t  an y suc h interactio n woul d no t  bia s th e 
results .  Havin g word s represente d b y rando m vec -
tor s ma y see m od d considerin g th e comple x phonol -
ogy tha t  underlie s huma n languages .  However ,  fo r 
presen t  purpose s suc h a  representatio n seem s t o 
wor k jus t  a s wel l  a s phonologica l  (e.g. ,  va n Ever -
broec k 2001) ,  whil e dramaticall y decreasin g train -
in g time .  Cas e marking s (nominative ,  accusative , 
dative ,  an d genitive )  wer e represente d b y a  four-bi t 
vecto r  appende d t o th e wor d vector .  Thi s mad e fo r 
a tota l  o f  2 4 inpu t  units .  Ther e wer e seve n out -
put  units ,  correspondin g t o th e grammatica l  role s 
th e networ k wa s suppose d t o predict :  subject ,  di -
rec t  object ,  indirec t  object ,  genitiv e noun ,  verb ,  o r 
end-of-sentence .  I n al l  simulations ,  th e learnin g rat e 
was se t  t o 0.1 ,  an d momen tu m t o 0.01 .  Eac h S R N 
had 3 0 hidde n unit s em d 3 0 contex t  units . 

Material s Th e lexico n containe d 30 0 noun s an d 
100 verbs .  Thi s noun-to-ver b rati o i s generall y con -
sisten t  wit h huma n language s (e.g. ,  Britis h Nationa l 
Corpus) .  Th e verb s wer e evenl y divide d int o intran -
sitive ,  transitive ,  an d ditransitiv e categories .  A s il -
lustrate d i n Tabl e 1 ,  eac h gramma r  include d thre e 

'i t  wa s foun d tha t  th e slightl y inhibitor y start -
in g weight s provide d fo r  bette r  performanc e acros s th e 
board .  A  simila r  conclusio n wa s reache d b y va n Ever -
broec k (2001) . 
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Tabl e 1 :  A  Sampl e S O V G r a m m a r  Use d t o Generat e 

TVainin g Corpor a 
Tabl e 2 :  Networ k performanc e an d Languag e Dis -
tribution s 

S - •  Intransitiv e 1.35 ]  |  TVansitiv e (.35 ]  |  Ditransitiv e [.3 ] 
Intransitiv e —» NP-no m V-intran s 
TVansitiv e —» NP-no m NP-ac c V-tran s 
Ditransitiv e —» NP-no m NP-acc  NP-da t  V-ditran s 
NP -  N  I  N  N-ge n [.25 ] 

type s o f  sentences :  intransitive ,  transitive ,  an d di -
transitive .  A  sentenc e consiste d o f  nou n phrase s 
(NP )  an d on e o f  thre e ver b classes .  Twenty-fiv e per -
cen t  o f  nou n phrase s containe d a  nou n i n th e genitiv e 
for m (e.g. ,  John' s brother .  Th e simples t  sentenc e 
generate d b y suc h a  gramma r  wa s a  simpl e intran -
sitive :  e.g. ,  Joh n walka .  Th e mos t  comple x sentenc e 
containe d 7  words :  Mary' s frien d gav e Peter' s ke y 
[to ]  John' s brother .  A  full y flexibl e gramma r  wa s 
identica l  t o th e stric t  W Os excep t  th e orde r  withi n 
eac h elemen t  wa s randoml y varie d fro m sentenc e 
t o sentence .  I n a n effor t  t o mode l  th e language s 
as naturedisticall y a s possible ,  w e modele d genitive s 
base d o n Greenberg' s (1963 )  imiversa l  2 :  i n typi -
call y prepositiona l  language s (SV O an d V S O )  gen -
itive s generall y follo w th e governin g noun ,  whil e i n 
postpositiona l  language s (SOV) ,  th e revers e i s true . 
We modele d th e remainin g thre e wor d order s wit h 
genitive s followin g th e noun .  W e als o adde d a  geni -
tiv e case-markin g t o S W O - n o cas e languages .  With -
out  this ,  i t  wa s impossibl e fo r  th e network s t o dis -
cer n governin g noun s fro m genitives .  Thi s additio n 
i s motivate d b y th e observatio n tha t  eve n normall y 
case-les s language s hav e som e for m o f  genitiv e cas e 
marking s (e.g. ,  i n EngUsh :  Mary' s house )  (va n Ever -
broeck ,  2001) . 

Procedur e W e use d a  crossove r  desig n o f  7  wor d 
order s ( 6 strict ,  an d on e flexible) ,  b y tw o cas e con -
dition s (wit h o r  withou t  case )  resultin g i n 1 4 train -
in g corpora .  Fo r  eac h condition ,  w e generate d 3,00 0 
rando m sentence s o f  th e appropriat e order .  Suc h 
a corpu s occupie s a  ver y smal l  par t  o f  th e possibl e 
sentence s tha t  ca n b e generate d b y th e corpus .  Fo r 
instance ,  9  millio n differen t  sentence s ar e possibl e fo r 
a transitiv e S O V configuratio n (30 0 x  30 0 x  100) . 

Th e network s wer e traine d fo r  100,00 0 sweep s (in -
put/outpu t  pairs) ,  correspondin g t o abou t  7  passe s 
throug h th e corpus .  Durin g eac h trainin g sweep ,  th e 
networ k wa s presente d wit h a  word ,  an d dependin g 
on th e condition ,  a  cas e marking .  A  corpu s o f  20 0 
nove l  sentence s wa s create d fo r  testing .  I n th e test -
in g corpus ,  5 0 % o f  word s wer e completel y new—ones 
t o whic h th e networ k ha s neve r  bee n exposed .  Per -
formanc e wa s measure d b y assessin g th e network' s 
abilit y  t o m a p a  give n wor d t o it s correc t  gram -
matica l  role .  Durin g testing ,  th e network' s highest -
activate d outpu t  uni t  wa s compare d t o th e expecte d 
output .  I f  th e unit s matched ,  th e wor d wa s marke d 

Word Word s Uorrec t  -  N o 
Orde r  Cas e Conditio n (% ) 

- S D V ^ 3 
V OS 8 5 
O VS 8 0 
O SV 7 4 

Flexibl e 6 5 Note .  Atteste d languag e frequencie s t 
Everbroec k (1999) . 

Atteste d htequenc y 
(%) 

51 (mos t  w/cases ) 
8 

0.7 5 
0.2 5 

0 (al l  w/caaea ) n from  Va n 

as bein g correctl y mapped . 
I t  ma y see m tha t  providin g th e network s wit h di -

rec t  mappin g fro m wor d t o grammatica l  categor y i s 
not  ecologicall y valid .  Afte r  all ,  i t  ha s lon g bee n 
recognize d tha t  kid s ar e no t  give n sufficien t  osten -
siv e cue s t o syntacti c relationship s an d wor d mean -
ings .  N o on e explain s t o th e chil d afte r  eac h encoun -
tere d sentenc e tha t  wor d A  referre d t o th e "do-er " 
and wor d B  t o th e "do-ee" .  However ,  Tomasell o 
and colleague s hav e show n tha t  childre n ar e abl e t o 
use pragmati c cue s suc h a s ey e gaz e t o hel p figur e 
out  whic h objec t  i s  bein g referre d t o (Tomasell o & 
Akhtar ,  1995) .  Twenty-fou r  mont h old s sho w un -
derstandin g o f  adul t  intention s i n inferrin g mean -
ing s o f  nove l  verb s (Tomasell o &  Barton ,  1994) ,  an d 
18-mont h ol d childre n ar e abl e t o lear n ne w word s 
i n non-ostensiv e context s (Tomasello ,  Strosberg ,  & 
Akhtar ,  1996) .  Suc h us e o f  pragmati c cue s enable s 
childre n t o m a p word s ont o meaning s an d correctl y 
infe r  wh o di d wha t  t o whom .  Considerin g tha t 
our  network s liv e i n a  purel y linguisti c world ,  th e 
metho d o f  direc t  mappin g seem s reasonable . 

Results 

Al l  network s traine d i n th e cas e conditio n wer e abl e 
t o m a p 1 0 0 % o f  th e word s t o th e correc t  categories . 
W h en cas e wa s no t  available ,  th e networ k perfor -
mance roughl y corresponde d t o atteste d languag e 
frequencie s (Tabl e 2) .  Onl y tw o caseles s W Os ob -
taine d nearl y perfec t  performance :  S V O an d V S O 
(99%) .  There ,  however ,  appear s t o b e a  discrep -
ancy .  Whil e S O V i s th e mos t  commo n W O,  i t  i s 
outperforme d b y bot h S V O an d V S O .  Accordin g t o 
Greenberg' s Universe d 41 ,  however ,  th e grea t  major -
it y o f  S O V language s hav e case ,  an d mos t  caseles s 
lemguage s tur n ou t  t o b e eithe r  S V O o r  V S O (e.g. , 
English ,  Welsh) .  Thi s finding  support s ou r  learn -
abilit y  hypothesis :  verb-fina l  language s presumabl y 
hav e a  cas e syste m becaus e rehanc e o n W O result s 
i n suboptima l  learnability . 

Th e likel y reaso n SOV-n o cas e grammar s di d no t 
achiev e perfec t  accurac y i s becaus e the y containe d 
tw o unmarke d noun s prio r  t o th e verb .  Sinc e th e 
network s lear n t o m a p differen t  type s o f  verb s t o 
differen t  eirgumen t  constructions ,  verb-fina l  gram -
mar s ar e a t  a  disadvantage—i n thes e grammar s th e 
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grammatica l  rol e tha t  provide s th e mos t  infonna -
tio n abou t  wha t  i s t o come ,  i s  receive d las t  (va n 
Everbroeck ,  2001) .  Th e poo r  performanc e o f  V O S i s 
due t o th e intervenin g indirec t  subjec t  i n ditransi -
tiv e sentences .  W e shoul d als o not e tha t  eve n thoug h 
F W O - no cas e language s perfor m poorly ,  thei r  per -
formanc e i s consistentl y abov e chance .  Thi s ca n b e 
explaine d b y th e networks '  learnin g t o m a p familia r 
verb s t o intransitive ,  transitiv e o r  ditransitiv e wor d 
schemas . 

Thes e simulatio n result s confir m th e ide a tha t 
FWO-case language s ar e n o mor e difficul t  t o lear n 
tha n c o m m o n S W O - n o cas e language s suc h a s S V O 
and V S O ,  coimte r  t o prediction s o f  th e subse t  princi -
ple .  Th e difficult y associate d wit h learnin g a  F W O 
languag e withou t  cas e marking s i s underscore d b y 
typologica l  evidence ,  suggestin g tha t  suc h language s 
use cas e marking s t o signa l  grammatica l  relation -
ship s (Payn e 1992) . 

Simulation 2: The Impact of Case on 

W o r d O r d e r  Flexibilit y 

In natural languages, case markings are not wholly 
deterministic .  Fo r  instance ,  Slavi c language s suc h 
as Russia n an d Serbo-Croatian ,  contai n a  numbe r 
of  noun s which ,  perhap s fo r  historica l  reasons ,  d o 
not  tak e cas e markings .  Additionally ,  becaus e thes e 
marking s ofte n tak e th e for m o f  suffixes ,  the y chang e 
th e phonolog y o f  words .  Thi s result s i n potentia l 
phonologica l  ambiguity .  Fo r  instance ,  i n Russia n 
stal i  i s  eithe r  th e genitiv e for m o f  stee l  o r  a  con -
jugate d ver b meanin g w e stopped .  B y examinin g th e 
effect s o f  varyin g case s o n differen t  wor d orders ,  w e 
hope d t o sho w tha t  (1 )  eve n probabilisti c  cas e mark -
ing s improv e performanc e fo r  F W O languages ,  an d 
(2 )  cas e marking s d o no t  improv e performanc e fo r 
language s tha t  ahead y rel y o n W O. 

Method 

Networks Ten SRNs were used for each condition. 
The initia l  condition s an d trainin g detail s wer e th e 
same a s i n Simulatio n 1 . 

Material s W e generate d fiv e artificia l  grammar s 
varyin g o n th e salienc e o f  cas e markings—fro m onl y 
genitiv e markings ,  t o ful l  cas e markings .  A  gram -
mar  wit h cas e marke d 5 0 % o f  th e tim e corresponde d 
t o a  languag e i n whic h 5 0 % o f  cas e marking s ar e 
possibl y phonologicall y ambiguous ,  o r  a  languag e i n 
whic h certai n o f  noun s d o no t  tak e o n cas e mark -
ings .  Fiv e mor e grairunar s varyin g o n strictnes s o f 
wor d order—fro m a  completel y flexibl e order ,  t o a 
completel y stric t  on e (SVO) .  Th e wor d order s aj) -
proximate d distribution s foun d i n natura l  language s 
(Italian ,  an d Turkish :  Slobi n &  Beve r  1982) ;  Polish : 
Jacenni k &  Drye r  1992) .  Th e tw o condition s wer e 
crossed ,  fo r  a  5x 5 matrix .  A s i n simulatio n 1 ,  300 0 
sentence s wer e generate d fo r  eac h condition . 

Word Orde r 
A EnglsMk e 
a ttalan-lke 

Poish-IK e 
oTurtdsMk e 
e FWO 

25% 50 % 75 % 
Percen t  Nom/Acc/Da t  Cas e Marking s 

Figur e 1 :  Networ k performanc e i n simulatio n 2  fo r 
increasin g degree s o f  cas e marking s a s a  functio n o f 
wor d order . 

Procedure Each group of networks had case cues 
adde d t o th e sentence s base d o n cas e condition .  Th e 
testin g proceede d a s i n Simulatio n 1 . 

Results 

As expected ,  S W O language s suc h a s Englis h an d 
Italia n wer e Uttle-benefite d b y cas e (Figur e 1) .  I n 
contrast ,  th e probabilisti c  additio n o f  cas e mark -
ing s t o F W O language s consistentl y improve d per -
formance .  Th e slightl y lowe r  performanc e o f  ItaUa n 
i s du e t o i t  havin g a  mor e flexible  wor d orde r  tha n 
Englis h (se e Tabl e 3) .  T o compensat e fo r  possibl e 
ambiguities ,  Itaha n relie s heavil y o n prosodi c an d 
contextua l  informatio n (Slobi n &  Bever ,  1982 )  whic h 
was no t  availabl e t o ou r  networks .  I n summary ,  th e 
precis e natur e o f  th e cue :  case ,  o r  W O ,  doe s no t 
see m t o matter .  Neithe r  need s t o b e primary . 

Simulation 3: Interactions between 

Cas e an d W o r d Orde r  Flexibilit y  i n 

Deve lopmen t 

I n thi s simulation ,  w e demonstrat e tha t  network s 
traine d o n corpor a simila r  t o thos e use d i n simu -
latio n 2  ar e abl e t o mimi c syntacti c performanc e 
of  childre n learnin g English ,  Italian ,  Turkish ,  an d 
Serbo-Croatian .  Slobi n an d Beve r  (1982 )  teste d 4 8 
childre n divide d int o 8  ag e group s (24-5 2 months) . 
Eac h chil d wa s teste d o n thei r  abilit y  t o demonstrat e 
familia r  action s (e.g. ,  scmtch ,  bump ,  pic k up )  usin g 
familia r  to y animal s afte r  hearin g a  transitiv e lan -
guag e i n thei r  nativ e language .  Th e author s hjrpoth -
esize d tha t  Turkish ,  English ,  an d Italian-speakin g 
childre n woul d hav e th e easies t  tim e du e t o th e con -
sistent ,  unambiguou s cas e marking s availabl e i n th e 
cas e o f  Turkish ,  an d th e consisten t  word-orde r  in -
formatio n availabl e i n Englis h an d Italian .  Childre n 
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Tabl e 3 :  Wor d Orde r  Distribution s fo r  Simulatio n 3 

Worda Orde r 
I5ar—roo^rw D 

Italia n 82 % SVO.  2 % SOV, 
11% VSO,  5 % OV S 

Serbo -  55 % SVO,  16 % SOV, 
Croatia n 16 % VSO,  3 % VOS, 

2 % OVS,  8 % OS V 

Turkis h 48 % SOV,  25 % SVO, 
13% OVS,  8 % OSV, 
6% VS O 

Caaee ~ 
Genitiv e onl y 
Genitiv e onl y 

Pull for non-SVO 
Fbr  SVO:  55 % 
nom,  55 % ace , 
100% dat ,  70 % 
gen 
Ful l 

acquirin g Serbo-Croatia n woul d hav e a  mor e difficul t 
tim e du e t o it s mor e ambiguou s cas e markings ,  re -
quirin g the m t o pa y attentio n t o word-orde r  a s wel l 
as cases . 

Method 

Networks The networks and training details were 
identica l  t o simulatio n 2 .  W e use d 1 2 SRNs i n eac h 
condition ,  mirrorin g th e numbe r  o f  subject s use d b y 
Slobi n an d Beve r  (1982) . 

Material s W e create d 4  type s o f  grammar s moti -
vate d b y th e fou r  language s use d i n th e study .  En -
glis h wa s modele d a s bein g 1 0 0 % S V O ,  an d havin g 
onl y genitiv e cas e markings .  Th e wor d order s fo r 
th e remsiinin g language s wer e modele d base d o n th e 
dat a provide d b y Slobi n an d Bever' s (1982 )  corpu s o f 
adul t  speech ,  reflectin g th e linguisti c inpu t  availabl e 
th e children . 

Althoug h TXirkis h doe s no t  hav e a n explici t  nom -
inativ e case ,  i t  wa s foun d tha t  suc h a  marke r  wa s 
necessar y i n thi s simulation .  I n th e absenc e o f  se -
manti c informatio n an d cas e markings ,  th e network s 
must  rel y o n th e syntacti c positio n o f  a  wor d t o cor -
rectl y identif y it s category .  However ,  i n a  relativel y 
F WO languag e suc h a s Turkish ,  thi s informatio n i s 
ambiguous .  Withou t  a  nominativ e case ,  bot h verb s 
and subject s ar e unmarked ,  an d th e networ k natu -
rall y ha s troubl e tellin g the m apart .  I n contras t  t o 
thes e networks ,  childre n rel y o n semanti c informa -
tion ,  i n additio n t o syntax ,  t o tel l  apar t  verb s an d 
noims .  I n othe r  words ,  a  Turkis h chil d knowin g th e 
meaning s o f  "dog "  an d "sniff" ,  wil l  no t  confus e th e 
tw o eve n whe n "dog "  i s a n unmarke d agen t  i n th e 
sentence . 

Serbo-Croatia n ha s al l  fou r  o f  th e case s w e wer e 
modeling ,  however ,  onl y masculin e an d feminin e 
noun s tak e o n accusativ e an d nominativ e markings . 
Sentence s containin g on e o r  mor e neute r  noun s ar e 
typicall y ordere d a s S V O .  W e di d no t  hav e dat a o n 
th e proportio n o f  neute r  noun s i n Serbo-Croatia n 
or  th e percentag e o f  S V O sentence s containin g suc h 
noims .  I t  wa s estimate d tha t  abou t  5 5 % o f  S V O sen -
tence s woul d contai n on e suc h noun ,  therefor e cas e 

-r- " 

Languag e 
« TurMs h 
A En^s h 
•  Itala n 
*  S«t)»Oroatla n 

3500 450 0 
Trainin g Sweep s 

5500 

Figur e 2 :  Th e patter n o f  performanc e acros s trainin g 
fo r  Turkish ,  English ,  Italian ,  an d Serbo-Croatia n i n 
simulatio n 3 

Table 4: Percentage correct performance for gram-
matica l  sentence s i n a  give n languag e i n th e Slobi n 
and Beve r  (1982 )  study . 

Lajiguage 
~ S g e -
~ 2 ? ^ 
32-3 6 
40-4 4 8 8 
48-5 2 9 2 

Englis h Italia n n̂gl 
- ^ 

75 

ingu i 

"BB" 
78 
85 
90 

berbo-Croatia n 'IXirkis h 
BT 
58 
69 
79 

"7? " 
80 
82 
87 

marking s wer e delete d fro m 55 % o f  noun s i n SV O 
sentences .  Serbo-Croatia n neute r  noun s d o hav e da -
tiv e case-markings ,  henc e th e dative s ar e marke d 
100 % o f  th e time .  However ,  plura l  neute r  noun s ar e 
not  decline d i n genitiv e constructions .  I f  plura l  gen -
itiv e noun s ar e used  a n estimate d 3 0 % o f  th e time , 
the n 7 0 % o f  S V O sentence s wil l  hav e genitiv e cas e 
markers . 

Procedure Training proceeded as in simulation 
1.  Th e exten t  o f  trainin g wa s varie d fo r  network s 
correspondin g t o differen t  ag e groups .  Testin g wa s 
don e followin g th e procedur e employe d b y Slobi n 
an d Beve r  (1982) .  W e use d transitiv e sentence s us -
in g onl y word s whic h th e network s hav e see n durin g 
trtiining .  Performanc e wa s quantifie d b y measurin g 
th e percentag e o f  subject s an d object s th e networ k 
identifie d correctly ,  an d averagin g th e dat a wit h th e 
overal l  percentag e o f  word s correctl y identified . 

Results 

Th e networks '  performanc e (Figur e 2 )  closel y 
matche d Slobi n an d Bever' s (1982 )  dat a (Tabl e 4) . 
As predicted ,  network s traine d an d teste d o n Turk -
is h ha d th e easies t  tim e mappin g word s ont o gram -
matica l  roles .  Network s traine d o n Serbo-Croatian , 
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ha d th e mos t  difficul t  time ,  highlightin g th e highe r 
processing-cos t  associate d wit h havin g t o pa y atten -
tio n t o W O an d cas e markings .  Thi s patter n o f  re -
sult s run s counte r  t o th e subse t  principl e sinc e th e 
latte r  predict s case-language s t o b e mor e difficul t  t o 
acquire .  Performanc e o n Italia n wa s slightl y wors e 
tha n o n English ,  reflectin g th e mor e flexibl e W O o f 
Italian .  I t  i s  predicte d tha t  wit h th e additio n o f 
prosodi c an d semanti c cues ,  th e performanc e o f  Ital -
ia n woul d mor e closel y peiralle l  tha t  o f  a  full y  S W O 
languag e suc h a s English . 

Conclusion 

Our findings confirm that learnability of languages 
m ay b e a  majo r  facto r  i n th e frequenc y o f  certai n 
languag e types .  I n th e vie w o f  languag e a s a n organ -
is m (Christiansen ,  1994) ,  language s whic h ar e easil y 
learnabl e b y th e himia n sequential-learnin g devic e 
proliferate ,  whil e language s no t  easil y learnabl e di e 
out  o r  neve r  com e int o existence .  Ou r  simulation s 
sugges t  tha t  al l  tha t  i s  neede d t o lear n syntacti c re -
lation s i s a  reliabl e cue :  case ,  o r  wor d order—neithe r 
need s t o b e primary .  A s such ,  n o parameter-settin g 
or  subse t  principl e i s neede d t o accoun t  fo r  th e data . 
Thes e result s als o provid e adde d suppor t  fo r  a  con -
nectionis t  approac h t o studyin g acquisitio n an d evo -
lutio n o f  language . 

Th e simulation s describe d her e hav e severa l  no -
tabl e limitations .  T h e sentence s use d fo r  trainin g 
wer e admittedl y simple .  Althoug h simpl e intransi -
tive ,  transitive ,  an d ditransitiv e sentence s ar e ver y 
frequen t  i n speech ,  natura l  language s tw e rif e wit h 
mor e comple x structure s suc h a s relativ e clause s an d 
embedding .  Offsettin g th e simpl e grammars ,  how -
ever ,  wer e th e limite d cue s availabl e t o th e networks , 
whic h relie d solel y o n distributiona l  informatio n o f 
grammatica l  categories .  I n contrast ,  childre n rou -
tinel y us e semantic s an d prosodi c cues ,  an d eve n 
more subtl e cue s suc h a s differentia l  wor d lengt h o f 
noun s an d verb s (Cassid y &  Kelly ,  199 1 —see Chris -
tianse n k  Dale ,  2001 ,  fo r  a  review) .  I t  i s  therefor e 
quit e remarkabl e tha t  relyin g onl y o n wor d orde r 
or  case ,  th e performanc e o f  th e network s wa s near -
perfec t  fo r  c o m m o n languag e types . 
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Abstrac t 

We rqx>rt on an experiment that investigated how people 
naturall y communicat e wit h computationa l  device s usin g 
speec h an d gaze .  Ou r  approac h follow s from  th e ide a 
tha t  human-huma n conversatio n involve s th e 
establishmen t  o f  commo n ground ,  th e us e o f  gaz e 
directio n t o indicat e attentio n an d turn-taking ,  an d 
awarenes s o f  other' s knowledg e an d abilities .  Ou r  goa l 
i s t o determin e whethe r  i t  i s easie r  t o communicat e wit h 
severa l  devices ,  eac h wit h it s ow n specialize d function s 
and abilities ,  o r  wit h a  singl e syste m tha t  ca n contro l 
severa l  devices .  I f  conversation s wit h device s resembl e 
conversation s wit h people ,  w e woul d expec t  interactio n 
wit h severa l  device s t o requir e extr a effort—bot h i n 
buildin g commo n groun d an d i n specifyin g turn-taking . 
To tes t  this ,  w e observe d participant s i n a n offic e mock -
up wher e informatio n wa s accesse d o n display s throug h 
speec h inpu t  only .  Betwee n groiq>s ,  w e manipulate d 
what  participant s wer e told :  i n on e case ,  tha t  the y wer e 
speakin g t o a  singl e controllin g system ,  an d i n th e other , 
tha t  the y wer e speakin g t o a  se t  o f  individuall y 
controll« i  devices .  Base d o n languag e us e an d gaz e 
patterns ,  ou r  result s sugges t  tha t  th e offic e envirormien t 
was mor e efficien t  an d easie r  t o us e whe n participant s 
believe d the y wer e talkin g t o a  singl e syste m tha n whe n 
the y believe d the y wer e talkin g t o a  severa l  devices . 

Introduction 

O ne approac h t o h u m a n compute r  interactio n i s  t o 
improv e th e usability ,  use r  experience ,  an d intuitivenes s 
o f  technolog y b y creatin g natura l  use r  interfaces .  Here , 
natura l  refer s t o interaction s tha t  ar e lik e thos e peopl e 
hav e wit h on e another .  Suc h i s th e goa l  o f  multimoda l 
or  attentiv e system s (Maglio ,  Matlock ,  Campbell ,  Zha i 
& Smith ,  2000 ;  Oviat t  &  Cohen ,  2000) ,  an d speec h an d 
conversationa l  interface s (Maybury ,  1997) . 
Understandin g cue s i n conversation ,  languag e use , 
perceptua l  abilities ,  an d expectation s i s vita l  t o buildin g 
system s tha t  ca n b e use d wit h littl e training . 

Advance s i n technolog y ar e resultin g i n smaller , 
cheaper ,  an d mor e pervasiv e computationa l  system s 
tha n eve r  before .  Bu t  ar e w e read y fo r  thi s surg e o f 
electronic s an d information ? N o longe r  confine d t o 
deskto p o r  lapto p machines ,  computationa l  system s wil l 
soo n exten d acros s numerou s "informatio n appliances " 

tha t  ar e specialize d fo r  individua l  job s an d embedde d i n 
th e everyda y environmen t  (Norman ,  1998) .  I f  point -
and-clic k graphica l  use r  interface s (GUI )  hav e enable d 
wid e us e o f  PCs ,  wha t  wil l  b e th e paradig m fo r 
interactio n wit h pervasiv e computin g systems ? A s 
natura l  human-compute r  interface s an d pervasiv e 
system s converge ,  wha t  for m wil l  technolog y take ? 

T o addres s thes e questions ,  w e explore d th e desig n o f 
a pervasiv e syste m wit h speec h inpu t  i n a n offic e 
setting .  W e wer e concerne d specificall y wit h 
conversationa l  cue s tha t  peopl e rel y o n whe n 
interactin g wit h th e system .  S o m e evidenc e suggest s 
tha t  peopl e ca n attribut e human-lik e o r  socia l  qualitie s 
t o computer s wit h whic h the y interact ;  fo r  instance , 
networke d computer s describe d a s physicall y clos e t o 
th e use r  ar e judge d a s mor e helpfu l  tha n thos e describe d 
as physicall y distan t  (Reeve s &  Nass ,  1996) .  Althoug h 
peopl e d o no t  trea t  computer s a s tru e conversationa l 
partner s (Yankelovich ,  L e v o w &  Marx ,  1995) ,  thes e 
sort s o f  result s sugges t  tha t  peopl e appl y natura l  way s 
of  interactin g t o situation s i n whic h th e conversationa l 
partne r  i s a  compute r  o r  othe r  computationa l  device . 

Our  mai n concer n i s whethe r  i t  i s  easie r  fo r  peopl e t o 
tal k t o a  singl e syste m o r  t o a  collectio n o f  devices .  I n a 
previou s stud y o f  a  speech-controlle d office ,  w e foun d 
behavior s an d attitude s depende d o n whethe r  user s 
receive d simpl e c o m m a n d recognitio n feedbac k ( a 
blinkin g light )  from  th e variou s device s tha t  performe d 
task s o r  from  a  single ,  centra l  locatio n (Maglio , 
Matlock ,  Campbell ,  Zha i  &  Smith ,  2000 ;  Matiock , 
Campbell ,  Maglio ,  Zha i  &  Smith ,  2001) .  I n tha t  study , 
user s wer e face d wit h simpl e offic e task s (suc h a s 
lookin g u p information ,  dictatin g a  letter ,  an d printin g a 
letter )  t o b e complete d usin g speec h inpu t  only .  T o d o 
this ,  user s wer e give n a  se t  o f  physica l  display s 
dedicate d t o variou s function s (suc h a s addres s book , 
calendar ,  an d s o on) .  Betwee n group s o f  participants , 
we manipulate d whethe r  feedbac k wa s associate d wit h 
individua l  display s o r  wit h th e roo m a s whole .  Thi s 
feedbac k manipulatio n wa s mean t  t o sugges t  eithe r 
centra l  contro l  o r  distribute d control .  Behaviorally ,  w e 
foun d tha t  regardles s o f  condition ,  participant s rarel y 
addresse d individua l  device s verbally ,  bu t  the y looke d 
at  th e device s tha t  the y expecte d t o displa y th e result s 
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befor e the y spok e (Magli o e t  al. ,  2000) .  I n a 
questionnair e aime d a t  uncoverin g attitude s towar d th e 
office ,  w e foun d tha t  participant s i n th e centra l 
conditio n wer e mor e likel y t o rat e thei r  interaction s 
wit h th e offic e a s bein g simila r  t o interaction s wit h 
peopl e tha n wer e thos e i n th e distribute d conditio n 
(Matloc k e t  al. ,  2001) .  Th e result s sho w tha t  althoug h 
peopl e judg e th e centra l  controlle r  t o b e mor e lik e a 
person ,  the y interac t  wit h device s individuall y i n bot h 
cases ,  lookin g a t  device s whe n the y speak .  On e desig n 
implicatio n i s tha t  th e feedbac k provide d b y blinkin g 
light s enable s natura l  user-compute r  interactions .  Bu t 
th e questio n o f  whethe r  i t  i s  easie r  t o spea k t o a  singl e 
syste m o r  t o multipl e device s remains . 

Let  u s first  conside r  h o w peopl e us e languag e t o 
communicate .  Ther e ar e man y theories .  A  popula r 
vie w i s tha t  discours e i s a  share d activit y whereb y tw o 
or  mor e individual s cooperat e t o buil d an d achiev e 
understandin g (Clark ,  1996) .  Thi s join t  activit y vie w 
implie s tha t  th e meanin g o f  a n utteranc e i s determine d 
not  onl y b y wha t  th e speake r  wishe s t o sa y t o th e 
listener ,  bu t  als o b y context .  Thi s include s speaker' s 
belief s abou t  th e situation ,  (e.g. ,  wha t  speake r  assume s 
th e listene r  know s abou t  th e context) ,  c o m m o n groun d 
(e.g. ,  share d history) ,  an d listener' s abilit y  t o accuratel y 
interpre t  th e speaker' s messag e (e.g. ,  listene r  i s payin g 
attention) .  Fo r  example ,  imagin e tha t  it' s  earl y 
afternoo n an d yo u hav e jus t  com e bac k fro m a  favorit e 
lunc h spot .  A  fi-iend  look s a t  yo u an d asks ,  " W a s i t 
crowded?" ,  wher e / ;  refer s t o th e restaurant .  I t  i s  n o 
proble m t o us e th e indexica l  i t  becaus e th e fiiend  ca n 
assume tha t  yo u kno w whic h restauran t  i s bein g aske d 
about .  Th e questio n ca n eve n b e reduce d furthe r  b y 
simpl y asking ,  "Crowded?" ,  an d yo u ar e stil l  likel y t o 
understan d wha t  i s meant .  Thi s typ e o f  coordinate d 
interactio n i s s o c o m m o n an d natura l  tha t  peopl e d o no t 
thin k twic e abou t  it . 

Give n context' s rol e i n understanding ,  th e join t 
activit y vie w implie s tha t  th e proces s o f  conversatio n 
als o involve s verba l  (e.g. ,  prosodic )  an d non-verba l 
(e.g. ,  gaze )  cue s t o conve y meaning .  Feedbac k i s 
critica l  fo r  supportin g use r  interaction s wit h 
computationa l  system s (Perez-Quinone s &  Sibert , 
1996) ;  fo r  instance ,  appropriat e acknowledgment s (e.g. , 
"uh-huh" )  base d o n prosodi c cue s i n users '  speec h ca n 
improv e use r  evaluatio n o f  th e syste m (Tsukahar a & 
Ward,  2001) .  Likewise ,  gaz e provide s importan t  cue s 
t o attentio n an d turn-takin g i n grou p interaction s 
(Kendon ,  1967 ;  Argyl e &  Cook ,  1976) . 

Hypotheses 

Followin g th e join t  activit y vie w o f  conversation ,  ou r 
mai n hypothesi s i s tha t  give n comple x task s an d thei r 
dependencie s o n on e another ,  participant s w h o interac t 
wit h a  singl e syste m wil l  b e mor e likel y t o establis h 
contex t  an d the n assum e th e syste m share s i t  tha n wil l 

thos e w h o interac t  wit h severa l  devices .  I n human -
human communication ,  th e numbe r  o f  word s use d b y 
participant s i n a  conversatio n decrease s ove r  time , 
suggestin g tha t  th e mor e c o m m o n ground ,  th e easie r  th e 
communicatio n (Clar k &  Wilkes-Gibbs ,  1986) .  Thus , 
i f  peopl e trea t  th e syste m i n th e centra l  conditio n i n 
some way s lik e a  singl e othe r  perso n an d the y trea t  eac h 
of  th e device s i n th e distribute d conditio n i n som e way s 
lik e severa l  othe r  people ,  participant s m a y fee l  tha t  the y 
nee d t o establis h c o m m o n groun d wit h th e singl e 
syste m onl y onc e bu t  tha t  the y nee d t o establis h 
c o m m on groun d wit h eac h o f  th e device s individually , 
and w e ca n measur e thi s b y countin g word s u s e d — 
specifically ,  word s tha t  refe r  t o thing s mentione d 
previously .  Moreover ,  i f  establishin g c o m m o n groun d 
i s easie r  i n th e centra l  conditio n tha n i t  i s  i n th e 
distribute d condition ,  man y prediction s follow ;  fo r 
instance ,  participant s shoul d mak e fewe r  mistake s i n 
th e central ,  an d participant s shoul d b e mor e engage d 
wit h th e centra l  system ,  a s show n b y gaze . 

A n alternativ e t o th e join t  activit y vie w i s tha t 
discours e i s simpl y a  proces s o f  transferrin g 
informatio n withou t  referenc e t o contex t  o r  t o thos e 
involved .  O n thi s view ,  meanin g i s derive d ft'om  wha t 
i s spoke n withou t  concer n fo r  w h o th e speake r  i s o r 
what  th e situatio n is .  I f  thi s i s th e case ,  maintainin g 
separat e fiinction s i n separat e device s migh t  mak e i t 
easie r  fo r  user s t o kee p th e variou s function s straight ,  a s 
eac h devic e naturall y convey s it s o w n rang e o f 
availabl e option s (e.g. ,  emai l  devic e fo r  email) .  Thus , 
on thi s view ,  c o m m o n groun d i s no t  constructe d ove r 
tim e bu t  i s establishe d onc e b y wha t  th e devic e ca n do . 
I f  thi s  i s th e case ,  talkin g t o a  singl e syste m ough t  t o b e 
mor e difficul t  tha n talkin g t o multipl e devices ,  a s th e 
singl e syste m doe s no t  mak e th e option s apparent . 

Experiment 

Th e goa l  o f  th e experimen t  wa s t o investigat e whethe r 
and h o w languag e us e an d gaz e woul d diffe r  betwee n 
participant s interactin g wit h a  centra l  syste m an d thos e 
interactin g wit h a  distribute d system .  Oi a stud y wa s 
don e i n a  moc k offic e i n whic h participant s complete d 
offic e task s unde r  th e illusio n tha t  the y wer e controllin g 
what  wa s displaye d o n fou r  specialize d screens .  Thi s 
sor t  o f  mock-u p o r  Wizard-of-O z metho d i s ofte n use d 
t o investigat e use r  expectation s an d performanc e wit h 
speech-base d system s (D^lback ,  Jfinsso n & 
Ahrenberg ,  1993 ;  Gould ,  Cont i  &  Hovanyecz ,  1983) . 
The Wizard-of-O z metho d relie s o n huma n controller s 
behin d th e scene s t o creat e th e appearanc e o f  a n 
intelligen t  system ,  mockin g u p display s an d interactio n 
result s t o collec t  performanc e data . 

I n on e condition ,  th e experimente r  instructe d 
participant s t o spea k t o a  syste m tha t  controlle d al l  th e 
devices ,  an d i n th e other ,  t o spea k t o th e individua l 
devices .  U n k n o w n t o participants ,  tw o othe r 
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experimenter s i n a  separat e roo m watche d an d listened , 
controllin g wha t  wa s displaye d fro m a  palett e o f  man y 
possibl e screens .  Th e rule s o f  th e gam e wer e fo r  th e 
experimenter s t o simpl y behav e intelligently :  i f  wha t 
th e participan t  wa s tryin g t o d o wa s clea r  fro m speec h 
and othe r  context ,  th e syste m wa s t o respon d 
appropriately .  Th e experimenter s controllin g th e syste m 
wer e blin d t o whic h participant s wer e give n whic h 
instructions . 

Method 

Betwee n tw o group s o f  participants ,  w e manipulate d 
onl y th e instructions .  I n th e centra l  condition , 
participant s wer e repeatedl y tol d tha t  the y wer e t o tal k 
t o a  singl e compute r  syste m tha t  displaye d informatio n 
on fou r  displays .  I n th e distribute d condition , 
participant s wer e repeatedl y tol d tha t  the y wer e t o tal k 
t o fou r  separat e informatio n devices .  Task s wer e 
identica l  i n bot h cases :  sendin g an d receivin g email , 
updatin g addres s information ,  schedulin g appointments , 
arrangin g a  flight ,  an d registerin g fo r  a  conference . 
Informatio n wa s displaye d th e sam e w a y i n bot h cases . 

Participants Eighteen participants (13 females and S 
males )  wer e recruite d from  summe r  studen t  intern s an d 
offic e staf f  a t  ou r  researc h lab ,  an d pai d fo r  thei r  time . 

Materials and Apparatus Our office mock-up 
containe d fou r  IS-inc h liqui d crysta l  display s (LCDs ) 
arrange d o n a n L-shape d desk .  Embedde d i n th e beze l 
of  nv o o f  th e L C D s wer e pinhol e vide o cameras ,  whic h 
enable d ey e gaz e an d bod y positio n t o b e easil y 
recorded .  A  thir d camer a mounte d o n th e wal l  abov e 
di e roo m recorde d a n overvie w o f  th e scene .  Eac h 
displa y wa s dedicate d t o a  differen t  functio n o r  task : 
email ,  calendar ,  trave l  planning ,  an d addres s book . 

Ther e wer e tw o set s o f  instructions ,  on e fo r  eac h 
condition .  Instruction s fo r  th e centra l  conditio n tol d 
participant s t o tal k t o th e "BlueSpea k system" ,  a  singl e 
compute r  syste m tha t  controlle d fou r  displays . 
Instruction s fo r  th e distribute d conditio n tol d 
participant s t o tal k t o a  se t  o f  "BlueSpea k devices" ,  fou r 
separat e device s tha t  ra n autonomously .  I n bot h cases , 
th e scrip t  wa s writte n a s a  m e mo from a  fictitiou s 
manager  name d B o b Wilson .  Th e m e mo tol d th e 
participan t  tha t  h e o r  sh e wa s t o b e hi s temporar y 
assistan t  (o r  temp )  fo r  th e day .  I t  aske d th e tem p t o 
registe r  B o b fo r  a  conference ,  ad d a  ne w addres s t o hi s 
addres s book ,  ge t  a  fligh t  from  Sa n Jos e t o N e w York , 
reschedul e a  meeting ,  an d reques t  a  vegetaria n mea l  o n 
th e flight .  Th e scrip t  purposel y di d no t  specif y h o w t o 
issu e commands .  I t  include d statement s suc h a s "Yo u 
wil l  nee d t o arrang e m y trave l  t o N e w Yor k an d from 
San Jose" ,  " I  nee d t o registe r  fo r  th e X Y Z Conference, " 
and " M a k e sur e m y calenda r  i s updated" .  Suc h 
languag e mad e fo r  m a n y possibl e way s o f  makin g 

Tabl e 1 .  Task s complete d b y participants . 

Updat *  Addret s Boo k 
open ne w iddret s for m 
dictat e name ,  address ,  city ,  state ,  zip ,  phone ,  emai l 

Reglata r  for  X Y Z Confaranc e 
find  X Y Z infoimatjo n scree n 
obtai n Bob' s persona l  informatio n 
compot e ne w emai l  t o X Y Z 

dictat e name ,  email ,  phone ,  credi t  car d 
add X Y Z t o calenda r 

Fin d an d Raaarv e Fllght a 
find  airlin e reservatio n scree n 
mterac t  wit h reservatio n "system " 

dictat e cities ,  dates ,  non-stop ,  unde r  S40 0 
reserve/boo k itinerar y 

obtai n Bob' s persona l  informatio n 
dictat e name ,  email ,  credi t  car d 

add flights  t o calenda r 
Reschedul e Meeting * 

obtai n Kath/ s persona l  informatio n 
compose ne w emai l  messag e t o Kath y 
rea d Kathy' s respons e 
modif y Kathy' s meetin g 

Notif y Bo b o f  Statu s 
compose ne w emai l  t o Bo b 
rea d Bob' s respons e 
adjus t  calendar ,  cance l  meetin g 
modif y airlm e reservatio n 

find  reservation  fo r  Bo b 
specif y vegetaria n mea l 

requests .  I n addition ,  a  fe w task s wer e give n i n emai l 
message s sen t  t o th e tem p durin g th e cours e o f  th e 
session .  Tabl e 1  show s th e se t  o f  task s an d subtask s 
eac h participan t  w a s expecte d t o carr y out . 

Procedure Participants read the instruction sheet and 
wer e tol d thei r  inpu t  w a s valuabl e becaus e i t  woul d 
hel p ensur e tha t  th e "BlueSpea k system "  o r  th e 
"BlueSpea k devices "  wou l d b e teste d o n a  wid e rang e 
o f  voices .  Participant s wer e the n take n int o th e "Offic e 
o f  th e Future" ,  an d aske d t o tes t  ou t  thei r  voice s b y 
readin g a  shor t  passag e t o th e syste m i n th e centra l 
conditio n o r  t o th e device s i n th e distribute d condition . 
Participant s wer e the n tol d t o carefull y rea d th e m e m o 
lef t  b y B o b Wilson .  I n al l  cases ,  participant s wer e 
instructe d t o spea k naturall y an d t o d o th e bes t  the y 
could .  T h e y wer e tol d tha t  ther e w a s n o right  o r  wron g 
w ay t o spea k t o th e syste m o r  th e devices ,  an d tha t  i f 
the y wer e no t  imderstood ,  t o tr y speakin g differently . 
Afte r  issuin g a  c o m m a n d ,  th e syste m di d no t  giv e an y 
feedbac k othe r  tha n displayin g th e resul t  o f  th e request . 

Results 

Al l  participant s successftill y  complete d th e session . 
F e w problem s aros e an d o n averag e i t  too k participant s 
13 m i n 4 3 se c t o complet e al l  tasks .  Dat a analysi s 
targete d language-us e an d eye-gaz e durin g th e session . 
On l y reliabl e difference s ar e reported ,  excep t  a s noted . 
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L a n g u a g e Qualitatively ,  participant s spok e t o th e 
syste m i n a  variet y o f  ways .  Fo r  instance ,  request s t o 
sen d emai l  included ,  "Let' s sen d a n emai l  t o Ka th y 
Webster, "  " I  nee d t o sen d a n emai l  n o w -  I  w o u l d lik e 
t o sen d i t  t o k  webste r  a t  i b m do t  c o m , "  "Emai l  k 
Webste r  a t  i b m do t  c o m , "  an d "Writ e a n emai l  t o Ka th y 
Webster" .  Request s t o ge t  B o b a  vegetaria n mea l  o n 
included ,  "Reques t  vegetaria n meal , "  "Vegetaria n 
meal, "  "Let' s m a k e thi s a  vegetaria n meal" ,  an d 
"Specia l  request ,  vegetaria n mea l  fo r  thi s flight" . 

M o r e precisely ,  transcribe d utterance s i n bot h 
condition s wer e examine d fo r  certai n characteristic s o f 
languag e use .  First ,  request s we r e place d int o fou r 
categories :  imperative ,  elliptical ,  firs t  person ,  an d 
questio n (c f  Magl i o e t  al. ,  2000 ) .  Imperativ e request s 
ar e c o m m a n d s ,  suc h as ,  'hipdat e th e addres s book" , 
"v ie w addresses" ,  "registe r  fo r  conference" .  Elliptica l 
request s contai n n o a  verb ,  suc h as ,  " X Y Z conference" , 
" n e w entry" ,  an d "Kath y Webster" .  Firs t  perso n 
request s includ e eithe r  a  singula r  o r  plura l  firs t  perso n 
subject ,  suc h a s "let' s  rea d thi s email" ,  an d " I  w a n t  a 
vegetaria n meal" .  Questio n request s includ e querie s 
suc h as ,  "ca n I  chec k m y emai l? "  an d "ar e ther e an y 
othe r  flight s available?" .  Figur e 1  s h o w s th e brea k 
d o w n o f  request s fo r  bot h conditions .  Ther e w e r e m o r e 
imperative s (central ,  7 0 . 4 % ;  distributed ,  8 0 . 3 % ;  x ^  = 
9.75 ,  p  <  0.01 )  an d m o r e elliptical s (central :  1 1 . 8 % ; 
distributed :  1 6 . 9 % ;  x ^  =  4.16 ,  p  <  0.05 )  i n th e 
distribute d condition ,  an d ther e wer e m o r e firs t  person s 
(central ,  1 3 . 3 % ;  distributed ,  2 . 8 % ;  ̂  =  26.9 ,  p  <  0.01 ) 
an d question s (central ,  4 .5% ;  distributed ,  0 . 0 % ;  x ^  = 
16.4,/ > <  0.01 )  i n th e centra l  condition . 

Second ,  w e examine d h o w participant s verball y 
addresse d individua l  devices .  Specifically ,  w e counte d 
th e n u m b e r  o f  time s a  devic e w a s specificall y addresse d 
b y n a m e ,  suc h as ,  "Addres s book ,  w h a t  i s  K a t h y 
Webster' s address?" .  T h e proportio n o f  request s 
containin g a n addresse e w a s greate r  i n th e distribute d 
conditio n tha n i n th e centra l  conditio n (central ,  1 .7% ; 
distributed ,  1 4 % ;  x ^  =  40.87,; » <  0.01) . 

Third ,  w e examine d th e w a y participant s recovere d 
from  errors .  W e wer e intereste d i n h o w request s w e r e 
reformulate d afte r  a n initia l  attemp t  ha d failed .  T o tak e 
on e example ,  th e m o s t  problemati c par t  o f  th e scrip t 
w as orderin g a  vegetaria n mea l  fo r  th e fligh t  (las t  tas k 
i n Tabl e 1) .  Overall ,  i n th e centra l  condition ,  th e mea l 
reques t  w a s restate d 9  times .  I n th e distribute d 
condition ,  i t  w a s restate d 1 3 times .  Thre e participant s 
i n th e distribute d conditio n wer e unabl e t o complet e 
thi s tas k a t  al l  an d eventuall y gav e up . 

Fourth ,  w e looke d a t  th e w a y participant s relie d o n 
previousl y establishe d context .  Fo r  example ,  w h e n 
interactin g wit h th e system ,  a  participan t  migh t  sa y 
"registe r  B o b Wi lso n fo r  X Y Z conference "  an d the n a 
shor t  tim e late r  say ,  "ad d even t  t o calendar" ,  referrin g 
implicitl y t o th e conference .  I n thi s case ,  th e 

•  distribute d 
I  centra l 

ImpeiBin n elliptica l  firs t  peiso n 
Utteranc e Typ e 

questio n 

Figiv e 1 .  Percentag e o f  th e tim e participant s 
use d differen t  type s o f  requests . 

participant assumes the system is following the 
discourse ,  an d tha t  onc e established ,  th e contex t  (th e 
conferenc e event )  nee d no t  b e repeated .  W e calculate d 
th e proportio n o f  statement s tha t  a s s u m e d contex t 
availabl e i n a  previou s statemen t  acros s al l  participant s 
i n eac h conditio n (se e Figur e 2 ) .  Overall ,  participants 
i n th e centra l  conditio n a s s u m e d tha t  th e syste m w o u l d 
imderstan d th e contex t  m o r e ofte n tha n participant s i n 
th e distribute d conditio n (central ,  7 . 0 % ;  distributed , 
1.4% ;  x^ = 14.50,/> < 0.01) . 

Finally ,  w e charte d h o w languag e us e change d durin g 
th e cours e o f  a  session .  Eac h participant' s discours e 
was cu t  i n half ,  base d o n th e tas k breakdow n i n Tabl e 1 . 
Th e numbe r  o f  time s eac h participan t  relie d o n 
establishe d contex t  (a s define d previously )  wa s tallie d 
separatel y fo r  th e firs t  hal f  an d fo r  th e secon d hal f  (se e 
Figur e 2) .  N o differenc e betwee n centra l  an d 
distribute d condition s wa s foun d fo r  th e firs t  hal f 
(central ,  5.5% ;  distributed ,  2.2% ;  x ^  =  2.45 ,  N S ) ,  bu t  a 
reliabl e differenc e wa s foun d fo r  th e secon d hal f 
(central ,  8.5% ;  distributed ,  0.6% ;  j ^  =  13.59, p <  0.01) . 

Behavior and Gaze Behaviors—including actions 
participant s too k an d wher e the y looked—wer e 
analyze d i n term s o f  th e tas k breakdow n i n Tabl e 1 . 
Specifically ,  al l  over t  physica l  action s take n b y 
participant s wer e transcribe d from  th e videotape s an d 
time-stamped .  F ro m thes e data ,  w e extracte d numbe r  o f 
tasks ,  tim e take n pe r  task ,  numbe r  o f  gaze s o r  look s t o 
task-relevan t  an d t o task-irrelevan t  locations ,  an d 
number  an d kin d o f  th e error s made .  Fo r  al l  results , 
score s fallin g outsid e tw o standar d deviation s from  th e 
mean wer e remove d an d replace d b y mea n scores ;  thes e 
outlier s constitute d 8 % o f  th e scores . 

M e an completio n tim e wa s 1 3 mi n 1 7 se c fo r  th e 
centra l  conditio n an d 1 4 mi n 1 0 se c fo r  th e distribute d 
condition .  T o calculat e th e tim e take n fo r  eac h 
individua l  actio n fo r  eac h participant ,  th e tim e take n fo r 
eac h tas k (e.g. ,  "Updat e Addres s Book, "  "Registe r  fo r 
Conference, "  etc. )  wa s divide d b y th e numbe r  o f 
action s (e.g. ,  "ope n addres s book" ,  "fin d Bob' s 
persona l  information" ,  etc. )  actuall y take n t o complet e 
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Cantra l 
DIstilbute d 

RratHsI f  Secon d H^ f  1ota l 
RtI M o n Contex t 

Figure 2. Percentage of time participants 
relied  o n establishe d context . 

Centra l 
asti1bu(e d 

Looke d befor e speakin g Looke d awa y ŵ ll e speakin g 
(a) Eyei  o n Relevan t  Dl̂ >lay i (b) 

Figur e 3 .  Percentag e o f  tim e participant s 
(a )  shifte d gaz e t o displa y befor e speaking , 
an d (b )  a w a y f ro m displa y whil e speaking . 

th e task .  A  differenc e w a s foun d be twee n centra l  an d 
distribute d condition s o n th e m e a n tim e t o tak e a n 
actio n i n th e addres s b o o k tas k (central ,  21.1 ; 
distributed ,  27.1 ;  /(16 )  =  3.18,; 7 <  0.01) ,  an d a  margina l 
differenc e w a s foun d be twee n th e m e a n time s t o tak e a n 
actio n i n th e fligh t  reservation  tas k (central ,  S4.0 ; 
distributed ,  73.4 ;  r(16) = 1.71,; 7 <  0.11) . 

Unnecessar y action s an d omitte d action s constitute d 
errors .  N u m b e r  o f  error s w a s calculate d fo r  eac h 
participan t  Percentag e o f  error s w a s determine d b y 
dividin g th e tota l  n u m b e r  o f  error s b y th e tota l  n u m b e r 
o f  action s take n fo r  eac h participant .  Overall ,  ther e 
we r e 2 0 % error s i n th e centra l  conditio n an d 1 6 % i n th e 
distribute d condition .  Thi s differenc e w a s no t  reliable . 

Finally ,  w e examine d w h e r e peopl e looke d an d w h e n 
the y altere d thei r  gaze .  I n particular ,  w e counte d th e 
tota l  n u m b e r  o f  time s a  participan t  looke d a t  a  specifi c 
displa y w b t a m a k i n g a  reques t  fo r  wh i c h tha t  displa y 
w o u l d b e expecte d t o s h o w a  resul t  (se e als o Mag l i o e t 
al. ,  2000 ) .  Fo r  instance ,  w e counte d time s w h e n a 
participan t  looke d a t  th e addres s b o o k an d the n sai d 
"Michae l  Smith' s address, "  bu t  no t  time s w h e n th e 
participan t  w o u l d sa y "Michae l  Smith' s address "  befor e 
lookin g a t  th e addres s book .  T h e percentag e o f  th e tim e 
eac h participan t  looke d a t  th e appropriat e displa y w h e n 
takin g actio n w a s calculate d b y dividin g th e n u m b e r  o f 
appropriat e look s b y th e n u m b e r  o f  actions .  A s s h o w n 
i n Figur e 3a ,  a  differenc e w a s foun d betwee n th e t w o 
condition s (central ,  8 0 % ;  distributed ,  9 6 % ;  f(16 )  =  2.79 , 
p <  0.05) .  I n addition ,  w e counte d th e n u m b e r  o f  time s 
a participan t  looke d a w a y from a  displa y the y we r e 
usin g t o complet e a n actio n (again ,  normalizin g wit h 
respec t  t o tota l  n u m b e r  o f  actions) .  A s s h o w n i n Figur e 
3b ,  a  differenc e w a s foun d be twee n th e t w o condition s 
(central ,  5 3 % ;  distribute d 1 0 % ;  r(16 )  =  2.39,; ? <  0.05) . 

D i scuss i o n 

I n s u m m a r y ,  participant s interactin g wit h th e singl e 
syste m ha d a n easie r  t im e tha n thos e interactin g wit h 
multipl e devices .  Specifically ,  th e dat a s h o w 

1.  dominan t  us e o f  th e imperativ e i n bot h cases , 
an d m o r e us e o f  first-perso n an d questio n form s 
i n th e centra l  cas e 

2.  les s verba l  addressin g i n th e centra l  cas e 

3.  les s reformulat ion—an d m o r e successfu l 
reformulat ion—o f  request s i n th e centra l  cas e 

4.  m o r e relianc e o n contex t  i n th e centra l  case , 
w h i c h increase d ove r  t im e 

S.  slightl y faste r  overal l  completio n tim e fo r  th e 
centra l  case ,  an d significantl y faste r  fo r  certai n 
task s (updatin g addres s book ,  reservin g a  flight ) 

6.  les s o f  th e time ,  gaz e shifte d t o th e appropriat e 
displa y befor e speakin g i n th e centra l  cas e 

7.  m o r e o f  th e tim e gaz e shifte d a w a y from  th e 
appropriat e displa y i n th e centra l  cas e 

Returnin g t o ou r  hypotheses ,  w e ca n conclud e tha t 
participant s i n th e centra l  conditio n relie d m o r e heavil y 
o n contex t  the y ha d establishe d previously ,  s h o w n b y 
th e n u m b e r  o f  time s the y implicitl y  referre d t o object s 
an d information .  Thi s i s w h a t  w e expecte d give n th e 
join t  activit y v ie w o f  discours e (Clark ,  1996) .  I t 
follow s tha t  participant s i n th e centra l  conditio n 
behave d m o r e lik e the y wer e speakin g t o a  singl e entit y 
tha n thos e i n th e distribute d condition .  T h e w a y 
participant s addresse d display s an d shifte d gaz e als o 
support s thi s conclusion .  Participant s i n th e centra l 
conditio n addresse d individua l  device s les s frequently, 
suggestin g tha t  the y we r e les s likel y t o b e speakin g 
directl y t o devices .  Moreover ,  participant s i n th e 
centra l  conditio n shifte d gaz e t o individua l  device s 
w h e n startin g a  tas k les s frequently,  als o suggestin g tha t 
the y w e r e les s likel y t o b e speakin g directl y t o 
individua l  devices .  Finally ,  participant s i n th e centra l 
conditio n m o r e frequently  shifte d gaz e from  devic e t o 
devic e whil e engage d i n a  task ,  suggestin g tha t  the y 
wer e unconcerne d wit h keepin g ey e contac t  wit h a 
specifi c  device .  T a k e n together ,  thes e result s sugges t 
tha t  participant s i n th e centra l  conditio n behave d m o r e 
lik e the y wer e engage d wit h a  singl e entit y tha n thos e i n 
th e distribute d condition . 
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C o n c l u s i o n 

The presen t  stud y wa s intende d t o investigat e ho w 
peopl e spea k t o computationa l  systems .  Controllin g 
whethe r  user s believe d the y wer e speakin g t o a  singl e 
centralize d syste m o r  t o severa l  separat e devices ,  w e 
foun d a  centralize d syste m wa s mor e efficien t  an d 
easie r  t o us e tha n separat e device s i n severa l  ways .  No t 
surprisingly ,  th e mai n differenc e wa s tha t  user s o f  th e 
centra l  syste m treate d th e syste m a s a  singl e entit y 
wherea s user s o f  th e separat e device s treate d th e 
device s a s independen t  entities .  B y relyin g o n a  singl e 
controller ,  user s i n th e centralize d conditio n wer e mor e 
likel y t o reus e conversationa l  contex t  tha n user s i n th e 
distribute d condition .  Moreover ,  becaus e the y 
interacte d wit h a  singl e entity ,  user s di d no t  nee d t o 
divid e attentio n acros s severa l  conversationa l  partners . 

What  ar e som e implication s fo r  Clark' s join t  activit y 
vie w o f  conversation ? I t  ma y initiall y  see m misguide d 
t o appl y thi s theor y t o human-compute r  interaction ,  fo r 
i t  wa s intende d t o dea l  wit h human-huma n interactio n 
only .  An d afterall ,  computer s an d othe r  device s ar e no t 
tru e conversationa l  partner s because  the y ar e controlle d 
by thei r  user s an d canno t  reall y engag e i n conversation . 
Nonetheless ,  Clark' s theor y wa s i n fac t  predictiv e o f 
behavio r  i n thi s study ,  demonstratin g tha t  i n thi s 
human-compute r  interactio n context ,  man y o f  th e sam e 
assumption s abou t  human-huma n interactio n apply . 

What  ar e som e implication s fo r  th e desig n o f  futur e 
computin g environments ? First ,  fo r  th e sort s o f  task s 
considere d here ,  i t  i s  clea r  tha t  a  singl e controlle r  i s  t o 
be preferre d ove r  multipl e devices .  Thus ,  whe n 
designin g a  syste m tha t  require s a  use r  t o coordinat e 
informatio n an d activitie s amon g a  se t  o f  distinc t 
display s o r  informatio n sources ,  i t  woul d b e appropriat e 
t o provid e th e use r  a  singl e poin t  o f  contac t  wit h th e 
overal l  system ,  a s thi s woul d allo w th e use r  t o establis h 
an ongoin g relationshi p wit h a  singl e entity .  Second , 
becaus e maintainin g contex t  seem s critica l  fo r 
efficienc y (an d possibl y fo r  eas e o f  us e a s well) , 
providin g user s wit h appropriat e stat e informatio n 
woul d likel y encourag e the m t o rel y o n establishe d 
context .  Third ,  becaus e user s tende d t o fix  thei r  gaz e 
on individua l  device s i n th e multipl e devic e condition , 
gaz e cue s (i n additio n t o languag e cues )  migh t  b e usefu l 
i n helpin g th e syste m determin e leve l  o f  engagemen t 
and t o disambiguat e referentia l  statements ,  bu t  canno t 
be relie d o n completel y i n th e singl e controlle r  case . 
Fourth ,  i f  assumption s abou t  c o m m o n groun d ca n b e 
manipulate d b y instructions ,  the n th e physica l  desig n o f 
a syste m shoul d b e carefull y considered .  Fo r  example , 
puttin g severa l  screen s i n th e environmen t  wit h th e 
same physica l  siz e an d characteristic s migh t  sugges t 
multipl e devices ,  wherea s on e larg e displa y an d a  fe w 
smalle r  display s migh t  appea r  t o b e a  singl e syste m 
wit h on e poin t  o f  contac t  an d severa l  outpu t  monitors . 

Fifth ,  givin g device s obviou s way s o f  collectin g 
informatio n fro m th e room ,  suc h a s a  visibl e camera , 
allow s user s t o understan d wha t  kin d o f  c o m m o n 
groun d th e syste m i s likel y t o have .  Fo r  instance ,  th e 
camer a m a y mak e user s mor e likel y t o us e gesture s 
(e.g .  pointing )  t o referenc e information .  Finally , 
providin g user s wit h a  singl e poin t  o f  contro l  nee d no t 
hav e consequence s fo r  implementation ;  i t  migh t  simpl y 
be enoug h t o tel l  user s t o spea k wit h a  singl e device . 
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Abstrac t 

Epistemic actions are physical actions people take 
more t o simplif V thei r  interna l  problem-solvin g pro -
cesse s tha n t o brin g themselve s close r  t o a n exter -
nal  goal .  Conside r  ho w whe n playin g th e vide o 
game Tfetris ,  expert s routinel y rotat e fallin g two -
dimensiona l  shape s mor e tha n i s necessar y t o plac e 
th e shapes .  On e reaso n fo r  suc h apparentl y uimec -
essar y action s i s tha t  the y actuall y hel p th e playe r 
make placemen t  decisions .  Suc h action s migh t  fa -
cilitat e placemen t  decision s i f  additiona l  preview s 
of  th e shap e afforde d b y rotatin g i t  provid e infor -
matio n abou t  th e board ,  particularl y whe n ther e i s 
no direc t  perceptua l  matc h betwee n th e shap e an d 
th e boar d a t  th e tim e o f  decision .  Th e stud y pre -
sente d her e test s th e hypothesi s tha t  severa l  distinc t 
preview s o f  a  two-dimensiona l  shap e ca n improv e 
a person' s abiUt y t o recogniz e an d us e tha t  shap e 
when i t  i s  no t  correctl y oriente d a t  th e tim e o f  de -
cision .  Result s sho w tha t  indee d tas k performanc e 
and recognitio n ar e faste r  wit h tw o differen t  orien -
tation s tha n wit h onl y one .  Thus ,  i t  i s  possibl e tha t 
Tetri s player s rotat e two-dimensiona l  Tetri s shape s 
manuall y t o se e the m i n mor e tha n on e orientation , 
as thi s ca n lea d t o faste r  decisions . 

I n t r o d u c t i o n 

Peopl e playin g th e vide o g a m e Tetri s ofte n tak e ac -
tion s tha t  ar e no t  strictl y necessar y bu t  tha t  serv e 
t o simplif y o r  spee d u p interna l  cognitiv e o r  percep -
tua l  operation s (Kirs h &  Maglio ,  1994 ;  Magli o k 
Kirsh ,  1996) .  Playin g Tetri s involve s maneuverin g 
fallin g two-dimensiona l  shape s int o specifi c  arrange -
ment s o n th e compute r  scree n (se e Figur e 1) .  Eve n 
as player s becom e faste r  wit h practice ,  the y ten d 
t o over-rotat e fallin g shapes ,  leadin g t o backtrack -
in g a s thes e over-rotation s ar e corrected .  T o m a k e 
sens e o f  suc h backtracking ,  Kirs h an d Magli o (1994 ) 
argue d tha t  sometime s physica l  rotatio n ca n serv e 
th e sam e purpos e a s menta l  rotation ,  effectivel y of -
floading  menta l  computatio n ont o th e physica l  worl d 
(se e als o Clark ,  1997 ;  Kirsh ,  1995 ;  Maglio ,  Matlock , 
Raphaely ,  Chemick y &  Kirsh ,  1999) .  Suc h physica l 
actions—take n t o simplif y interna l  cognitiv e compu -
tatio n rathe r  tha n t o mov e close r  t o th e externa l  goa l 
state--ar e calle d epistemi c actions . 

Becaus e shap e identificatio n ca n b e facilitate d 
when prime d wit h orientation s differen t  from  th e 
tfirge t  orientatio n (Cooper ,  Schacter ,  Ballestero s k 
Moore ,  1992 ;  Srinivas ,  1995) ,  an d becaus e numeros -
it y judgment s ca n b e facilitate d eve n whe n tes t  stim -
ul i  ar e no t  presente d a t  th e sam e orientatio n a s 
th e originall y learne d pattern s (Lassalin e k  Logan , 
1993) ,  m e m o r y fo r  a  targe t  patter n migh t  no t  re -
quir e th e retrieva l  cu e b e specificall y oriented .  Thus , 
th e epistemi c functio n o f  physica l  rotatio n i n Tetri s 
migh t  b e fa r  mor e comple x tha n i s suggeste d b y th e 
simpl e ide a tha t  physica l  rotatio n ca n substitut e fo r 
menta l  rotation ,  fo r  instance ,  servin g th e functio n 
of  cuein g retrieva l  (Kirs h k  Maglio ,  1994) .  Becaus e 
physicall y rotatin g a  Tetri s shap e (whic h w e cal l  a 
zoid )  provide s th e playe r  tw o view s o f  i t  (i.e. ,  i n eac h 
of  tw o orientations) ,  i t  i s  possibl e tha t  seein g tw o 
diflferen t  view s make s retrieva l  o f  relevan t  informa r 
tio n easie r  tha n doe s seein g jus t  one .  I n fact ,  w e 
foun d previousl y tha t  whe n participant s i n a  Tetris -
lik e tas k ar e presente d wit h tw o view s o f  a  zoid , 
th e tim e take n t o decid e whethe r  i t  fits  a  particula r 
boar d i s faste r  tha n whe n participant s ar e presente d 
wit h onl y a  singl e view ,  bu t  thi s doe s no t  depen d 
on th e orientatio n o f  th e preview s relativ e t o on e 
anothe r  (Magli o k  Wenger ,  2000) . 

Ther e £ir e a t  leas t  thre e potentia l  function s o f  ro -
tatio n fo r  self-cuein g i n Tetris .  First ,  seein g th e 
fallin g zoi d i n severa l  differen t  orientation s m a y pro -
vid e helpfu l  informatio n abou t  th e board ,  particu -
larl y whe n ther e i s n o direc t  perceptua l  matc h be -
twee n zoi d an d boar d a t  decisio n time .  Tha t  is ,  i f 
th e orientatio n o f  th e zoi d floating  abov e th e boar d 
doe s no t  matc h th e orientatio n i n whic h th e zoi d ac -
tuall y fits  th e boar d whe n th e playe r  mus t  decid e t o 
plac e it ,  the n havin g previousl y see n th e zoi d i n th e 
matchin g orientatio n migh t  hel p th e proces s o f  men -
tall y matchin g zoi d an d board .  Suc h a n effec t  migh t 
be th e resul t  o f  havin g recentl y see n th e zoi d i n it s 
fitting  orientation ,  basin g th e decisio n a s t o whethe r 
th e zoi d matche s th e boar d o n m e m o r y rathe r  tha n 
on menta l  rotation .  Le t  u s cal l  thi s potentia l  epis -
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Figur e 1 :  I n Tetris ,  two-dimensiona l  shape s fal l  on e 
a tim e from  th e to p o f  th e screen ,  landin g o n th e 
botto m o r  o n to p o f  shape s tha t  hav e alread y landed . 

Ther e ar e seve n shapes ,  o r  zoida—I ,  ffl,  cfti ,  % ,  cff , 

m,  c B .  A s a  zoi d falls ,  i t  ca n b e rotated ,  &nd .  move d 
right  o r  left .  T h e objec t  o f  th e g a m e i s t o fil l  row s o f 
square s al l  th e wa y across .  Fille d row s dissolv e an d 
al l  unfille d row s abov e mov e down . 

temic function of rotation, the hoard-match function. 
A secon d potentia l  functio n o f  rotatio n fo r  self -

cuein g migh t  b e t o provid e advanc e informatio n 
abou t  th e zoi d itself ,  particularl y w h e n th e severa l 
preview s coincid e wit h th e orientatio n o f  th e zoi d a t 
th e tim e o f  decision .  Tha t  is ,  i f  th e orientatio n o f 
th e zoi d floating  abov e th e boar d matche s th e ori -
entatio n i n whic h th e zoi d fits  th e boar d w h e n th e 
playe r  mus t  decid e t o plac e it ,  the n havin g see n i t 
previousl y i n tha t  orientatio n migh t  m a k e recogni -
tio n easier .  I n thi s case ,  suc h a n effec t  migh t  b e 
th e resul t  o f  a  comple x m e m o r y retrieva l  proces s i n 
whic h multipl e view s o f  a  shap e lea d t o faste r  o r 
mor e reliabl e recognitio n o f  i t  (se e Magli o k .  Wenger , 
2000) .  Le t  u s cal l  thi s potentia l  episterai c functio n 
of  rotation ,  th e zoid-retrieva l  function . 

A thir d potentia l  functio n o f  rotatio n i n Tetri s 
migh t  relat e t o moto r  processe s rathe r  tha n t o m e m-
or y o r  perceptua l  processes .  Becaus e physicall y ro -
tatin g object s ca n facilitat e o r  inhibi t  menta l  rota r 
tio n unde r  certai n conditions ,  i t  i s  possibl e tha t  men -
ta l  rotatio n an d physica l  rotatio n shar e a t  leas t  som e 
interna l  processe s (e.g. ,  Wexler ,  Kossly n k  Berthoz , 
1998) .  Thus ,  th e specifi c  moto r  ac t  Tetri s play -
er s tak e i n rotatin g th e fallin g zoi d migh t  serv e th e 
purpos e o f  coordinatin g moto r  processe s wit h othe r 
interna l  processe s t o facilitat e zoi d placemen t  deci -
sions .  Le t  u s cal l  thi s potentia l  epistemi c function , 
th e motor-proces s function . 

Thes e thre e epistemi c function s o f  action—th e 

board-matc h function ,  th e zoid-retrieva l  function , 
an d th e motor-proces s functio n -ar e no t  mutuall y 
exclusive .  Al l  ar e possibl e reason s fo r  th e over -
rotation s observe d i n norma l  Tetri s play .  I n thi s 
paper ,  w e explor e onl y th e board-matc h function . 
Specifically ,  w e tea t  th e hypothesi s tha t  seein g sev -
era l  differen t  orientation s o f  a  fallin g zoi d i s bette r 
tha n seein g jus t  on e w h e n th e final  orientatio n o f  th e 
zoi d doe s no t  matc h th e regio n th e zoi d fits  o n th e 
contou r  o f  th e board .  A s noted ,  an y suc h facilitatio n 
migh t  resul t  from  matchin g th e boar d t o th e m e m-
or y o f  th e previewe d zoi d rathe r  tha n mentall y ro -
tatin g th e zoi d see n a t  test .  Thus ,  ou r  board-matc h 
hypothesi s i s a  kin d o f  memory-retrieva l  hypothesis . 

Retrieva l  demand s whil e playin g Tetri s ca n b e 
though t  o f  a s indirec t  test s o f  m e m o r y i n tha t  the y 
allo w fo r  effect s of  prio r  experienc e t o b e expresse d 
withou t  requirin g explici t  m e m o r y fo r  th e origi -
nal  experienc e (e.g. ,  Richardson-Klaveh n &  Bjork , 
1988) .  Task s requirin g explici t  m e m o r y fo r  th e orig -
ina l  event—suc h a s old/ne w recognitio n o r  recall — 
ar e referre d t o a s direc t  test s o f  memory .  Becaus e 
direc t  an d indirec t  test s ax e differentiall y  sensitiv e 
t o orientation ,  objec t  symmetry ,  an d othe r  physi -
cal  aspect s o f  visua l  object s (Srinivas ,  1995 ;  Sriniva s 
& Schwoebel ,  1998) ,  th e experimen t  presente d her e 
use d bot h direc t  an d indirec t  assessment s o f  m e m o r y 
t o determin e h o w effectiv e preview s ar e unde r  dif -
feren t  retrieva l  demands .  Becaus e th e effectivenes s 
of  m e m o r y cue s generall y depend s o n th e tim e tha t 
elapse s betwee n presentatio n o f  cu e an d presentatio n 
of  th e ite m t o b e retrieved ,  w e als o investigate d th e 
effec t  o f  variou s delay s betwee n final  previe w fin d 
onse t  o f  test . 

Method 

T o tes t  whethe r  tw o orientation s o f  a  fallin g zoi d 
lead s t o faste r  performanc e i n Tetri s tha n on e ori -
entatio n does ,  w e create d a  controlle d experimenta l 
situatio n tha t  share d m a n y attribute s wit h th e g a m e 
of  Tetri s bu t  tha t  allowe d fine-grained  contro l  ove r 
th e pau-ameter s o f  interest .  I n ou r  experimenta l  se t 
up ,  a  Tetri s configuratio n ( a Tetri s boar d an d zoi d 
floating  abov e it )  i s  precede d eithe r  b y none ,  one ,  o r 
tw o preview s o f  th e zoi d i n eithe r  th e sam e o r  differ -
ent  orientations .  T h e participant' s jo b i s t o quickl y 
an d accuratel y determin e a t  th e tim e o f  tes t  whethe r 
th e zoi d floating  abov e th e boeur d fits  snugl y o n th e 
board .  Thus ,  th e tas k create s situation s simila r  t o 
thos e face d b y Tetri s player s durin g a n actua l  game , 
an d als o require s response s simila r  t o thos e require d 
of  player s durin g a n actua l  game .  I n al l  cases ,  i n th e 
final  Tetri s configuration ,  th e zoi d an d th e regio n 
i t  fits  o n th e boar d contou r  (i f  i t  fits)  ar e oriente d 
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Figiir e 2 :  Thre e tria l  type s used ,  fro m lef t  t o right : 
on e preview ,  tw o preview s i n th e sam e orientation , 
an d tw o preview s i n differen t  orientations .  A n "X " 
indicate s displa y o f  a n irrelevan t  zoi d fo r  th e trial . 
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Figur e 3 :  T h e secon d previe w zoi d i s oriente d prop -
erl y relativ e t o th e boar d i n th e tria l  o n th e lef t  bu t 
not  i n th e on e o n th e right . 

diflFerently ,  meanin g ther e wa s n o perceptua l  matc h 
betwee n zoi d an d boar d a t  tes t  (se e Figur e 2) .  I n 
some cases ,  th e las t  previe w wa s oriente d s o a s t o 
fi t  snugl y o n th e boar d contou r  withou t  rotation , 
i n whic h cas e memor y fo r  th e previewe d zoi d migh t 
facilitat e th e fit/no-fit  decisio n (se e Figur e 3) . 

Participant s spen t  abou t  thre e hour s playin g ou r 
experimenta l  versio n o f  Tetris .  Separat e group s o f 
participant s wer e require d eithe r  (a )  t o mak e judg -
ment s abou t  whethe r  a  targe t  zoi d fit  i n £i n accompa r 
nyin g boar d (indirec t  test) ,  o r  (b )  t o mak e thi s judg -
ment  an d indicat e whethe r  the y remembere d seein g 
th e tes t  zoi d i n th e se t  o f  zoid s tha t  wer e presente d 
prio r  t o th e targe t  (direc t  test) .  Betwee n 0  an d 2 
preview s o f  th e teirge t  zoi d wer e presente d i n a  se -
quenc e o f  zoid s prio r  t o th e target ,  an d th e orienta -
tio n o f  thes e preview s (whe n present )  varie d relativ e 
t o th e target .  B y placin g th e preview s i n a  sequenc e 
of  event s prio r  t o th e test ,  w e wer e abl e t o manipu -
lat e th e interva l  ove r  whic h th e previe w woul d hav e 
t o b e retaine d i n memory . 

Par t ic ipant s 

Twenty-nin e participant s wer e recruite d fro m psy -
cholog y course s an d participate d voluntaril y  i n ex -
chang e fo r  cours e credit :  1 5 i n th e indirec t  condi -
tion ,  an d 1 4 i n th e direc t  condition .  Al l  participant s 
reporte d norma l  o r  corrected-to-norma l  vision . 

Design 

Th e experimenta l  desig n wa s fairl y complicate d s o a s 
t o contro l  a s man y factor s a s possible .  A s described , 
our  mai n interes t  wa s i n whethe r  multipl e preview s 
of  th e zoi d prime d recognitio n an d us e bette r  tha n a 
singl e previe w whe n ther e wa s n o perceptua l  matc h 
betwee n zoi d an d boar d a t  test .  I n addition ,  w e 
controlle d whethe r  th e tes t  zoi d fit  th e tes t  board , 
whethe r  th e previe w zoid s wer e i n th e sam e o r  dif -
ferent  orientations ,  th e tim e betwee n previe w an d 
test ,  £in d whethe r  memor y wa s teste d directl y (ask -
in g whethe r  th e tes t  zoi d ha d bee n previewed )  o r 
indirectl y (askin g onl y fo r  a  fit/no-fit  judgment) . 

Mor e precisely ,  th e experimen t  wa s conducte d a s 
a 4  (previe w type :  n o previews ,  on e preview ,  2  pre -
view s sam e orientation ,  2  preview s differen t  orienta r 
tion )  X  2  (orientatio n o f  th e las t  previe w relativ e t o 
th e board :  same ,  different )  x  3  (retentio n interva l 
betwee n las t  previe w an d targe t  zoid ,  i n frames :  0 , 

1,  2 )  X  2  (zoi d type :  W ,  § 3 )  x  2  (statu s o f  targe t 
zoi d relativ e t o th e board :  fit,  no t  fit)  x  2  (typ e o f 
m e m o ry judgmen t  a t  test :  direct ,  indirect )  mixe d 
factoria l  design .  Al l  factor s excep t  typ e o f  memor y 
judgmen t  wer e manipulate d withi n participants . 

Materials 

Al l  zoid s an d board s wer e constructe d fro m 2 0 x  2 0 
pixe l  squares .  Squ£u-e s wer e outline d b y ligh t  gra y 
Unes,  1  pixe l  i n width ,  an d wer e filled  i n soli d black . 
Th e backgroun d fo r  al l  display s wa s als o soli d black . 
Al l  zoi d type s wer e compose d o f  fou r  blocks .  Al l 
board s wer e si x block s i n heigh t  an d width .  Fou r 
"fit "  board s wer e define d fo r  eac h zoi d type ,  cor -
respondin g t o fou r  way s i n whic h th e zoi d coul d b e 
snugl y placed .  Eac h suc h boar d wa s use d wit h equa l 
frequency .  Material s wer e displaye d o n a  3 3 c m V G A 
monito r  controlle d b y a  PC-compatibl e computer . 
Onset  an d offse t  o f  eac h displa y wa s synchronize d 
t o th e monitor' s vertica l  scan .  A  standar d keyboar d 
was use d t o collec t  an d tim e (t o ± l m s )  responses . 

Procedure 

Participant s wer e teste d o n tw o consecutiv e days ,  a t 
approximatel y th e sam e tim e eac h day ,  wit h eac h 
sessio n lastin g approximatel y 9 0 min .  Al l  session s 
wer e conducte d i n a  darkene d room ,  wit h partic -
ipant s seate d a n unconstraine d distanc e fro m th e 
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monitor ,  an d bega n wit h a  five  mi n perio d fo r  dar k 
adaptation .  Participant s wer e tol d that ,  o n eac h 
trial ,  the y woul d se e a  sequenc e o f  zoid s presente d 
ver y rapidly .  Th e zoid s i n th e sequenc e woul d begi n 
fallin g fro m a  locatio n nea r  th e to p o f  th e screen : 
eac h successiv e zoi d woul d appeti r  belo w th e on e 
befor e t o creat e a  sequenc e o f  falUn g zoid s muc h 
as i n th e Tetri s game .  Eac h zoi d wa s presen t  fo r 
250 ms ,  an d eac h sequenc e consiste d o f  betwee n five 
and seve n zoids ,  wit h th e actua l  numbe r  determine d 
randoml y (an d wit h equa l  likelihood )  o n eac h trial . 
At  som e rando m poin t  i n thi s sequence ,  participant s 
woul d b e presente d wit h a  combinatio n o f  a  tes t  zoi d 
and board ,  an d woul d nee d t o mak e on e o f  tw o type s 
of  responses ,  dependin g o n whethe r  the y wer e i n th e 
indirec t  o r  direc t  memor y condition . 

I n th e indirec t  condition ,  participant s ha d t o de -
cid e whethe r  th e zoi d presente d a t  tes t  woul d fit 
snugl y int o th e board .  Participant s responde d i n th e 
affirmativ e usin g th e inde x finger  o f  th e dominan t 
hand ,  an d i n th e negativ e usin g th e inde x finger  o f 
th e non-dominan t  hand ,  pressin g eithe r  th e "z "  o r 
"/ "  key s o n th e lowe r  ro w o f  th e keyboard .  I n th e 
direc t  condition ,  participsmt s ha d t o indicat e wit h a 
singl e key-pres s bot h judgmen t  abou t  whethe r  th e 
presente d zoi d fit  snugl y i n th e boar d an d memor y 
fo r  an y occurrenc e o f  th e tes t  piec e (i n an y orienta -
tion )  i n th e sequenc e tha t  precede d th e target .  Par -
ticipant s responde d wit h th e inde x finger  o f  th e dom -
inan t  han d i f  th e targe t  piec e fit  an d the y remem -
bere d seein g thi s piec e i n th e precedin g sequence , 
wit h th e middl e finger  o f  th e dominan t  han d i f  th e 
targe t  piec e fit  an d the y di d no t  remembe r  seein g i t 
i n th e precedin g sequence ,  ein d wit h th e inde x finger 
of  th e non-dominan t  han d i f  th e piec e di d no t  fit. 
Speed an d accurac y wer e emphasize d equally . 

Results 

Not e tha t  participant s quickl y becam e ver y goo d a t 
thi s task ;  b y th e en d o f  th e first  day ,  overal l  erro r 
rat e wa s belo w 3% ,  indicatin g a  hig h leve l  o f  skill . 
Now,  t o determin e whethe r  prime s ha d a n effect , 
correc t  reactio n time s (RT )  wer e analyze d usin g tw o 

2 (zoi d type :  "f f  ,  B :  )  x  2  (preview :  present ,  ab -
sent )  X  2  (statu s o f  th e tes t  zoid :  doe s fit,  doe s no t 
fit)  repeate d measure s A N O V A s ,  on e fo r  eac h tes t 
conditio n (direct ,  indirect) .  I n bot h tes t  conditions , 
presenc e o f  a  previe w speede d response s (indirect , 
556 m s vs .  69 1 ms ,  F(i,i4 )  =  11995.0 ,  M S E =  23.04 ; 
direct ,  86 7 m s vs .  100 8 ms ,  F(i,i3 )  =  1095.75 ,  M S E 
= 254.10) .  Bot h condition s als o showe d faste r  re -
sponse s whe n th e tes t  zoi d fit  relativ e t o whe n i t  di d 
not  (indirect ,  59 4 m s vs .  65 3 ms ,  F(i,i4 )  =  43.67 , 
M SE =  1214.50 ;  direct ,  89 0 m s vs .  98 5 ins ,  F(i,i3 )  = 
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Figmr e 4 :  Preview-presen t  trials :  interactio n o f  la g 
a n d fit  status .  Fi t  - H indicate s trial s w h e r e th e tes t 
zoi d fit,  a n d Fi t  - ,  w h e r e th e tes t  zoi d di d no t  fit. 
L a g i s  expresse d i n te rm s o f  th e n u m b e r  o f  f rame s 
intervenin g b e t w e e n las t  previe w a n d tes t  zoid . 

120.27 ,  M S E ̂  1039.34) .  Finally ,  th e effec t  o f  th e 
presenc e o f  a  previe w w a s dependen t  o n th e statu s 
of  th e tes t  zoid ,  w i t h th e previe w effec t  bein g large r 
w h e n th e tes t  zoi d fit  relativ e t o w h e n i t  di d no t 
(indirect ,  14 0 m s vs .  13 1 m s ,  F(i.i4 )  =  10.87 ,  M S E 
= 31.12 ;  direct ,  14 8 m s vs .  13 3 m s ,  F(i,i3 )  =  5.08 , 
M SE =  181.28) . 

Havin g establishe d tha t  a  previe w m a d e a  differ -
ence ,  w e nex t  loo k t o se e whethe r  havin g mor e tha n 
one previe w m a d e a  difference ,  an d whethe r  th e pre -
vie w (s )  ha d an y interactin g effect s wit h othe r  as -
pect s o f  th e design .  T h e preview-presen t  dat a wer e 

analyze d usin g tw o 2  (zoi d type :  "f f  ,  B j  )  x  3  (num -
ber  o f  previews :  1 ,  2 )  X  2  (orientatio n o f  th e previe w 
relativ e t o th e tes t  piece :  same ,  different )  x  3  (lag ,  i n 
frames ,  betwee n th e las t  previe w an d th e tes t  zoid : 
0,  1 ,  2 )  X  2  (statu s o f  th e tes t  zoid :  doe s fit,  doe s no t 
fit)  repeate d measure s A N O V A s ,  on e fo r  eac h o f  th e 
tes t  conditions .  A  first  resul t  wa s a n effec t  o f  nimfi -
ber  o f  previews :  participant s wer e faste r  wit h tw o 
preview s tha n wit h on e (indirect ,  54 2 m s vs .  56 2 
m s,  F(i,i4 )  =  101.02 ,  M S E =  353.96 ;  direct ,  85 7 m s 
vs .  87 2 m s ,  F(i,i3 )  =  15.75 ,  M S E =  1172.30) .  T h e 
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Figur e 6 :  Preview-presen t  trials ,  direc t  tes t  condi -
tion :  interactio n o f  lag ,  numbe r  o f  previews ,  an d 
accurac y o f  th e memor y judgment . 

Figvur e 5 :  Preview-presen t  trials :  interactio n o f  lag , 
fit  status ,  an d orientatio n o f  th e tes t  zoid . 

la g betwee n th e las t  o f  th e preview s an d th e statu s 
of  th e tes t  zoi d interacte d i n bot h tes t  condition s 
(se e Figur e 4) :  decrease s i n la g produce d faste r  R T s 
when th e tes t  zoi d fit  (indirect ,  F(2,28 )  =  73.19 ,  M S B 
= 379.39 ;  direct ,  F(2.26 )  =  21.72 ,  M S B =  1488.90 ) 
bu t  produce d longe r  R T s whe n th e tes t  zoi d di d no t 
fit.  Finally ,  ther e wa s a n interactio n amon g lag ,  sta -
tu s o f  th e tes t  zoid ,  an d orientatio n o f  th e previe w 
relativ e t o th e tes t  zoi d (se e Figur e 5) ,  thoug h thi s 
interactio n wa s reliabl e onl y fo r  th e indirec t  condi -
tio n (F(2,2i )  =  4.21 ,  M S B =  339.60) . 

We nex t  examine d trial s o n whic h ther e wer e tw o 
previews .  Hal f  o f  thes e involve d preview s i n on e ori -
entatio n an d hal f  involve d preview s i n tw o orienta -
tions .  Analysi s reveale d tha t  seein g tw o orientation s 
le d t o faste r  response s tha n seein g on e orientatio n i n 
bot h indirec t  (61 6 m s vs .  68 6 ms ,  t(28 )  =  4.23 )  an d 
direc t  (93 2 m s vs .  98 0 m s ,  <(26 )  =  4.18 )  conditions . 

I f  epistemi c action s serv e th e mnemoni c purpose s 
we hav e suggested ,  the n ther e migh t  b e a  certai n 
awarenes s o n th e par t  o f  th e playe r  a s t o mnemoni c 
stat e whil e playing ,  whic h i n tur n suggest s tha t  th e 
abilit y  t o monito r  m e m o r y stat e m a y modulat e th e 
benefit s o f  epistemi c action .  T o asses s thi s possibil -
ity ,  w e examine d th e preview-presen t  trial s o f  th e 
direc t  tes t  condition ,  treatin g accurac y o f  memor y 

judgmen t  a s a  rando m effect ,  usin g a  2  (memor y ac -

curacy :  correct ,  incorrect )  x  2  (zoi d type :  "f f  ,  B d ) 
X 3  (la g betwee n las t  previe w an d tes t  zoid :  0 ,  1 ,  2 ) 
X 2  (numbe r  o f  previews :  1 ,  2 )  repeate d measure s 
A N O V A.  Thi s analysi s reveale d th e expecte d benefi t 
of  increasin g th e numbe r  o f  preview s (89 9 m s fo r  tw o 
vs .  94 6 m s fo r  one ,  F(i,24 )  =  6.66 ,  M S B =  1194.80) . 
I t  als o reveale d faste r  response s whe n participant s 
accuratel y remembere d th e previe w relativ e t o whe n 
the y di d no t  consciousl y recal l  seein g a  previe w (85 5 
ms vs .  99 7 m s ,  F(i,24 )  =  4.79 ,  M S B =  96227.58) .  Fi -
nally ,  ther e wa s a n interactio n amon g lag ,  ntimbe r  o f 
previews ,  an d th e accurac y o f  th e memor y judgmen t 
(se e Figur e 6 ;  F(2,48 )  =  4.02 ,  M S B =  1851.61) . 

Discussion 

Our  result s sho w tha t  whe n th e tes t  zoi d an d boar d 
ar e no t  oriente d properl y wit h respec t  t o on e an -
other ,  on e previe w o f  th e zoi d i n an y orientatio n wit h 
respec t  t o th e boar d lead s t o faste r  response s tha n 
doe s n o previews ,  an d tw o preview s lea d t o faste r 
response s tha n doe s on e preview .  Thi s wa s foun d 
fo r  bot h indirec t  Tetris-lik e fit/no-fit  judgmen t  tas k 
as wel l  a s fo r  direc t  memor y recognitio n task .  I n 
addition ,  tw o preview s wit h tw o differen t  orients r 
tion s produce d faste r  response s tha n di d tw o pre -
view s wit h th e sam e orientation .  Thus ,  unde r  cer -
tai n conditions ,  severa l  orientation s ca n prim e two -
dimensiona l  shap e recognitio n an d us e bette r  tha n 
a singl e orientatio n can . 
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Not e tha t  respons e tim e wa s speede d u p b y a  sin -
gl e previe w i n an y o f  th e thre e orientation s nlativ e 
t o th e tes t  zoi d an d board .  Th e benefi t  wa s no t 
restricte d t o a  previe w tha t  share d orientatio n wit h 
th e tes t  display .  Thi s finding  i s consisten t  wit h prim -
in g studie s i n whic h i t  wa s foun d tha t  a  prim e nee d 
not  b e presente d i n th e sam e orientatio n a s th e tar -
get  t o facilitat e recognitio n o r  identificatio n (e.g. , 
Cooper ,  Schacter ,  Ballestero s &  Moore ,  1992 ;  Srini -
vas ,  1995) .  However ,  w e hav e gon e a  ste p furthe r 
tha n thes e b y showin g tha t  primin g wit h severa l  ori -
entation s i s mor e effectiv e tha n primin g wit h a  singl e 
orientatio n unde r  certai n conditions . 

The dat a als o reveale d tha t  th e benefi t  o f  pre -
views ,  o n trial s i n whic h th e tes t  zoi d di d fit,  di -
minishe d a s tim e elapse d betwee n las t  previe w an d 
tim e o f  decision .  Thi s attenuatio n o f  th e positiv e 
effect s o f  preview s suggest s tha t  th e benefi t  o f  rota r 
tio n fo r  self-cuein g ma y b e restricte d t o a  smal l  win -
dow o f  tim e jus t  prio r  t o th e final  decision ,  whic h 
woul d b e consisten t  wit h th e reasonabl y rapi d pac e 
at  whic h th e gam e proceed s fo r  skille d players .  I n 
contrast ,  o n trial s  i n whic h th e tes t  zoi d di d no t  fit, 
tempora l  proximit y betwee n las t  previe w an d judg -
ment  appeare d t o extrac t  a  cost ,  suggestin g a  stron g 
specificit y o f  th e effec t  o f  preview s t o particula r  con -
dition s o f  th e game .  Moreover ,  th e dat a from  th e di -
rec t  tes t  conditio n reveale d tha t  accurate ,  consciou s 
memory o f  a  previe w produce d a  benefi t  i n respond -
ing ,  suggestin g tha t  player s ma y hav e th e abilit y  t o 
monito r  thei r  mnemoni c state—a s wel l  a s th e stat e 
of  th e game—as pla y unfolds .  On e provocativ e ide a 
i s tha t  epistemi c action s ma y occu r  i n respons e t o 
players '  assessmen t  o f  a  nee d fo r  additiona l  cueing . 

Returnin g t o th e specifi c  ide a epistemi c actio n 
i n Tetris—th e board-matc h functio n o f  rotatio n i n 
particular—thes e result s sugges t  tha t  b y rotatin g 
fallin g zoids ,  player s ma y b e abl e t o effectivel y cu e 
themselves ,  enablin g quicke r  response s i n a  Tetri s 
situation .  Previou s researc h ha s establishe d variou s 
ways i n whic h Tetri s player s tak e action s fo r  thei r 
epistemi c effect s (Kirs h &  Maglio ,  1994 ;  Magli o & 
Kirsh ,  1996) .  The  dat a reporte d her e sho w tha t  sev -
era l  preview s o f  th e fallin g zoi d sometime s speed s u p 
performanc e o n a  Tetris-lik e task ,  bu t  th e hypothe -
si s tha t  Tetri s player s over-rotat e zoid s i n orde r  t o 
speed u p performtmc e i s no t  directl y tested .  I t  re -
main s t o b e see n whethe r  actuall y takin g th e actio n 
of  orientin g th e previe w (i.e. ,  physicall y rotatin g th e 
fallin g shape )  i s  a  critica l  componen t  o f  performance , 
independen t  o f  th e presentatio n o f  th e previe w itself . 
I t  als o remain s t o b e see n whethe r  th e time-cos t  o f 
makin g a n extr a mov e i s mor e tha n compensate d b y 
th e benefi t  i n RT .  We ar e explorin g bot h questions . 
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Abstrac t 

We tested the hypo&esis that syntactic constraints on 
spoke n wor d recognitio n ar e integrate d immediatel y 
when the y ar e highl y predictive .  W e use d a n artificia l 
lexico n paradig m t o creat e a  lexico n o f  noun s (referrin g 
t o shapes )  an d adjective s (referrin g t o textures) .  Eac h 
wor d ha d phonologica l  competitor s i n bot h for m classes . 
We create d stron g fon n clas s expectation s b y usin g 
visua l  display s tha t  eithe r  require d adjectiv e us e o r  mad e 
adjective s infelicitous .  W e foun d evidenc e fo r  immediat e 
integratio n o f  for m clas s expectation s base d o n th e 
pragmati c visua l  cues :  similar-soundin g word s compete d 
when the y wer e fro m th e sam e for m class ,  bu t  no t  whe n 
the y wer e fro m differen t  for m classes . 

Top-down constraints on word recognition 

I t  i s  clea r  tha t  w e integrat e top-dow n informatio n whe n 
we interpre t  language .  I f  someon e tell s u s the y pu t 
m o n ey i n a  bank ,  w e understan d tha t  thei r  mone y i s i n a 
vaul t  an d no t  burie d nex t  t o a  river.  W h a t  i s les s clea r  i s 
when an d h o w w e integrat e top-dow n knowledg e wit h 
bottom-u p linguisti c input . 

O ne possibilit y i s  tha t  languag e i s  processe d i n 
stages ,  wit h top-dow n informatio n integrate d afte r  a n 
encapsulate d first-pas s o n th e bottom-u p inpu t  (e.g. , 
Frazie r  &  Clifton ,  1996 ;  Norris ,  M c Q u e e n &  Cutler , 
2000) .  Th e theor y behin d thi s genr e o f  mode l  i s Aa t 
optima l  efficienc y ca n b e achieve d b y applyin g 
automati c processe s tha t  wil l  almos t  alway s yiel d a 
correc t  resul t  I n th e rar e even t  tha t  th e automati c resul t 
caimo t  b e reconcile d wit h top-dow n information , 
reanalysi s woul d b e required . 

A secon d possibilit y  i s tha t  top-dow n constraint s ar e 
integrate d immediately ,  wit h weight s proportiona l  t o 
thei r  predictiv e powe r  (e.g. ,  McClellan d &  Elman , 
1986 ;  MacDonald ,  Pearlmutte r  &  Seidenberg ,  1994 ; 
Tanenhau s &  Trueswell ,  1994) .  Th e theor y behin d 
constraint-base d approache s i s  tha t  a  syste m ca n b e 
m a de mor e efficien t  b y allowin g an y sufficientl y 
predictiv e informatio n sourc e t o b e integrate d wid i 
processin g a s soo n a s i t  i s relevant . 

Whil e a  variet y o f  result s suppor t  constraint-base d 
theorie s o f  sentenc e processin g (se e MacDonal d e t  al. , 
1994) ,  ther e i s  reaso n t o believ e tha t  spoke n wor d 
recognitio n i s  initiall y  encapsulate d from  top-dow n 
constraints .  Swinne y (1979 )  an d Tanenhaus ,  Leima n & 
Seidenber g (1979 )  provide d th e semina l  result s o n thi s 
issu e b y examinin g whethe r  al l  homophone s ar e 
activate d independen t  o f  context .  Tanenhau s e t  al . 
presente d participant s wit h spoke n sentence s tha t  ende d 
wit h a  syntacticall y ambiguou s wor d (e.g. ,  "the y al l 
rose "  vs .  "the y bough t  a  rose") .  I f  participant s wer e 
aske d t o nam e a  visua l  targe t  immediatel y a t  th e offse t 
of  th e ambiguou s word ,  primin g wa s foun d fo r 
associate s bod i  o f  th e alternativ e suggeste d b y th e 
contex t  (e.g. ,  "stood "  give n "the y al l  rose" )  an d o f 
homophone s tha t  woul d no t  fi t  th e syntacti c fram e (e.g. , 
"flower") .  Give n a  200-m s dela y prio r  t o th e 
presentatio n o f  th e visua l  stimulus ,  primin g wa s foun d 
onl y fo r  associate s o f  th e syntacticall y appropriat e 
word .  Thi s suggest s tha t  lexica l  activatio n i s initiall y 
base d onl y o n bottom-u p information ,  an d top-dow n 
informatio n i s a  relativel y late-actin g constraint . 

Tanenhau s &  Luca s (1987 )  argued  tha t  thi s mad e 
sens e give n th e predictiv e powe r  o f  a  form-clas s 
exf>ectation .  Knowin g tha t  th e nex t  wor d wil l  b e on e o f 
ten s o f  thousand s o f  noun s woul d affor d virtuall y n o 
advantag e fo r  mos t  noun s (thos e withou t  homophone s 
i n differen t  for m classes) .  Furthermore ,  expectation s fo r 
classe s lik e nou n o r  ver b migh t  b e ver y wea k becaus e 
modifier s ca n ahnos t  alway s b e inserte d befor e eithe r 
clas s (e.g. ,  "the y jus t  rose" ,  "the y bough t  a  ver y prett y 
re d rose" ;  c f  Shillcoc k &  Bard ,  1993) . 

Shillcoc k &  Bar d (1993 )  pointe d ou t  tha t  ther e ar e 
for m classe s tha t  shoul d b e mor e predictiv e tha n nou n 
or  verb ,  becaus e the y hav e fe w members :  thos e mad e 
up o f  closed-clas s words .  The y examine d whethe r 
Avud /  i n a  sentenc e contex t  favorin g th e closed-clas s 
item ,  "would "  (e.g. ,  "Joh n sai d tha t  h e didn' t  wan t  t o d o 
th e job ,  bu t  hi s brothe r  would ,  a s w e late r  foun d out") , 
woul d prim e associate s o f  it s homophone ,  "wood" , 
suc h a s "timber "  (compare d wit h a  contex t  lik e "Joh n 
sai d h e didn' t  wan t  t o d o th e jo b wit h hi s brother' s 
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wood,  a s w e late r  foun d out") .  The y foun d primin g fo r 
"timber "  give n th e open-clas s contex t  (favorin g 
"wood" )  immediatel y afte r  th e offse t  o f  /wud/ ,  bu t  no t 
give n th e closed-clas s context .  Th e sam e resul t  hel d 
when the y probe d half-wa y throug h th e pronunciatio n 
of  /wud/ .  Thi s suggest s th e closed-clas s contex t  wa s 
sufficientl y constrainin g t o bia s th e earlies t  moment s o f 
wor d recognition .  A  cloz e tes t  (i n whic h participant s 
wer e aske d t o suppl y th e nex t  wor d give n th e sentenc e 
context s u p t o th e wor d jus t  prio r  t o "would "  o r 
"wood" ,  wit h th e understandin g tha t  th e wor d the y 
supplie d woul d no t  b e th e las t  i n th e sentence ) 
confirme d tha t  th e closed-clas s contex t  wa s muc h mor e 
predictive .  Participant s provide d word s o f  th e sam e 
for m clas s a s th e targe t  mos t  o f  th e tim e fo r  bot h cases , 
but  wer e muc h mor e likel y t o provid e th e targe t  give n 
th e closed-clas s contex t  tha n th e open-clas s context . 

Shillcoc k &  Bard' s resul t  i s  consisten t  wit h th e 
constraint-base d vie w tha t  top-dow n informatio n 
source s ar e integrate d earl y i n processin g whe n the y ar e 
sufficientl y predictive .  I n th e curren t  experiment ,  w e 
teste d th e hypothesi s tha t  eve n for m clas s expectation s 
fo r  open-clas s word s coul d constrai n wor d recognitio n 
give n a  contex t  wit h sufficien t  predictiv e power . 

The Experiment 
We hypothesize d tha t  for m clas s coul d b e 

sufficientl y predictiv e t o constrai n initia l  activatio n i f  i t 
wer e combine d wit h stron g visua l  an d pragmati c 
expectations .  Fo r  example ,  i f  ther e ar e fou r  object s o n a 
tabl e -  a  brow n purse ,  a  purpl e book ,  a  re d ashtray ,  an d 
a blu e pe n -  an d w e as k yo u t o pic k on e up ,  yo u woul d 
hav e stron g expectation s abou t  h o w specifi c  w e woul d 
be i n makin g referenc e t o a n item .  Fo r  example ,  i f  w e 
wante d th e purse ,  yo u woul d expec t  t o b e asked ,  "pic k 
up th e purse "  rathe r  tha n "pic k u p th e brow n purse. " 
Becaus e o f  suc h conversationa l  pragmatic s (Grice , 
1975) ,  w e woul d no t  expec t  subject s t o experienc e 
stron g competitio n betwee n "purple "  an d "purse "  a s 
the y hea r  "pur—, "  sinc e i f  w e wante d th e book ,  w e 
woul d as k fo r  "th e book, "  no t  "th e purpl e book. "  Bu t  i f 
ther e wer e brovr a an d re d purses ,  an d purpl e an d gree n 
books ,  give n "pic k u p th e pur- "  w e woul d expec t  littl e 
con^titio n from  purs e -  subject s woul d hav e a  stron g 
expectatio n t o hea r  a n adjectiv e i n thi s case . 

Constructin g suc h a n experimen t  wit h rea l  word s 
pose s significan t  problems .  Whil e ther e ar e man y 
example s o f  cross-for m clas s competitor s i n English , 
ther e ar e relativel y fe w tha t  ar e highl y imageabl e an d 
thu s  ̂ propriat c fo r  ou r  pragmati c manipulation .  Eve n 
among thes e few ,  ther e i s hig h variabilit y  i n factor s 
suc h a s frequency  an d wor d lengt h (e.g. ,  purple-purse , 
dotted-dog ,  tan-tambourine ,  rough-rum) . 

Therefore ,  w e extende d a n artificia l  lexico n 
paradig m tha t  w e previousl y develope d t o stud y th e 
lexica l  neighborhood s o f  spoke n word s (Magnuson , 
Dahan,  AUopenna ,  Tanenhau s &  Aslin ,  1998) .  A n 

Tabl e 1 :  T h e artificia l  lexicon . 
N O UN (ihape )  AD J (texture ) 

I 
2 
3 

4 

5 
6 
7 

8 
9 

pib o 

pib e 
bup o 

ted u 

dot e 
dot u 
kaga e 

ga'k u 
galia ' 

pib A 

bup A 

bup e 
ted i 
ted e 
dot i 

kaga ' 
kag u 
galo B 

1 

2 
3 
4 
5 
6 

7 
8 
9 

artificia l  lexico n allow s precis e contro l  ove r  suc h 
dimension s a s phonologica l  similarit y an d frequency  o f 
occurrence ,  a s wel l  a s visua l  aspect s o f  stimuli . 

We create d a  lexico n o f  noun s (referrin g t o nove l 
shapes )  an d adjective s (referrin g t o textures) .  Th e 
lexico n (show n i n Tabl e 1 )  containe d phonemi c cohort s 
(e.g. ,  /pibo /  an d /pibA/ )  i n differen t  syntacti c categorie s 
(e.g. ,  /pibo /  wa s a  noi m an d /pibA /  wa s a n adjective )  o r 
th e sam e categor y (e.g. ,  anothe r  nou n wa s /pibe/) . 
Thus ,  th e artificia l  lexico n allowe d u s t o compar e 
phonologica l  competitor s i n sam e o r  differen t  for m 
classe s wit h similarit y precisel y controlled .  (Not e tha t 
ther e ar e eve n fewe r  example s o f  rea l  word s wit h 
comparabl e phonologica l  competitor s i n th e sam e for m 
clas s an d another ,  an d th e possibl e set s ar e quit e 
heterogeneous ,  e.g. :  purple-purse-person ,  tattered-tan -
tambourine. ) 

Participant s learne d th e lexico n ove r  tw o day s o f 
training .  Instruction s wer e give n i n a n EngUs h context , 
wit h Englis h wor d orde r  (e.g. ,  "clic k o n th e /pibA /  [adj ] 
/tedu /  [noun]") .  W e create d condition s i n whic h th e 
visua l  contex t  provide d stron g syntacti c expectation s b y 
constructin g context s i n whic h adjective s wer e require d 
(e.g. ,  tw o example s o f  th e shap e associate d wit h /pibo/ , 
but  wit h tw o differen t  textures )  o r  infelicitou s (e.g. ,  tw o 
differen t  shapes ,  makin g th e adjectiv e superfluous ,  eve n 
i f  th e shape s hav e differen t  textures) .  I f  syntacti c 
expectation s i n conjunctio n wit h pragmati c constraint s 
embodie d i n th e visua l  displa y ca n constrai n wor d 
recognitio n earl y i n processing ,  w e shoul d observ e 
competitio n effect s onl y betwee n cohort s from  th e sam e 
syntacti c for m class . 

Methods 

Participants 

Eigh t  nativ e speaker s o f  Englis h w h o reporte d norma l 
or  corrected-to-norma l  visio n an d norma l  hearin g wer e 
pai d fo r  thei r  participation .  Participant s attende d 
session s o n tw o consecutiv e days . 
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Figur e 1 :  T h e 9  shape s an d 9  textures . 

Materials 

Th e linguisti c material s consiste d o f  th e 1 8 artificia l 
word s ( 9 nouns ,  referrin g t o shapes ,  an d 9  adjective s 
referrin g t o textures )  show n i n Tabl e 1 .  Th e auditor y 
stimul i  wer e produce d b y a  mal e nativ e speake r  o f 
Englis h i n a  sentenc e contex t  (e.g. ,  "Clic k o n th e /bup e 
tedu/.") .  Th e stimul i  wer e recorde d usin g a  K a y La b 
C SL 400 0 wit h 1 6 bi t  resolutio n an d a  samplin g rat e o f 
22.02 5 kHz .  Th e mea n duratio n o f  th e "Clic k o n the... " 
portio n o f  th e instructio n wa s 47 5 m s fo r  adjectiv e 
instructions ,  an d 40 2 m s fo r  nou n instructions .  Fo r 
adjectiv e instructions ,  mea n adjectiv e duratio n wa s 48 7 
m s,  an d mea n nou n duratio n wa s 68 2 ms .  Fo r  nou n 
instructions ,  mea n nou n duratio n wa s 55 8 ms . 

We examine d th e neighborhood s ou r  artificia l  word s 
woul d fal l  int o wer e the y rea l  word s o f  English ;  non e 
woul d b e i n a  dens e Englis h neighborhoo d ( 9 ha d 0 
neighbors ,  an d 7  ha d 1  neighbor) .  (Se e Magnuso n 
[2001 ]  fo r  evidenc e tha t  artificia l  an d nativ e lexicon s d o 
not  interact ,  eve n whe n artificia i  item s ar e constructe d 
t o b e maximall y simila r  t o rea l  words. )  Th e visua l 
material s consiste d o f  unfamilia r  shape s generate d b y 
randoml y fillin g 1 8 contiguou s cell s i n a  6x 6 grid .  W e 
selecte d a  se t  o f  9  subjectivel y dissimila r  shapes .  Thes e 
shape s provide d referent s fo r  th e nouns .  I n addition ,  9 
texture s wer e selecte d from  amon g th e se t  distribute d 
wit h Microsof t  PhotoDraw .  Figur e 1  show s eac h o f  th e 
9 shapes ,  wit h a  differen t  on e o f  th e 9  texture s applie d 
t o eac h (not e tha t  pictur e qualit y wa s substantiall y 
highe r  o n th e compute r  display) .  N a m e s wer e randoml y 
mapped t o sh^e s an d texture s fo r  eac h participant . 

Eye tracldng 

Durin g th e test s (se e Procedure) ,  ey e movement s wer e 
monitore d usin g a  SensoriMotori c Instrument s (SMI ) 
EyeLin k ey e tracker ,  whic h provide d a  recor d o f  point -
of-gaz e i n scree n coordinate s a t  a  samplin g rat e o f  25 0 
hz .  Saccade s an d fixation s wer e code d from  th e point -
of-gaz e dat a usin g SMI' s software . 

Eye movement s wer e use d becaus e the y ar e closel y 
time-locke d t o speec h i n a  properl y constraine d task . 
Tanenhaus ,  Spivcy-Knowlton ,  Eberhar d &  Sediv y 
(1995 )  foun d tim e locke d fixation s whe n subject s 
followe d spoke n instruction s t o perfor m a  visually -
guide d tas k (e.g. ,  "pic k u p th e candle") .  Becaus e th e 
subjec t  mus t  foveat e th e targe t  ite m i n orde r  t o 
efficientl y follo w th e instruction ,  ther e i s a  functiona l 
lin k betwee n th e speec h stimulu s an d dependen t 
measure .  Thi s lin k avoid s th e pitfall s  o f  interpretin g ey e 
movement s describe d b y Vivian i  (1990) . 

AUopenna ,  Magnuso n &  Tanenhau s (1998 ) 
extende d thi s wor k t o a  time-cours e issu e i n spoke n 
wor d recognition .  Wherea s studie s usin g mor e 
conventiona l  task s ha d faile d t o fin d evidenc e fo r  th e 
activatio n o f  rhyme s durin g lexica l  competition ,  ey e 
trackin g prove d sensitiv e enoug h t o detec t  th e robus t  (i f 
relativel y weak )  rhym e activatio n predicte d b y variou s 
model s (e.g. ,  Luc e &  Pisoni ,  1998 ;  McClellan d & 
Elman ,  1986) .  Dahan ,  Magnuso n &  Tanenhau s (2001 ) 
applie d th e approac h t o a  debat e regardin g frequency 
effect s i n spoke n wor d recognition .  Competin g theorie s 
made conflictin g prediction s a t  th e leve l  o f  tim e course ; 
fo r  example ,  som e argue d i t  kicke d i n a s a  lat e bia s 
(Connine ,  Blask o &  Titone ,  1993) .  Daha n e t  al.' s  ey e 
trackin g measure s demonstrate d dia t  frequency  ha s a 
continuou s bu t  gradua l  influenc e from  th e earlies t 
moments o f  processing ,  leadin g t o th e appearanc e o f  a 
lat e locu s i n les s sensitiv e paradigms . 

Th e ey e trackin g paradig m impose s differen t 
constraint s tha n mor e conventiona l  paradigms ,  suc h a s 
lexica l  decision .  I n a  conventiona l  task ,  th e stimul i  ar e 
typicall y decontextualized ;  ther e i s nothin g abou t  th e 
tas k tha t  predict s wha t  wor d on e migh t  hea r  next .  I n th e 
ey e trackin g paradigm ,  th e stimul i  ar e presente d i n th e 
contex t  o f  a  displa y o f  items .  Whil e thi s allow s mor e 
naturalisti c  tasks ,  i t  migh t  als o allo w strategi c 
processing .  Fo r  example ,  participant s migh t  activat e 
lexica l  representation s i n respons e t o th e visua l  displa y 
prio r  t o an y botto m u p information ,  o r  th e displaye d se t 
of  item s migh t  provid e a  verificatio n se t  t o guid e 
recognition .  Ther e i s n o evidenc e fo r  lexica l  activatio n 
prio r  t o th e bottom-u p signal ;  fixatio n proportion s m a ^ 
precisel y ont o emergin g phoneti c similarit y ove r  time . 
We hav e als o foim d tha t  recognitio n i n thi s paradig m i s 
not  base d o n lexica l  activation s constraine d t o th e 
displaye d items :  artificia l  lexica l  item s (Magnuson , 
Tanenhaus ,  Asli n &  Dahan ,  1999 ,  i n preparation )  an d 
rea l  word s (Magnuson ,  2001 )  i n dens e neighborhood s 
(i.e. ,  wit h man y o r  ver y frequen t  neighbors )  ar e 
recognize d mor e slowl y tha n word s fro m sparse r 
neighborhoods ,  eve n whe n th e neighbor s ar e no t 
displayed .  Thi s suggest s th e representation s o f  di e 
neighbor s wer e activate d an d compete d fo r  recognition . 

I n summary ,  ey e movement s provid e a n extremel y 
sensitiv e tim e cours e measur e o f  lexica l  activatio n an d 
competition .  W e nee d jus t  suc h a  measur e t o resolv e th e 
tim e cours e debat e w e ar e concerne d wit h here :  whe n 
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ar e top-dow n an d bottom-u p informatio n integrate d 
durin g spoke n languag e understanding ? 

Procedure 

Participant s wer e traine d an d teste d i n session s o n tw o 
consecutiv e days .  Eac h sessio n laste d betwee n 9 0 an d 
120 minutes .  O n da y 1 ,  participant s wer e traine d firs t 
on th e noun s i n a  two-alternativ e force d choic e ( 2AFC ) 
task .  O n eac h trial ,  tw o shape s appeare d (bot h wit h 
soli d blac k texture )  an d th e participan t  hear d a n 
instructio n t o clic k o n on e (e.g. ,  "clic k o n th e bupo") . 
The auditor y stimul i  wer e presente d binaurall y throug h 
headphone s (Sennheise r  HD-570 )  usin g standar d 
Macintos h Powe r  P C digital-to-analo g devices . 

W h en th e subjec t  clicke d o n a n item ,  on e ite m 
disappeared ,  leavin g th e correc t  one ,  an d it s nam e wa s 
repeated .  Ther e wer e 1 4 repetition s o f  eac h item ,  spli t 
int o 3  block s o f  4 8 trials .  Item s wer e no t  repeate d o n 
consecutiv e trials ,  an d wer e ordere d suc h Aa t  ever y 
ite m wa s repeate d 7  time s ever y 7 2 trials .  Followin g th e 
2 A F C blocks ,  nou n trainin g continue d wit h 3  block s o f 
4 A F C,  wit h identica l  orderin g constraint s an d number s 
of  trials .  Eac h shap e appeare d equall y ofte n a s a 
distractor . 

Adjectiv e trainin g the n began .  First ,  participant s 
sa w tw o exemplar s o f  on e shape ,  wit h differen t 
textures .  The y hear d a n instruction ,  suc h a s "clic k o n 
th e bup e pibo" .  Sinc e the y alread y kne w that ,  e.g. , 
"pibo "  referre d t o on e o f  th e shapes ,  participant s foun d 
i t  transparen t  tha t  "biq)e "  referred  t o on e o f  tiie  textures . 
As i n flie  nou n training ,  afte r  the y clicke d o n on e item , 
th e incorrec t  on e disappeare d an d th e ful l  nam e wa s 
repeated .  Eac h adjectiv e an d eac h nou n wa s a  targe t  i n 
8 trial s i n eac h block ;  eac h adjectiv e wa s randomly 
paire d wit h 8  differen t  noun s i n eac h block .  Afte r  thre e 
48-tria l  2 A F C blocks ,  ther e wer e thre e 4 A F C blocks , 
wit h fou r  exemplar s o f  th e sam e shap e wit h fou r 
differen t  textures .  Thes e wer e followe d b y thre e mor e 
block s o f  4 A F C ,  bu t  wit h tw o exemplar s eac h o f  tw o 
sh2̂ >es ,  eac h wit h a  differen t  textur e (requirin g 
participant s t o recogniz e bot h th e adjectiv e an d noun) . 

Afte r  this ,  a  mor e comple x trainin g regim e began . 
On som e trials ,  fou r  differen t  shape s appeared .  O n 
others ,  tw o pair s o f  shape s appeared .  O n ever y trial , 
eac h shap e ha d a  differen t  texture .  O n trial s wit h tw o 
pair s o f  shapes ,  a n adjectiv e wa s require d t o mak e 
unambiguou s reference ,  an d th e fiil l  referen t  wa s 
specifie d o n suc h trial s (e.g. ,  "clic k o n th e bup e pibo") . 
On trial s wit h fou r  differen t  shapes ,  th e adjectiv e wa s 
not  require d -  eac h ite m coul d b e identifie d 
unambiguousl y b y th e nam e o f  th e shape ,  an d s o onl y 
th e nou n wa s specifie d i n th e instructio n (e.g. ,  "clic k o n 
th e pibo") .  Usin g th e adjectiv e woul d b e infelicitous ,  o n 
Grice' s (1975 )  max i m o f  quantit y (on e shoul d no t  over -
specify ,  whic h i s th e observe d tendenc y i n natura l 
conversation) .  Eac h adjectiv e wa s repeate d 8  time s i n 
ever y bloc k o f  14 4 trials ,  paire d eac h tim e wit h a 
different ,  randoml y selecte d noun .  Eac h nou n wa s 

repeate d a s th e targe t  ite m 8  time s i n th e 4-nou n trials . 
Trial s wer e presente d i n block s o f  48 .  Participant s 
complete d 3  block s o f  thi s mixe d trainin g o n Da y 1 .  O n 
D ay 2 ,  the y complete d 1 2 more ,  whic h comprise d th e 
entir e trainin g phas e o n D a y 2 . 

Afte r  eac h 48-tria l  block,  th e participan t  sa w a 
sununar y o f  hi s o r  he r  accurac y i n tha t  block .  T o 
motivat e participants ,  w e tol d the m tha t  eac h trainin g 
segment  woul d continu e unti l  the y reache d 1 0 0 % 
accuracy .  Typically ,  w e m o v e d t o eac h successiv e 
trainin g phas e afte r  th e numbe r  o f  block s liste d abov e 
fo r  eac h segment ,  excep t  i n a  fe w rar e case s wher e 
participant s wer e belo w 9 0 % accurac y afte r  th e 
specifie d numbe r  o f  blocks ,  i n whic h cas e trainin g 
continue d fo r  anothe r  1- 2 blocks . 

Eac h da y ende d wit h a  4 A F C tes t  wit h n o feedback . 
We tracke d participants '  ey e movement s durin g th e 
test .  Ther e wer e si x basi c condition s i n th e test .  I n th e 
nou n baselin e condition ,  ther e wer e fou r  differen t 
shapes ,  an d n o shape' s o r  texture' s nam e wa s a 
competito r  o f  th e targe t  noun .  I n th e nou n plu s nou n 
cohor t  condition ,  ther e wer e fou r  shapes ,  an d on e o f 
the m wa s a  cohor t  t o th e targe t  (e.g. ,  th e targe t  migh t  b e 
/pibo/ ,  an d /pibe /  woul d als o b e displayed) ,  bu t  n o 
shap e ha d th e target' s adjectiv e cohor t  textur e applie d 
(e.g. ,  n o shap e woul d hav e th e /pibA /  texture) .  I n th e 
nou n plu s adjectiv e cohor t  condition ,  fou r  differen t 
shape s wer e displayed .  Th e nou n cohor t  wa s no t 
displayed ,  bu t  di e adjectiv e cohor t  wa s (e.g. ,  a 
distracto r  migh t  b e /pib A tedu/) .  I n thes e conditions , 
th e instructio n woul d onl y refe r  t o th e nou n (e.g. , 
"clic k o n th e pibo") . 

I n th e othe r  thre e conditions ,  tw o exemplar s o f  tw o 
differen t  shape s wer e displayed ,  requirin g di e adjectiv e 
t o b e use d i n th e instruction .  I n th e adjectiv e baselin e 
condition ,  non e o f  th e distracto r  texture s wer e cohort s 
of  th e target ,  an d neithe r  wer e an y o f  th e noims .  I n th e 
adjectiv e plu s adjectiv e cohor t  condition ,  on e o f  th e 
non-targe t  texture s wa s a  cohor t  t o th e targe t  (e.g. ,  th e 
targe t  migh t  b e /ted i  dotu/ ,  an d on e non-targe t  migh t 
be /ted c bupo/) ,  bu t  n o nou n cohort s o f  th e targe t 
woul d b e displayed .  I n th e adjectiv e plu s nou n cohor t 
condition ,  non e o f  th e distractor s woul d hav e texture s 
tha t  wer e cohort s t o th e targe t  texture ,  bu t  a  nou n cohor t 
woul d b e displaye d (e.g. ,  give n /ted i  dotu /  a s th e 
target ,  ̂ u p e tedu /  migh t  b e included) . 

Th e followin g schem e wa s use d t o ensur e tha t  eac h 
adjectiv e an d targe t  appeare d 9  time s a s target s i n th e 
test .  Not e tha t  noun s an d adjective s eithe r  ha d on e 
competito r  i n eac h for m class ,  o r  tw o i n th e opposit e 
for m class .  Noun s wit h nou n cohort s appeare d i n si x 
nou n baselin e trials ,  tw o nou n plu s nou n cohor t  trials , 
and onc e i n th e nou n p l m adjectiv e cohor t  condition . 
Nouns wit h tw o adjectiv e cohort s appeare d i n 7  nou n 
baselin e trials ,  0  nou n cohor t  trials ,  an d tw o nou n plu s 
adjectiv e cohor t  trials .  Th e sam e patter n wa s use d wit h 
adjectiv e conditions ,  givin g a  tota l  o f  16 2 tes t  trials . 
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Figur e 2 :  Result s fro m th e 4  critica l  conditions .  Tii e to p panel s sho w competitio n betwee n within-clas s 
cohorts .  T h e botto m panel s sho w th e failur e t o fin d competitio n fo r  cohort s fro m differen t  for m classes . 

Resu l t s 

Participant s attaine d hig h accurac y quickl y (tw o faile d 
t o reac h ceilin g level s o f  accuracy ,  performin g a t  les s 
tha n 9 0 % correc t  o n th e tes t  o n Da y 2 ,  an d thei r  dat a 
was exclude d from  th e analyses) .  M e a n accurac y o n 
noun s an d adjective s wa s 9 6 % a t  th e en d o f  D a y 1 ,  an d 
9 8 % a t  th e en d o f  D a y 2 .  Th e result s from  th e tes t  o n 
D ay 2  ar e show n i n Figur e 2 .  Example s o f  possibl e 
stimulu s item s ar e show n t o th e lef t  o f  eac h pane l  (thes e 
woul d b e arrange d aroun d th e centra l  fixatio n cros s i n 
an actua l  experimenta l  display) .  Not e tha t  i n th e cross -
for m clas s condition s (nou n wit h adjectiv e cohort s an d 
adjectiv e wit h nou n cohorts )  ther e wer e tw o cohort s i n 
th e display .  Thi s wa s necessar y i n th e cas e o f  th e 
adjectiv e plu s nou n cohor t  condition ;  i n orde r  fo r  th e 
displa y t o deman d tha t  a n adjectiv e b e used ,  tw o 
exempXdxs o f  tw o differen t  shape s ha d t o b e displayed . 
T o mak e th e nou n plu s adjectiv e cohor t  conditio n 
comparable ,  tw o item s wer e displaye d wit h texture s 
whos e name s wer e cohort s t o th e nou n target . 

Th e result s sho w strong ,  immediat e effect s o f  th e 
form-clas s constraint s o n lexica l  access .  Compar e th e 
uppe r  an d lowe r  panel s o f  Figur e 2 .  Whil e stron g cohor t 
effect s ar e apparen t  i n th e uppe r  panel s (th e within -
for m clas s competito r  conditions) ,  ther e i s n o evidenc e 
fo r  cohor t  effect s i n th e lowe r  panel s (between-for m 

clas s conditions) .  Analyse s o f  varianc e o n mea n 
fixatio n proportio n i n th e nou n condition s ove r  th e 
windo w from  20 0 m s (wher e w e first  expec t  t o se e 
signal-drive n fixations,  sinc e i t  take s 15 0 -  18 0 m s t o 
pla n an d launc h saccade s i n muc h simple r  tasks )  t o 
140 0 m s (wher e th e targe t  proportion s asyiiq)tote ) 
confir m th e trends .  Ther e wa s a  reliabl y greate r 
proportio n o f  fixation s t o th e cohor t  tha n t o th e 
distractor s i n th e nou n plu s nou n cohor t  conditio n 
(cohort=.25 ,  mea n distractor=.12 ;  F{ \ ,  11)=10.16 , 
/7=.0O9) ,  bu t  no t  i n th e nou n plu s adjectiv e cohor t 
conditio n (cohort=.15 ,  mea n distractor=.15) .  Th e sam e 
was tru e fo r  th e adjectiv e conditions ,  ove r  th e windo w 
from  20 0 t o 180 0 (th e windo w wa s extende d becaus e o f 
th e longe r  la g prio r  t o disambiguation) .  Ther e wer e 
reliabl y mor e fixations  t o th e cohor t  i n th e adjectiv e 
plu s adjectiv e cohor t  conditio n (cohort=.22 ,  mea n 
distractor=.15 ;  F(l,l l)=7.2 ,  />=.02) ,  bu t  no t  i n th e 
adjectiv e plu s n o u n cohor t  conditio n (cohort=.16 ,  m e a n 
distractor=.15,;7=.59) . 

Discussion 

Th e result s demonstrat e tha t  higher-leve l  linguisti c 
constraint s (i n thi s case ,  syntacti c expectation s base d o n 
a visually-define d referentia l  context )  influenc e eve n 
th e earlies t  moment s o f  lexica l  acces s whe n th e 
constraint s ar e highly-predictive .  Phonemicall y simila r 
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item s compete d onl y whe n the y wer e from  th e sam e 
for m class .  Thi s suggests ,  contr a stron g modularit y 
(e.g. ,  Fodor ,  1983) ,  tha t  lexica l  activatio n ca n b e 
constrame d give n a  highl y informativ e context . 

I n futur e research ,  i t  wil l  b e importan t  t o establis h 
th e limit s o f  suc h effects .  I t  ma y b e th e cas e tha t  for m 
clas s constraint s woul d b e weake r  wer e ther e mor e 
members o f  eac h for m clas s (a s predicte d b y th e 
argumen t  tha t  a  nou n o r  ver b expectatio n i n Englis h i s 
an extremel y wea k constraint) .  W e ar e currentl y 
explorin g thi s possibilit y  wit h a n expande d lexicon . 

I t  i s  possibl e tha t  visual/pragmati c constraint s 
swamp lexica l  activation ,  an d tur n th e displa y int o a 
verificatio n set .  T o eliminat e thi s possibility ,  w e wil l 
use a  neighbortioo d densit y manipulation .  W e shoul d 
fm d faste r  increase s i n targe t  fixation s fo r  item s i n 
spars e neighborhood s i n additio n t o th e for m 
class/pragmati c effect s observe d here . 

The timin g o f  thes e sort s o f  effect s wil l  b e 
informativ e abou t  ho w differen t  classe s o f  constraint s 
ar e integrate d i n real-tim e spoke n wor d recognition . 
The curren t  result s provid e a  startin g poin t  fo r  furthe r 
exploration s whil e demonstratin g tha t  th e artificia l 
lexico n paradig m ca n b e adapte d t o a  wid e rang e o f 
microstructura l  issue s i n spoke n wor d recognition . 
Moreover ,  the y sugges t  tha t  th e failur e t o fin d 
immediat e effect s i n earlie r  studie s doe s no t  reflec t  a n 
architectura l  propert y o f  th e wor d recognitio n syste m 
(i.e. ,  encapsulation) ,  bu t  rathe r  reflect s th e patter n 
predicte d b y constraint-base d model s whe n contextua l 
constraint s ar e onl y weakl y predictive . 
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Abstrac t 

Linguistic labels, information about category memberships, 
hav e bee n foun d t o b e mor e importan t  tha n perceptua l 
infomutio n i n guidm g youn g children' s inference s abou t 
anima l  kinds .  However ,  perceptua l  informatio n o f  stati c 
shap e cue s ha s ofte n bee n stressed .  A  recen t  stud y k s 
shown tha t  youn g childre n tende d t o us e dynami c 
perceptua l  cues ,  suc h a s motion ,  mor e ofte n tha n stati c 
shap e cue s t o mak e categorica l  judgments .  Th e overridin g 
effect s o f  linguisti c label s ove r  perceptua l  informatio n i n 
youn g children' s inference s nee d t o b e re-examined .  Thi s 
pape r  wa s a n attraip t  t o examin e ho w iyear-ol d childre n 
use calegof y label s an d motio n cue s t o dra w inference s 
abou t  anima l  kinds .  Dat a showe d tha t  preschoo l  childre n 
tende d t o us e motio n mor e ofte n tha n label s whe n 
confronte d wtf a a  choic e betwee n label s an d motion .  Thi s 
provide s suppor t  fo r  ou r  vie w fliat  th e rol e o f  categor y 
label s i n youn g children' s categorica l  judgment s i s no t  a s 
importan t  a s wha t  ha s bee n suggeste d i n previou s studies . 

In t roduct io n 

The Importance of Categpry Labels 

The importanc e o f  linguisti c informatio n i n preschoo l 
diildren' s inductiv e inference s abou t  anima l  kind s ha s 
wel l  bee n demonstrate d i n a  serie s o f  studie s b y Gclma n 
and he r  colleague s (e.g. ,  Gelma n &  Marionan ,  1986 , 
1987 ;  Gelma n &  Ccdey ,  1990) .  I n thei r  studies ,  tiie 
exten t  t o w W c h childre n us e cat^or y label s an d 
perccfrtua l  appearanc e wa s examined .  Fo r  instance ,  IV i 
year s ol d childre n wer e foun d t o b e mor e likel y t o 
assig n a  property ,  e.g. ,  "live s i n a  nest" ,  fiom  a  bluebir d 
t o a n atypica l  bird ,  dodo ,  whic h looke d differen t  fiom 
A e targe t  bu t  share d th e sam e labe l  "bird "  tfian  t o a 
dinosau r  whic h kx>ke d simila r  t o th e bhiebii d bu t 
carrie d a  differen t  labe l  "dinosaur "  (Gelma n an d Coley , 
1990) .  However ,  vA)e n th e stimul i  wer e no t  labeled . 

the y tende d t o dra w inference s base d mor e o n 
perceptua l  similarit y tha n o n th e similarit y o f  verba l 
labels .  Th e youn g childre n wer e abl e t o g o beyon d 
perceptua l  appearanc e an d us e linguisti c label s t o dra w 
inferences ,  suggestin g tha t  linguisti c infomiatio n i s 
mor e powerfii l  dia n perceptua l  informatio n fo r 
preschooler s t o dra w accurat e categorica l  judgments . 
As Gelma n an d Cole y (1990 )  state d tha t  fo r  youn g 
childre n "languag e convey s importan t  informatio n 
beyon d *a t  whic h meet s th e eye "  (p.804) . 

Despit e o f  this ,  th e rol e o f  categor y label s ronain s t o 
be detennine d a s  perceptua l  characteristic s hav e 
generall y bee n take n a s  stati c perceptua l  cue s i n 
Gelma n e t  al.' s  studies .  Perceptua l  cue s shoul d als o 
includ e dynami c properties ,  suc h a s motion . 

The Importance of Motion Information 

I n a  recen t  stud y b y  M a k an d Ver a (1999) ,  4  an d 7 -
year-ol d diildre n hav e bee n foun d t o categoriz e animal s 
base d mor e o n motio n similarit y dui n o n stati c shap e 
similarity .  Fo r  instance ,  the y wer e mor e likel y t o 
categorize ,  fo r  example ,  a  dinke y wit h a n antelop e d u n 
wid i  a  hors e whe n th e antelop e an d th e donke y wer e 
show n t o j um p i n th e sam e manne r  eve n though t  th e 
donke y looke d mor e simila r  t o th e hors e tha n t o th e 
antelope .  Th e childre n tende d t o infe r  dia t  th e donke y 
share d th e sam e propert y o f  "havin g poo r  vision "  Aa t 
was ascribe d t o th e antelop e rather  tha n th e propert y o f 
"havin g goo d vision "  ascribe d t o tiie  horse .  Th e rol e o f 
ntotio n informatio n ha s bee n stresse d 

As such ,  dii s  pape r  trie d t o loo k furthe r  int o th e rol e 
of  categor y label s an d includ e motio n infomiatio n t o 
stud y youn g children' s inductiv e inference s abou t 
anima l  kinds .  W e wil l  aigu e tha t  di e effectivenes s o f 
verba l  label s i s no t  a s importan t  a s Gelma n e t  al .  hav e 
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Effectivenes s o f  C a t e g o r y L a b e k ? 

Doubt s hav e bea i  raised  abou t  th e significanc e o f 
veiix d label s i n guidin g children' s categorica l 
judgments .  Althoug h Oelma n an d Coley' s (1990 ) 
studie s found  tha t  youn g childre n wer e ready  t o dra w 
inference s abou t  animal s base d mor e o n labe l  similarit y 
tha n o n stati c sinap c similarity ,  thei r  us e o f  linguisti c 
infoimatio n seem s t o rely  o n th e cone^xmdenc e 
betwee n th e labe l  an d tiie  perceptua l  informatio n o f  th e 
anima l  stimuli .  I f  childre n find  th e label s ar e no t 
congruen t  witi i  th e anima l  stimuli ,  tiiey  woul d no t  us e 
th e linguisti c information .  The y woul d d o s o onl y 
when tiiey  believ e tha t  th e label s an d th e stimul i  matc h 
wit h on e anotha- .  Thi s ha s bee n ilhistrate d i n som e o f 
Gelnianetal.' s  studies . 

For instance, Davidson and Gelman (1990) found that 
youn g childre n di d no t  us e familia r  verba l  label s t o 
dra w inference s abou t  nove l  anima l  categories .  I n thi s 
study ,  4 -  an d Syear-ol d childre n wer e teste d wit h som e 
imaginar y animals ;  i n cm e o f  A m expcrimoita l 
conditions ,  femiliar  categor y label s (e.g. ,  "cow "  an d 
"dea" )  wer e used .  Results ,  whic h wer e differen t  fiom 
thos e i n Gelma n an d Coley' s (1990 )  study ,  showe d tiie 
preschoo l  childre n tende d no t  t o dra w inference s base d 
mor e o n labe l  similarit y tha n o n perceptua l  similarity . 
Thi s migh t  b e du e t o tiie  fac t  fliat  th e childre n di d no t 
fin d th e label s "cow "  an d "deer "  congruen t  wifl i  flie 
imaginar y stimul i  an d therefor e di d no t  m a k e judgment s 
base d o n di e labels . 

Eve n whe n nove l  linguisti c label s (e.g. ,  "zav "  an d 
"traw" )  wer e used ,  th e childre n di d no t  us e th e nove l 
label s an d wer e mor e likel y t o us e label s dia n 
perceptua l  of̂ pearanc e t o dra w inieretKes .  Th e 
children ,  i n thi s instance ,  migh t  no t  t o b e abl e t o relate 
th e nove l  label s t o th e imaginar y animals ;  confronte d 
wit h a  choic e betwee n perceptua l  an d linguisti c 
infonnation ,  the y opte d fo r  stati c perceptua l  cues . 

Therefore ,  i f  childre n fin d tha t  th e femiliar  label s an d 
th e anima l  stimul i  d o tw t  matc h wit h on e another ,  the y 
woul d no t  us e categor y labels .  Onl y w h e n childre n 
believ e flat  th e label s g o wel l  wit h th e stimul i  d o the y 
begi n t o fin d flie  linguisti c infoimatio n usefiil .  H a e ar e 
some mor e examples . 

In Gelman and Marionan's (1987) study, familiar 
anima l  categorie s (e.g. ,  "cat "  an d "skunk" )  wer e used . 
Three -  an d 4-year-ol d childra i  wer e foun d t o b e mor e 
likel y b  assig n a  property ,  "ca n se e i n ttie  dark" ,  from a 
targe t  ca t  t o aiwthe r  ca t  (whic h wa s show n i n differen t 
colorin g an d posture )  tha n t o a  skun k (w îic h looke d 
simila r  t o th e targe t  cat )  w h e n th e anima l  stimul i  wer e 
labele d accordingly .  However ,  th e childre n als o 
succeede d i n doin g s o eve n whe n verba l  label s wer e no t 
provided .  A  follow-u p stud y showe d ttiat  childre n wer e 
abl e t o determin e th e categorica l  membership s o f  th e 
stimul i  perceptuall y whe n th e stimul i  wer e no t  labeled . 
The anima l  stimul i  seeme d t o b e to o familia r  t o th e 
youn g childre n tha t  the y coul d m a k e us e o f  th e subfl e 
Tabl e 1 

perceptua l  cue s t o dra w accurat e inference s an d di d no t 
nee d t o rely  o n d K linguisti c infrnmatio n (Gelma n & 
Markman ,  1987) .  Ge lma n an d Mariona n (1987 ) 
unexpectedl y foun d tha t  familia r  linguisti c label s coul d 
not  hel p th e 3 -  an d 4-year-olds .  Onl y wlie n 2'/̂ car -
ol d childre n wer e teste d di d tiiey  begi n t o find  tha t 
verba l  labe s coul d hel p youn g chiWre n t o dra w 
inference s abou t  femiliar  animal s (e.g. ,  "bird "  an d 
"dinosaur") .  Thi s m a y b e du e t o th e fac t  tha t  th e 2! 4 
year-old s wer e somewha t  bu t  no t  completel y familia r 
wifl i  th e anima l  stimuli .  The y wer e no t  abl e t o us e th e 
subtl e perceptua l  cue s t o determin e flie  categor y 
membership s o f  th e stimul i  an d neede d t o rely  o n th e 
categor y label s provide d t o dra w accurat e inferences . 

This may also be true in the 3- and 4-ycar-olds in 
Gelma n an d Maikman' s (1986 )  stud y wii o wer e foun d 
t o b e guide d b y th e similarit y an d dissimilarit y o f 
linguisti c M ) d s i n drawin g inference s abou t  familia r 
animal s (e.g. ,  "bat" ,  "bird" ,  "dolphin" ,  "fish") .  I n th e 
experiment ,  youn g childre n wer e shown ,  fo r  example ,  a 
"bird "  se t  w W c h include d tw o targe t  animals ,  a 
flaming o an d a  ba t  (whic h looke d ver y differen t  from 
one another ,  an d a  tes t  animals) ,  a  blackbir d (whic h 
looke d mor e lik e th e ba t  ttian tiie  flamingo) .  I n flie 
conflic t  conditio n wher e th e flaming o an d th e blacldjir d 
wer e labele d a  "bird "  an d th e ba t  a  "baf" ,  th e childre n 
wer e mor e likel y t o categoriz e th e blackbir d wit h th e 
flaming o tha n wit h th e ba t  eve n thoug h di e blackbir d 
looke d mor e simila r  t o th e ba t  tha n t o th e flamingo. 
However ,  i n th e no-conflic t  conditio n wher e th e ba t  an d 
th e Waddiii d wer e labele d a  "baf '  an d th e flaming o a 
"bird" ,  di e childre n tende d t o categoriz e th e blackbir d 
an d th e ba t  together .  I n othe r  words ,  th e childre n 
tende d t o m a k e categorica l  judgment s base d mor e o n 
linguisti c similarit y tha n o n perceptua l  similarity .  The y 
wer e mor e likel y t o categoriz e th e blackbir d an d th e 
flamingo  togethe r  whe n the y share d di e sam e labe l 
"bird "  tha n w h e n th e blackbir d wa s labele d a  "bat " 
instea d o f  a  "bird" ,  suggestin g tiiat  di e youn g childre n 
wer e no t  s o familia r  wid i  th e anima l  categories ,  bird s 
an d bats ,  dia t  the y wer e willin g t o accep t  di e names , 
"bird "  an d "bat" ,  t o b e use d t o labe l  th e blackbird .  I f 
th e stimul i  wer e completel y femiliar  t o them ,  the y 
woul d no t  hav e beo i  guide d b y th e similarit y an d 
dissimilarit y o f  verba l  labels ,  lik e th e 4  an d Syear-old s 
i n Gelma n an d Marionan' s (1987 )  late r  study . 

To summarize, die effectiveness of familiar linguistic 
label s i n guidin g youn g children' s inference s i s tadie r 
limited ,  w W c h reUes  o n tw o m ^ o r  fectors -  whethe r 
childre n find  di e familia r  linguisti c label s an d th e 
perceptua l  informatio n o f  di e anima l  stimu h matc h wit h 
on e anothe r  an d flieir  familiarit y wit h th e stimuli .  Onl y 
when childre n believ e tha t  th e linguisti c label s ar e no t 
i n conflic t  wid i  th e stimul i  an d the y ar e somevsiia t  bu t 
not  completel y familia r  wit h th e stimul i  doe s th e 
linguisti c informatio n becom e usefiil .  Odierwise , 
linguisti c label s canno t  hel p childre n t o dra w accurat e 
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Animatio n items , 
Pai r  Testdisp l 

Anima l 

1 Hors e 

2 Quai l 

categor y label s an d taîge t  propertie s use d 
ay s 

Motio n 

Wal k 

Wal k 

Labe l 

"Hoise " 

"Quail " 

Targe t  display s 
Anima l  Motio n 

Samc/Diffiaai t 
Donke y Walk/Jum p 

Sparro w Walk/Ho p 

Labe l 
Same/Dificnn t 
"Horse"/"Donkey " 

"Quail"/"Sparrow " 

Propert y 

Good visio n 

Good hearin g 

inferences .  Th e effectivenes s o f  linguisti c label s i n 
guidin g chiklren' s inference s i s no t  a s significan t  a s 
Gelma n e t  al .  hav e proposed . 

The Present Study 

I n vie w o f  A c above ,  i t  seem s t o b e reasonable  t o 
believ e tha t  perceptua l  information ,  includin g bot h 
stati c an d motio n cues ,  m a y no t  b e relativel y 
uninqjortan t  i n compariso n t o &milia r  verba l  labels .  I t 
i s  eviden t  tha t  youn g childre n no t  onl y rely  o n linguisti c 
labd s bu t  als o us e perceptua l  characteristic s t o dra w 
inference s abou t  anima l  kinds .  I n thi s papa ,  w e woul d 
lik e t o lik e t o examin e t o wha t  exten t  youn g childre n 
us e fimiliar  linguisti c label s an d motio n cue s t o dra w 
inferences . 

I t  i s  postulate d tha t  youn g children ,  suc h a s 3-year -
ok l  childre n (wh o hav e bee n foun d t o b e read y t o dra w 
inference s base d o n flie  similarit y an d dissimilarit y o f 
&milia r  linguisti c labels X woul d us e bot h verba l  label s 
and motio n cue s t o dra w inference s abou t  animals . 
However ,  » te i  confionte d witt i  a  choic e betwee n 
label s an d motion ,  the y woul d ten d t o us e motio n 
informatio n mor e ofte n dia n linguisti c information . 

M e t h o d 

Design 

T o examin e di e exten t  t o whic h 3-year-okl s us e familia r 
linguisti c label s an d motio n cue s t o dra w inference s 
abou t  anima l  kinds ,  a n inductiv e medKKk>k)g y use d i n 
previou s studie s (Gelma n &  Maikman ,  1986 ,  1987 ; 
Gehnan &  Coley ,  1990 ;  M a k &  Vera ,  1999 )  wa s 
adopted .  Here ,  youn g childre n wer e requre d t o 
conside r  a  pai r  o f  animals ,  a  targe t  an d a  tes t  The y 
wer e taugh t  a  ne w propert y abcu t  th e targe t  aninia l  an d 
wer e aske d »̂4jethe r  th e targe t  propert y wa s tru e fo r  th e 
tes t  animal . 

Tli e independoi t  variabl e wa s tfuee  motion/labe l 
conditions :  labe l  an d mc^ion ,  labe l  onl y m i  motio n 
only .  Th e dependen t  measur e wa s children' s response s 
on th e inferenc e questions :  whethe r  the y woul d 
gomaliz e th e targe t  propertie s t o th e tes t  animals . 

Participants 

T wo hundre d an d twent y 3-year-d d childre n from tiiree 
kindergarten s i n Hon g Kon g particqxited :  11 0 girl s an d 
110 boys ,  rangin g i n ag e fro m 3  year s t o 3  year s 1 1 
month s wit h a  mea n ag e o f  3  year s 7  months . 

Stimul i 

Ther e wer e tw o pair s o f  anima l  stimuli :  (1 )  a  doike y 
and a  horse ,  an d (2 )  a  sparro w an d a  quail .  Bc h pai r 
consiste d o f  animal s wit h simila r  appearanc e an d tw o 
serie s o f  animations :  sam e an d differen t  movemen t 
The movemen t  o f  th e animal s i n th e animation s wa s 
slightl y slowe r  tha n tfie  correspondin g real  motion ,  bu t 
the y al l  move d i n th e sam e speed .  Aso ,  al l  th e stimul i 
wer e draw n i n th e sam e brow n colo r  wit h blac k oudine . 
The drawing s o f  th e anima l  stimul i  use d fo r  th e 
animation s ar e show n i n Fig .  1 ,  an d th e detail s o f  th e 
animatio n item s ar e show n i n Tabl e 1 . 

Pair l  Pair 2 
Figur e 1 
The drawing s o f  anima l  stimul i  use d fo r  th e animatio n 
items . 

Control Studies 

Pn^^eit y Control s 
Some contro l  studie s wer e ru n t o mak e certai n i f  3 -

year-ok l  childre n hav e an y biase s i n assignin g th e targe t 
prĉ iertie s t o th e tes t  animal s \ ^ c h wer e show n t o b e 
stati c o r  wit h certai n movemen t  an d linguisti c labels .  I n 
thes e controls ,  childre n wer e show n th e tes t  animal s 
akme (i.e. ,  th e hors e an d di e quail )  on e a t  a  tim e an d 
wer e aske d i f  th e targe t  propertie s (i.e. ,  "goo d vision " 
and "goo d hearing" )  wer e tru e fo r  th e hors e an d di e 
quai l  respectively .  R e ^ t s ar e summarize d i n Tabl e 2 . 

Tabl e 2 
Percentage s o f  •'yes "  response s fo r  3-year-ok l  childre n 
i n di e Propert y Controls . 
Contro l  Conditio n 
Stati c 
Labe l  onl y 
Motio n onl y 
Labe l  an d Motio n 

Percentag e 
52. 5 
57. 5 
52. 5 
55 

n=2 0 (hal f  boy s an d hal f  girls ) 
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Dat a showe d tha t  3^ear-old s perfonne d a t  abou t 
chanc e leve l  i n sayin g tha t  th e targe t  propertie s wer e 
tni e fo r  th e tes t  animals ,  showin g n o biase s i n givin g 
"yes "  response s t o A e tes t  animals . 

Stati c Control s 
T wo animal s o f  simila r  appearanc e wer e adt^ted .  T o 

confim i  i f  youn g childre n wer e ready  t o dra w 
inference s base d o n th e stati c perceptua l  similarit y o f 
th e anima l  stimuli ,  a  stati c contro l  stud y wa s als o 
conducted .  I n thi s control ,  3-year-ol d childre n (1 0 boy s 
and 1 0 girls )  wer e iKcsentc d wit h tw o set s o f  animal s 
but  on e se t  a t  a  tim e withou t  motion .  Childre n wer e 
teste d t o se e i f  the y woul d generaliz e th e targe t 
propertie s t o th e tes t  animal s base d c m stati c shap e 
informatio n alone .  Dat a showe d tha t  th e youn g 
childre n wer e willin g t o d o s o 8 5 % o f  th e time ,  whic h 
was significantl y abov e chanc e level ,  /K.OOO S (1 -
tailed) ,  suggestin g tha t  3-year-old s wer e read y t o dra w 
inference s base d o n d K stati c shap e similarit y o f  th e 
anima l  stimuli . 

Procedure 

Thi s wa s a  between-subjec t  design ,  s o tha t  a  chil d (e.g. , 
bein g assigne d t o th e SameJjobe l  an d Different -
Movement  condition )  wa s teste d wid i  tw o pair s o f 
animals .  O n e wa s th e donkey/hors e pair ;  bot h wer e 
labele d a  "horse "  bu t  wer e show n t o mov e i n diflferer t 
manner s (Le. ,  th e donke y jumpe d an d th e hors e 
walked) .  Th e odie r  on e wa s th e sparrow/quai l  pair , 
bot h share d th e sam e nam e "quail "  bu t  wer e show n t o 
move diflFerentl y (i.e. ,  th e sparro w hope d an d th e quai l 
walked) .  Th e presentatio n orde r  o f  di e tw o pai s wa s 
counterbalance d acros s participants .  Eac h chil d wa s 
teste d individually .  Throughou t  di e experiment , 
instruction s wer e give n i n Gintonese ,  th e majo r 
Chines e dialec t  use d i n Hon g Kong .  Eac h chil d wa s 
teste d individuall y 

Childre n wer e show n tw o pair s o f  animals ,  on e pai r 
at  a  time .  The y wer e first  taugh t  a  n e w propert y abou t 
th e targe t  anima l  i n eac h pai r  an d wer e die n aske d t o 
infe r  whedie r  th e targe t  propert y applie d t o th e tes t 
anima l  Th e anima l  stimul i  wer e labele d accordin g t o 
th e labe l  conditions .  Takin g di e donkey/hors e pai r  i n 

th e Sam e (D^erent )  Labe l  condition s a s a n example , 
th e experimenter s first  pointe d t o di e donke y an d said , 
"Se e tiiis  hors e (donkey) .  Thi s hors e (donkey )  ha s goo d 
vision ,  i t  ca n se e diing s clearl y a t  a  grea t  distance. "  Th e 
experimente r  die n pointe d t o di e hors e an d said ,  "Se e 
thi s hors e (fiorse) .  Doe s thi s hors e (horse )  hav e goo d 
vision ,  lik e dii s  hors e (donkey )  (referrin g t o di e donkey ) 
dia t  ca n se e diing s clearl y a t  a  grea t  distance ? Or ,  dii s 
hors e (horsS) ,  unlik e thi s hors e (donkey) ,  doe s no t  hav e 
goo d vision? ' 

At  th e en d o f  di e experiment ,  childre n i n th e Sam e 
Labe l  groups ,  w h o wer e give n somewiia t  misleadin g 
label s fo r  di e targe t  animals ,  wer e show n di e stimul i 
agai n an d wer e tol d dia t  di e experimenter s ha d mad e a 
mistak e i n sayin g dia t  di e donke y (sparrow )  wa s a  hors e 
(quail) .  Th e experimenter s furthe r  ê qilaine d t o di e 
childre n dia t  it s  prope r  nam e shoul d b e d o n k ^ 
(sparrow )  instea d o f  hors e (quail) . 

Resu l t s 

Children' s response s o n di e inferenc e question s 
wer e code d a s 1  whe n die y sai d "yes "  (i.e. ,  generalizin g 
di e targe t  propertie s t o th e tes t  animals )  an d 0  whe n 
tiiey  sai d "no "  (i.e. ,  no t  generalizin g di e targe t 
propertie s t o th e tes t  animals) .  Thes e score s wer e 
s u m m ed widii n participants ,  an d di e scor e fo r  eac h 
participan t  range d for m 0  t o 2 .  Fo r  eac h condition ,  a 
one-sanpl e r-tes t  wa s conducte d t o examin e i f  childre n 
performe d significand y abov e o r  belo w 5 0 % chanc e 
level .  Result s ar e summarize d i n Tabl e 3 . 

Motion only condition 

Dat a i n dies e condition s clearl y sho w dia t  3-year-ol d 
childre n wer e read y t o dra w inference s abou t  di e anima l 
stimul i  base d o n th e similarit y an d dissimilarit y o f  th e 
motio n informatio a W h e n tw o animal s wid i  simila r 
appearanc e wer e show n t o m o v e i n th e sam e manner , 
di e youn g childre n tende d t o infe r  tiiat  di e tes t  animal s 
share d di e sam e propert y ascribe d t o th e targe t  animal s 
(87.5 % o f  di e time,  significand y abov e chanc e level) ; 
when di e tw o animal s move d differendy ,  di e childre n 
tende d no t  t o d o s o ( 2 0 % o f  di e time,  significantl y 
belo w chance) . 

Tabl e 3 
Percentage s o f  "yes "  responses  fo r  3-year-ol d childre n iaLabe l  only .  Motio n onfyem d Labe l  an d Motio n conditions . 
Conditio n Percentag e 
Motio n onl y 

Label only 

Label and Motion 

Same 
Differen t 
Same 
Differen t 
Same Label/Differen t  Motio n 
Differen t  Label/Sam e Motio n 

87. 5 
2 0 
9 0 
15 
10 
82. 5 

«* * 
+ + + 
+ + + 

n=2 0 (hal f  boy s an d hal f  girts ) 
•• •  abov e chance ,  f<.0005 ,  one-taile d 
++ + belo w chance ,  P<.0005 ,  one-taile d 
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belo w chance ,  /»<.005 ,  one-taile d 

L a b e l  on l y conditio n 

Th^ee-yea^ol d childro )  wer e als o found  t o dra w 
inference s base d o n th e similarit y art d dissimilarit y o f 
th e linguisti c label s provide d i n th e experimen t  W h e n 
tw o animal s wit h simila r  appearanc e share d th e sam e 
nane ,  ttie  3-year-old s tende d t o agre e dia t  th e targe t 
propertie s wer e als o tru e for  th e tes t  animal s ( 9 0 % o f 
i K time ,  significand y abov e chance) .  Th e childre n di d 
not  d o s o ( 1 S % o f  th e time ,  significantl y belo w chance ) 
v/he n th e tw o animal s wer e labele d wit h difTeren t 

names. 

inference s 1 5 % o f  th e tim e whe n tw o stimul i  wer e 
labele d wit h differen t  name s i n th e L d x l  onl y 
condition ,  whil e dic y gav e "yes "  response s 82 .5 % o f 
th e tim e whe n th e stimul i  wer e show n t o mov e i n th e 
same m a n n a eve n thoug h flicy  wer e labele d wit h 
difTeren t  name s i n th e Labe l  an d Motio n condition . 

However, 3-year-olds did not change much about 
thei r  choic e o f  motio n informatio n whe n additiona l 
contrastin g labe l  informatio n wa s introduced . 
Children' s response s i n Motio n onl y an d LtUx l  an d 
Modem condition s ar e show n i n Figur e 3 . 

Lat>e l  a n d M o t i o n condit io n 

I n thes e conditions ,  labe l  similarit y an d motio n 
similarit y wer e i n contras t  wit h on e another .  Result s 
indicat e tha t  th e 3-year-old s wer e mor e likel y t o dra w 
inference s abou t  th e anima l  stimul i  base d o n motio n 
infbraiatio n tha n o n linguisti c information .  W h e n tw o 
animal s move d i n tiw  sam e manner ,  th e childre n tende d 
t o dra w inference s 82 .5 % o f  th e tim e (significand y 
abov e 5 0 % chanc e level )  eve n ttiough  th e stimul i  w a e 
labele d wit h differen t  n a m « ;  whe n tw o animal s move d 
i n differen t  manners ,  the y tende d t o dra w infereiKe s 
2 0 % o f  fee  tim e (significantl y belo w chance )  althoug h 
th e anima l  stirrul i  share d tii e sam e name . 

In order to have a clearer picture of how children 
change d thei r  choice s betwee n linguisti c an d motio n 
information ,  3-year-ol d children' s response s i n Labe l 
onl y an d L a b d an d Motio n ccmdition s ar e show n i n 
Figur e 2 . 

I  s 

3«H 
30% 
10% n r 1 

•lAdCMr 
I1J « 

Figur e 2 
Percentage s o f  "yes "  responses  fo r  3-year-ol d childre n 
i n Labe l  onl y an d Labe l  an d Motio n conditions . 

This figure shows that 3-year-olds tended to shift flieir 
choice s fiom  linguisti c label s t o motio n w h e n 
conuastin g motio n informatio n wa s introduce d i n 
additio n t o ttie  linguisti c infomation .  Childre n dre w 
inference s 9 0 % o f  th e tim e fro m a  targe t  t o a  tes t  anima l 
w h en tw o anima l  stimul i  share d th e sam e n a m e i n th e 
Labe l  onl y condition ,  wherea s the y m a d e inference s 
onl y 1 0 % o f  th e tim e w h e n additiona l  differen t 
m o v e m e nt  pattern s wer e introduce d t o th e stimul i  i n th e 
Labe l  a n d Motio n conditior L Moreover ,  childre n dre w 
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Figur e 3 
Percentage s o f  "yes "  response s fo r  3-year.ol d childre n 
i n Motio n onl y arx i  Labe l  an d Motio n condition s 

This figure shows tiiat children drew inferences 87.5% 
o f  di e tim e w h e n tw o animal s m o v e d i n di e sam e 
manner  i n th e Motio n onl y conditio n an d di d likewis e 
8 2 . 5 % o f  th e tim e eve n w h e n differen t  label s wer e 
ascribe d t o th e stimul i  i n th e Labe l  an d Motio n 
conditio a Moreover ,  wdie n tw o animal s m o v e d i n 
differen t  manner s i n ttie  Motio n onl y condition ,  childre n 
m a de inference s onl y 2 0 % o f  th e time ,  an d the y dre w 
inferenc e 1 0 % o f  tfie time  eve n thoug h tfie  sam e labe l 
w as ascribe d t o di e stimul i  i n di e Labe l  an d Motio n 
condition . 

Discussion 

T h e curren t  finding s provid e sî jpor t  fo r  ou r  hypothesi s 
tha t  linguisti c informatio n m a y no t  b e relatively  mor e 
importan t  tha n perceptua l  information ,  inchidin g bod i 
stati c an d dynami c characteristics ,  i n guidin g youn g 
children' s inference s abou t  anima l  kinds .  Dat a sho w 
tha t  3-year-ol d chiWrc n wer e read y t o us e bod i  categor y 
label s an d motio n informatio n t o dra w infoences . 
However ,  havin g t o m a k e a  choic e betwee n labd s an d 
motion ,  childre n tende d t o us e motio n mor e ofte n dia n 
foniliar  categor y labels . 

Also ,  thi s seem s t o provid e suppor t  ou r  vie w tha t  th e 
effectivenes s o f  categor y label s i n guidin g youn g 
children' s inference s abou t  animal s m a y b e radier 
limited .  T h e importanc e o f  linguisti c label s dia t  ha s 
bee n suggeste d b y previou s studie s nee d t o b e re -
thought . 
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Althoug h t o wha t  exten t  childre n us e catego y bbel i 
and motio n wa s compare d i n M s study ,  w e ar e no t 
suggestin g tha t  linguisti c an d perceptua l  infomiatio n 
pla y distinc t  role s i n youn g children' s inference s (fo r 
tills  argument ,  se e als o Gelma n &  Modin ,  1993 ;  Jone s 
& Smitii ,  1993) .  Evidenc e ha s show n tha t  childre n us e 
boti i  linguisti c an d perceptua l  (inchidin g stati c an d 
dynamic )  infomiatio n t o dra w inferences .  However , 
ho w stati c shap e cues ,  motio n an d linguisti c label s 
interac t  t o guid e children' s inference s remains  t o b e 
detemiine d i n futur e studies . 
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Abstrac t 

Many applications accessible through the web suffer 
fro m a  noticeabl e lac k o f  suppor t  i n adaptin g th e 
infonnatio n presentatio n t o users .  Th e wa y user s lear n 
differ s fro m a n individua l  t o a n other ,  i f  no t  fo r  th e sam e 
individua l  fro m a n applicatio n t o a n othe r  one .  Thes e 
individua l  difference s affec t  th e learnin g styl e o f  users . 
They ar e classifie d int o 3  categorie s whic h are :  affective , 
cognitiv e &a d physioiogi c styles .  Ther e i s littl e research 
t o examin e h o w t o desig n adaptiv e system s base d o n 
user' s cognitiv e styles .  I n thi s paper ,  w e ar e focusin g o n 
use r  cognitiv e style s definitio n an d sugges t  a  techniqu e 
i n di e desig n o f  a n adaptiv e hypermedi a system .  W e 
investigat e th e selectio n o f  th e outpu t  modalit y tha t  bes t 
tailo r  th e use r  profile . 
I n sectio n 1  w e introduc e th e problemati c o f  learnin g 
from  net-structure d knowledg e the n w c defin e th e 
cognitiv e styles .  I n sectio n 2 ,  w e presen t  th e mai n 
cognitiv e style s whic h ar e th e mos t  mentione d i n 
literature .  Th e taxonom y o f  thes e cognitiv e style s an d 
technique s t o asses s die m ar e detaile d i n section3 .  I n th e 
las t  section ,  w e presen t  th e structur e o f  ou r  sit e an d 
model .  W e investigat e th e relationshi p betwee n th e 
cognitiv e styl e an d th e filterin g proces s o f  th e outcom e 
modalities .  Fo r  th e developmen t  o f  th e system ,  w e hav e 
chose n th e tw o technologie s X M L an d ASP . 

I n t r o d u c t i o n 

I n e-leamin g systems ,  th e use r  i s confronte d t o lessons , 
exercises ,  games.. .  which ,  o n th e on e han d ar e relevan t 
t o his/he r  need s an d preference s i.e .  educationa l  level , 
domai n knowledg e (exper t  o r  novice )  bu t  which ,  o n th e 
othe r  hand ,  d o no t  tak e int o accoun t  his/he r  abilitie s fo r 
assimilation ,  memorization ,  etc .  whic h ar e part s o f  th e 
cognitiv e abilitie s (Lemaire ,  1999) .  I n som e cases ,  th e 
learne r  give s u p th e g a m e o r  th e exercis e becaus e o f  th e 
frequen t  situation s o f  defeats .  I n othe r  cases ,  he/sh e 
trie s har d t o m a k e his/he r  bes t  i n orde r  t o avoi d thes e 
situation s whic h overloa d his/he r  abilities .  Th e ai m o f 
our  projec t  consist s i n developin g a n adaptiv e 
multimoda l  interface s wher e individua l  cognitiv e style s 
ar e considered .  Indeed ,  th e adaptatio n proces s deal s 
wit h th e estimatio n o f  th e documen t  combinatio n (i n 

othe r  word ,  th e multimoda l  interface )  whic h i s th e mos t 
compatibl e wit h th e cognitiv e profile . 
I n th e followin g sections ,  w e presen t  ou r  sit e the n w e 
defin e th e ter m "cognitiv e styles" ,  asses s th e mai n 
style s encountere d i n literatur e the n discus s th e 
taxonom y o f  way s employe d t o measur e th e cognitiv e 
style .  Late r  i n sectio n 4 ,  w e describ e th e fiinctionalities 
of  ou r  sit e an d th e mode l  w e adopte d t o establis h th e 
relationshi p betwee n th e cognitiv e styl e an d th e 
filtering  proces s o f  th e outcom e modalities . 

Our Site 

I n collaboratio n wit h th e societ y S B T ,  w e wor k o n a n 
interactiv e w e b sit e fo r  a  supervise d cognitiv e trainin g 
rwww.happvneuron.coni) .  Durin g eac h trainin g sessio n 
(i.e .  eac h connection) ,  th e use r  execute s a  se t  o f 
exercise s tha t  th e syste m suggests .  Presente d int o a 
playfu l  an d cultura l  dimension ,  th e exercise s var y i n 
difficulty' s level ,  speed.. .  i n orde r  t o entertai n th e use r 
(Habieb-Mamma r  e t  al ,  2001) . 
A databas e store s normalize d dat a (mean s an d standar d 
deviations )  fo r  eac h varian t  o f  exercis e an d famil y o f 
populatio n distinguishin g gender ,  leve l  o f  educatio n 
an d ag e (Tarpin-Bemar d e t  al ,  2001) .  Th e curren t 
statistic s sho w tha t  sinc e th e w e b sit e ha s bee n opene d 
t o th e public ,  th e numbe r  o f  performe d exercise s 
exceed s 400.000 .  Comparin g th e trainee' s result s an d 
th e normalize d dat a w e progressivel y buil d his/he r 
cognitiv e profile .  Thank s t o it ,  th e syste m advise s th e 
elderl y use r  i n th e choic e o f  exercises . 
I n thi s context ,  w e buil t  a n evaluatio n modul e 
compose d ofte n precis e exercise s tha t  allow s t o quickl y 
buil d a  cognitiv e profile .  Then ,  thi s profile ,  whic h i s 
quit e stable ,  ca n b e use d i n ver y differen t  context .  Ou r 
first  purpos e i s t o elaborat e a n adaptiv e multimedi a 
cours e o n th e brain .  Dependin g o n one' s profile ,  th e 
lesso n wil l  b e presente d usin g th e mos t  adapte d medias . 
Befor e describin g th e relationshi p betwee n cognitiv e 
style s an d interactiv e style s le t  star t  wit h th e definitio n 
of  thes e cognitiv e style s an d th e method s o f  thei r 
assessment . 
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W h at  a r e C o g n i t i v e Styles ? 

Cognitive styles refer to a person's habitual, prevalent, 
or  preferre d m o d e o f  perceiving ,  memorizing ,  learning , 
judging ,  decision-making ,  problem-solvin g Pufresne , 
1997) . 
Individua l  difference s abou t  h o w peopl e carr y ou t  task s 
involvin g thes e function s m a y constitut e a  styl e i f  the y 
appea r  t o be :  pervasive ,  whic h mean s tha t  the y emerg e 
consistentl y i n differen t  contexts ,  independentl y o f  th e 
particula r  feature s o f  situation ;  o r  stable ,  tha t  is ,  the y 
ar e alway s th e sam e a t  differen t  times . 
The y ar e on e o f  th e mos t  stabl e use r  characteristic s 
overtim e (Dufresne ,  1997) .  the y ar e consisten t  acros s a 
variet y o f  situations ,  a s oppose d t o use r  knowledg e o r 
experienc e tha t  ar e mor e specifi c  an d evolvin g .  M a n y 
researc h hav e show n th e importanc e o f  cognitiv e style s 
i n th e are a o f  H C I  an d thei r  implicatio n i n th e interfac e 
desig n (Muylwij k  e t  al ,  1983) . 
Cognitiv e style s induc e person s t o adop t  simila r 
attitude s an d behavior s i n a  variet y o f  domain s the y 
concer n (Daniels ,  1996) .  Cognitiv e style s ar e importan t 
i n determinin g th e mos t  effectiv e interfac e fo r  a 
particula r  categor y o f  user ,  especiall y i n th e formativ e 
stage s o f  a n interactio n (Fowle r  e t  al ,  1985) . 
The y ca n b e conceptualize d a s a  cross-roa d o f  thinking , 
personality ,  an d motivation .  I n fac t  the y concer n th e 
kin d o f  strategie s whic h a n individua l  tend s t o appl y 
when he/sh e face s a  situatio n o r  th e preferre d w a y o f 
processin g information . 

The Main Cognitive Styles 

Field Dependence 

Th e first  styl e w e introduc e is :  field-independent  style . 
Peopl e ten d t o hav e goo d analytica l  an d cognitiv e 
restructurin g skills .  The y wil l  activel y reorganiz e 
informatio n accordin g t o contextua l  demand s an d 
impos e structur e whe n necessar y accordin g t o thei r 
experience .  The y ar e likel y t o for m a  menta l  mode l  o f 
th e situatio n befor e proceedin g wit h thei r  task .  Field -
independen t  peopl e see m t o follo w mor e easil y a 
restructurin g approac h an d us e interna l  referent s i n 
othe r  situation s (Antoniett i  e t  al ,  2000) . 
Field-dependen t  peopl e ten d t o adop t  a  passiv e 
approac h i n learnin g an d proble m solving .  The y prefe r 
t o b e guide d an d t o rel y o n externa l  referents . 
Perceptio n i s dominate d b y th e prevailin g field. 
W h en interna l  referent s ar e les s available ,  field 
dependen t  peopl e ar e mor e likel y t o respon d t o th e 
dominan t  propertie s o f  th e field  a s given . 
Lesse r  us e o f  restructurin g m a y handica p field 
dependen t  peopl e i n unstructure d situations ,  field 
dependen t  peopl e m a y nee d mor e explici t  instruction s 
i n proble m solvin g strategie s o r  mor e exac t  definition s 
of  performanc e outcom e tha n field  independent ,  w h o 

m ay eve n perfor m bette r  whe n allowe d t o develo p thei r 
o wn strategie s (Witki n e t  al ,  1981) . 

However, the restructuring process occurs only when 
th e field  lack s organization .  W h e n th e materia l  t o b e 
learne d i s presente d i n a n alread y organize d form ,  s o 
tha t  structurin g i s no t  particularl y calle d for ,  field 
dependen t  an d field  independen t  peopl e ar e no t  likel y t o 
diffe r  i n thei r  behavio r  an d learnin g (Antoniett i  e t  al , 
2000) , 
I n genera l  field  independen t  subject s : 

- Perceive objects as separate from the field; 
-  Ca n disembe d relevan t  item s fro m non-relevan t 

item s withi n th e field; 
-  Provid e structur e whe n i t  i s  no t  inheren t  i n th e 

presente d information ; 
-  Reorganiz e informatio n t o provid e a  contex t  fo r 

prio r  knowledge ; 
-  Ten d t o b e mor e efficien t  a t  retrievin g item s fro m 

memory. 

Conversely, field dependent subjects: 

- Rely on the surrounding perceptual field; 
-  Hav e difficult y attendin g to ,  extracting ,  an d usin g 

no n salien t  cues ; 
Have difficult y providin g structur e t o ambiguou s 
information ; 

-  Hav e difficult y restructurin g n e w informatio n an d 
forgin g link s wit h prio r  knowledge ; 

-  Hav e difficult y retrievin g informatio n fro m long -
ter m memory . 

The test of field dependent-independent subjects is 
don e throug h severa l  exercise s wher e individua l  ar e 
aske d t o remembe r  shape s o r  othe r  type s o f  informatio n 
whethe r  the y wher e presente d i n significan t  contex t 
(Fig .  1 )  o r  no t  (Fig .  2 )  (Tarpin-Bemar d e t  al ,  2001) . 

^ 

Figur e 1 :  Significan t  context . 
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Figur e 2 :  Non-significan t  context . 

Impuls iv e reflectiv e styl e 

Th e impulsiv e subjec t  tend s t o pu t  forwar d th e first  ide a 
tha t  come s t o him/her ,  wherea s th e reflectiv e subjec t 
consider s alternatives .  Thi s styl e i s generall y assesse d 
b y measurin g difference s i n decision-makin g unde r 
condition s o f  uncertainty .  Task s use d presen t  severa l 
plausibl e choices ,  onl y on e o f  whic h i s correct : 

- who responds quickly often errs; 
-  w h o pause s t o reflec t  i s  mor e ofte n correct . 

Fig. 3 is an example of exercise where it is possible to 
identif y on e o f  th e followin g categories : 

- fast-respondingfhigh-error (FH), 
-  fas t  responding^low-erro r  (FL) ; 
-  slow-respondin^high-erro r  (SH) ; 
-  slaw-responding ^  low-erro r  (SL) . 

m 

Figur e 3  Exercis e typ e fo r  impulsiv e reflectiv e 
identification . 

Categorization style 
Othe r  individua l  difference s consis t  i n givin g a  numbe r 
o f  object s an d askin g subject s t o sor t  the m int o 
categories .  S o m e individual s plac e object s int o a  wid e 
number  o f  smal l  categories ,  s o tha t  eac h categor y 
contain s onl y object s sharin g a  hig h numbe r  o f  simila r 
features ;  othe r  individual s plac e object s int o a  smal l 
number  o f  wid e categorie s whic h includ e item s wit h 

fe w c o m m o n features .  Othe r  individual s m a y grou p 
object s int o differen t  categorizatio n wher e th e criteri a 
ar e no t  onl y th e width : 

analytic-descriptive style induces to include in the 
same categor y item s showin g surfac e physical -
perceptua l  similarities ; 
conceptual-inferentia l  styl e induce s t o defin e 
categorie s o n th e basi s o f  similaritie s i n objects ' 
functions ; 

-  thematic-relationa l  styl e induce s t o includ e i n th e 
same categor y disparat e object s whic h hav e i n 
c o m m on onl y th e fac t  tha t  the y occu r  i n th e sam e 
actio n o r  situation . 

Figure (Fig.4) shows an exercise where subjects are 
invite d t o sor t  object s int o categorie s suggeste d b y th e 
supervisor .  Firstly ,  th e user s selec t  th e categor y the n 
the y sor t  objec t  int o thi s category . 

>\ 

Figur e 4  Exercis e typ e fo r  th e categor y identificatio n 

Analytic-globa l  styl e 
Th e las t  styl e w e conside r  i s th e analytic-globa l  styl e 
whic h refe r  t o eithe r  considerin g th e detail s o f  a 
situatio n o r  th e whol e pictur e (Euzeby ,  1999) .  Analyti c 
individual s hav e a  focuse d attention ,  a n interes t  i n 
operation s an d procedure s o r  th e 'proper *  way s o f  doin g 
thing s an d prefe r  step-by-ste p schemes ;  thei r  thinkin g i s 
controlle d an d consciousl y directed .  Globa l  person s 
ten d towar d scanning ,  leadin g t o for m overal l 
impressions ,  includin g entr y o f  feeling s int o decisions ; 
thei r  organizationa l  scheme s involv e rando m o r 
multipl e accessibilit y  o f  component s an d varie d 
association s betwee n diem . 
S o me test s i n cognitiv e style s analysi s (Ridin g an d 
Rayner ,  1998 )  allo w t o measur e th e analyti c dimensio n 
by presentin g item s eac h comprisin g a  simpl e 
geometrica l  shap e an d a  comple x figure  an d b y askin g 
t o indicat e whethe r  o r  no t  th e simpl e shap e i s containe d 
i n th e comple x figure. 
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H o w d o w e Asses s Cogn i t i v e styles ? 

Thre e mai n kind s o f  dat a ca n b e employe d t o measur e 
cognitiv e styles :  behavioral ,  self-report ,  an d 
physiologica l  (Antoniett i  &  Giorgetti ,  1998 ) 
Behaviora l  dat a ca n b e obtaine d b y recordin g th e fina l 
resul t  o f  a  give n tas k o r  th e procedur e followe d i n 
performin g A e task .  Th e tas k m a y consis t  i n filling  ou t 
a paper-and-penci l  tes t  o r  a  sortin g test ,  i n carryin g ou t 
trial s b y mean s o f  a n experimenta l  apparatus ,  o r  i n 
interactin g wit h th e compute r  lik e durin g exercis e 
runnin g (Tarpin-Bemar d e t  al. ,  2001) .  Fo r  a n example , 
t o asses s whethe r  a  perso n i s a  visualize r  o r  a 
veibalizer ,  i t  i s  possibl e t o presen t  him/he r  wit h task s 
whic h ca n b e performe d throug h bot h vis\ia l  an d verba l 
strategie s an d t o recor d th e exten t  t o whic h eac h o f  th e 
tw o kind s o f  procedure s ha s bee n followed . 
Self-report s requir e tha t  peopl e evaluat e themselve s b y 
describin g b y introspectiv e manne r  th e wa y i n whic h 
the y performe d tasks ,  b y checkin g persona l  habit s o r 
preferences ,  o r  b y endorsin g statement s abou t  wha t  the y 
thin k o f  themselves .  Thi s m a y b e done ,  fo r  example ,  b y 
askin g subject s t o kee p a  diar y o f  wha t  occurre d t o 
the m durin g a  perio d o f  thei r  life ,  b y interviewin g them , 
or  b y adoptin g questionnaires . 
The followin g exampl e i s give n b y Antoniett i 
(Antoniett i  &  Giorgetti ,  1998) : 
I n orde r  t o understan d h o w muc h a n individua l  tend s t o 
visualize ,  he/sh e ca n b e requeste d t o kee p a  recor d o f 
th e time s i n whic h he/sh e ha s experience d imager y 
durin g th e day .  Informatio n o f  thi s kin d ma y b e derive d 
als o throug h questionnaire s i n whic h peopl e ar e aske d 
t o rat e h o w frequentl y the y creat e an d proces s variou s 
kind s o f  menta l  images .  Thes e instrument s incit e 
subject s t o conside r  thei r  habitua l  mode s o f  thinkin g a s 
the y emerg e i n th e complet e rang e o f  menta l  activitie s 
an d t o asses s th e occurrenc e o f  visua l  image s i n 
differen t  tasks ,  domains ,  contexts ,  an d s o on . 
Finally ,  som e physiologica l  measure s ca n b e interprete d 
as indice s o f  particula r  cognitiv e preference s i n 
processin g stimuli .  Indeed ,  Physiologica l  measure s 
observation s hav e indicate d tha t  whe n someon e i s 
aske d a  questio n requirin g a  littl e though t  th e eye s 
make a n initia l  movemen t  t o th e lef t  o r  right .  Sinc e i t 
was argue d tha t  th e right  cerebra l  hemispher e i s 
associate d wit h th e processin g o f  visua l  informatio n 
and tha t  th e spontaneou s latera l  ey e movement s ar e 
unde r  th e contro l  o f  th e counter-latera l  hemisphere ,  i t 
was claime d tha t  th e presentatio n o f  a  visual-spatia l 
questio n produce s th e activatio n o f  th e right  hemispher e 
and ,  consequently ,  lef t  latera l  ey e movements . 
However ,  verbalizer s shoul d tur n thei r  eye s consistentl y 
t o th e right  an d visualizer s t o th e left ,  whateve r  th e kin d 
of  question .  Thus ,  i t  ha s bee n suggeste d t o us e latera l 
ey e movement s a s a  criterio n t o asses s th e preferenc e 
fo r  eithe r  a  visua l  o r  a  verba l  processing . 

Relat ionshi p B e t w e e n Cogn i t i v e Style s a n d 

Interact io n Style s 

The mos t  importan t  component s o f  HappyNeuron' s 
technolog y ar e structure d a s follow s (Fig .  ) 5 : 

First stage: User's profile generation process (Tarpin-
Bemar d etal ,  2001 ) 

-  Questionnaire ; 
-  Exercises ; 
-  Supervisio n process ; 
-  Cognitiv e style s 
-  Use r  profile ; 

Secon d stage :  Adaptatio n proces s 
-  Compatibilit y  matrix ; 
-  Use r  profile ; 
-  X M L (extensibl e Marku p Langtiage ) 

document s (multimoda l  documents) ; 
-  Text ; 
-  Imag e o r  graphics ; 
-  Sound ; 
-  Video . 
Stylesheet ; 

> < 

Figur e S :  Use r  profil e generatio n an d adaptatio n 
proces s 
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User ' s profil e generat io n proces s 

Th e user' s profil e generatio n proces s consist s o n th e 
on e han d i n executin g interactiv e exercise s the n 
constructin g th e use r  cognitiv e profile .  O n th e othe r 
hand ,  i t  deal s wit h othe r  user' s behavio r  suc h a s th e 
tim e t o ru n a n exercise ,  performanc e variation s fo r  th e 
same exercis e type ,  etc .  Thi s indicator s ar e adjuste d 
wit h eac h othe r  an d constitut e th e fina l  use r  profil e 
(Fig .  6) . 

Lis t  o f 
recominende d 

exereiw t 

SupervUio n proces s 
(exercite' s nil e selection ) 

Databas e 

Behaviora l  indicato n 
(tim e t o n m a n 

exercise ,  connectio n 
ftequCDCy, 

perfbnnanc e 
vanatioo,... ) 

User' s 
Profil e 

Cognitiv e indicator s 
(dispatche d int o th e 

fivesecton) 

Figur e 6:Th e user' s profil e generatio n proces s 

During each training session, the supervisor suggests a 
set  o f  thre e o r  fou r  exercises .  Th e use r  ca n als o selec t 
othe r  exercise s i n th e complet e list .  A t  an y moment ,  th e 
syste m give s user s feedbac k abou t  thei r  progressio n an d 
enable s the m to : 
-  chec k thei r  performanc e b y consultin g th e profil e 

performanc e page , 
-  hav e a  summar y o f  th e exercise s the y hav e alread y 

done , 
brows e som e document s (news ,  forums,...) . 

Thus ,  th e mai n component s o f  th e outpu t  profil e are : 
1-  Cognitiv e indicator s dispatche d int o S  sectors : 

memory,  attention ,  executiv e fiinctions,  languag e 
an d visua l  an d spatia l  capacitie s [Tarpin-Bemar d 
et  al ,  2(X)1] .  I n total ,  2 5 indicator s hav e bee n 
determined ,  w e ca n mentio n severa l  o f  the m a s a n 
illustration :  cultura l  memory ,  ol d persona l 
memory ,  recen t  m e m o r y (verbal ,  visua l  o r 
musical) ,  workin g m e m o i y an d shor t  ter m m e m o r y 
wit h th e tre e modalities ,  lexica l  spelling , 
categorization ,  comprehension ,  arithmetic , 
planning ,  reasoning ,  menta l  imagery ,  for m 
recognition ,  etc ; 

2-  Behaviora l  indicator s (tim e durin g exercis e 
running ,  connectio n frequency ,  etc.) ; 

3-  Indicator s revealin g som e characteristic s o f  style s 
suc h a s fiel d dependen t  o r  independent . 

Thes e indicator s ar e affecte d wit h som e weighting s an d 
contribut e i n th e adaptatio n process .  Fo r  exampl e t o 
determin e whethe r  th e subjec t  i s  fiel d dependen t  o r 
independent ,  w e us e th e indicato r  whic h measure s th e 
differenc e i n performanc e afte r  runnin g th e sam e 
exercis e wit h tw o differen t  image s (th e firs t  wit h 
significan t  contex t  an d th e secon d wit h non-significan t 
context )  the n w e adjus t  i t  wit h othe r  cognitiv e 
indicator s suc h a s recen t  m e m o r y (verbal ,  visua l  o r 
musical )  an d comprehension . 

Adaptive Process 

As describe d i n figur e 5 ,  th e trainin g proces s yield s a 
use r  profil e whic h constitute s th e inpu t  dat a fo r  th e 
adaptatio n process .  Indeed ,  thi s profil e enable s th e 
selectio n o f  th e outcome s styl e sheets .  Th e multimoda l 
documen t  i s define d int o a n X M L document . 
Prio r  t o an y process ,  eac h styl e shee t  conUin s th e 
layou t  o f  a  complet e pag e t o b e presented .  Fo r  a 
specifi c  subject ,  th e final  layou t  o f  thi s pag e i s brough t 
throug h th e adaptiv e process .  Thi s pag e i s th e mos t 
compatibl e on e t o th e use r  profile . 
T o illustrat e th e adaptiv e process ,  w e giv e hereafte r  a n 
exampl e o f  a  pag e t o b e presente d dealin g wit h th e 
followin g subject :  "Th e mai n part s o f  a  languag e :  th e 
vocabular y an d th e syntax" .  I n th e X M L document ,  th e 
pag e fall s unde r  2  elements .  Eac h on e coul d b e 
presente d accordin g t o differen t  modalities .  (Fig .  7) . 

Principa l  documen t 
LANGUAGE 

Sub-documen t 
V O C A B U L A RY 

. / ' : r x 
Text 
(Mia ) 

Voice d 
Text 
(M2a) 

Diagra m 
(M3a) 

Sub-documen t 
SYNTAX 

(Mlb ) 

• M ^ ^  I s compose d o f 

^  Th e possibl e modalitie s ar e 

Figure 7: XML document structure 

The problem is to find the "best" combination of 
modalitie s accordin g t o th e willin g o f  th e designe r  an d 
th e abilitie s o f  th e reader .  Accordin g t o th e X M L 
structure ,  th e possibl e combination s are :  (Mia ,  Mlb) , 
(Mia ,  M2b) ,  (M2a ,  M3a ,  Mlb) ,  etc .  Then ,  w e ca n buil d 
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Abstrac t 

This paper describes Metacat, an extension of the 
Copyca t  analogy-makin g program .  Metaca t  i s abl e 
t o monito r  it s ow n processing ,  allowin g i t  t o recog -
nize ,  remember ,  an d recal l  pattern s tha t  occu r  i n 
it s "trai n o f  thought "  a s i t  mtike s analogies .  Thi s 
give s th e progra m a  hig h degre e o f  flexibilit y  an d 
self-control .  Th e architectur e o f  th e progra m i s de -
scribed ,  alon g wit h a  sampl e ru n illustratin g th e 
program' s behavior . 

I n t r o d u c t i o n 

Thi s pape r  describe s Metacat ,  a n extensio n o f  th e 
Copyca t  analogy-meikin g progra m originall y devel -
ope d b y Hofetadte r  an d Mitchel l  (Hofstadter ,  1984 ; 
Mitchell ,  1993) .  Copyca t  wa s develope d a s a  mode l 
of  th e comple x interpla y betwee n bottom-u p an d 
top-dow n perceptua l  processe s i n th e mind ,  whic h 
togethe r  enabl e human s t o perceiv e analogie s be -
twee n differen t  situation s i n remarkabl y flexible 
ways .  Th e progra m operate s i n a n idealize d mi -
croworl d o f  analog y problem s involvin g shor t  string s 
of  letters .  Althoug h th e progra m understand s onl y a 
limite d se t  o f  concept s pertainin g t o it s letter-strin g 
world ,  it s  "fluid "  processin g mechanism s giv e i t  con -
siderabl e flexibility  i n recognizin g an d applyin g thes e 
concept s i n man y divers e situations . 

Th e long-ter m goa l  o f  th e Copyca t  lin e o f  researc h 
i s t o computationall y mode l  ho w high-leve l  cognitiv e 
phenomen a suc h a s creativity ,  analogica l  perception , 
understanding ,  an d self-awarenes s ca n aris e ou t  o f  a 
subcognitiv e substrat e compose d o f  a  hug e numbe r 
of  tiny ,  nondeterministi c processes ,  eac h o f  whic h i s 
fa r  to o smal l  b y itsel f  t o suppor t  suc h phenomena . 
Few peopl e woul d sugges t  tha t  individua l  neuron s i n 
th e brai n (o r  individua l  molecules )  ar e "conscious " 
i n anythin g lik e th e norma l  sens e i n whic h human s 
experienc e consciousness .  O n e i s force d t o accep t 
th e fac t  tha t  self-awarenes s arises ,  somehow ,  ou t  o f 
nothin g bu t  billion s o f  molecula r  chemica l  reaction s 
and neurona l  firings .  H o w ca n individuall y meaning -
les s physica l  event s i n a  brain—eve n a  hug e numbe r 
of  them—ultimatel y giv e ris e t o meaningfu l  aware -
ness ? Hofetadte r  ha s argue d tha t  tw o ke y idea s ar e 
of  paramoun t  importanc e (Hofetadte r  an d F A R G , 
1995) : 

W h at  seem s t o mak e brain s consciou s i s th e 
specia l  wa y the y ar e organized—i n particular , 
th e higher-leve l  structure s an d mechanism s tha t 
come int o being .  I  se e tw o dimension s a s bein g 
critical :  (1 )  th e fac t  tha t  brain s posses s con -
cepts ,  allowin g comple x representationa l  struc -
ture s t o b e buil t  tha t  automaticall y com e wit h 
associativ e link s t o al l  sort s o f  prio r  experiences , 
an d (2 )  th e fac t  tha t  brain s ca n self-monitor , 
allowin g a  comple x interna l  self-mode l  t o arise , 
allowin g th e syste m a n enormou s degre e o f  self -
contro l  an d open-endedness . 

Work on Copycat explored the first idea through 
th e developmen t  o f  a  compute r  mode l  o f  analogy -
makin g i n whic h th e program' s representatio n o f 
concept s i s intimatel y intertwine d wit h it s mecha ^ 
nism s fo r  perceivin g similarit y betwee n differen t  ide -
alize d situations .  Recen t  wor k ha s focuse d o n th e 
secon d ide a b y incorporatin g self-watchin g int o th e 
model—namely ,  th e abilit y  o f  a  syste m t o perceiv e 
and t o explicitl y  charsicteriz e it s o w n perceptua l  pro -
cesses .  Th e objectiv e o f  thi s wor k ha s bee n t o de -
velo p mechanism s tha t  allo w th e progra m t o monito r 
it s o w n action s an d t o mak e explici t  th e idea s tha t 
come int o pla y durin g th e cours e o f  solvin g analog y 
problems .  Thi s ca n b e though t  o f  a s addin g a  highe r 
"cognitive "  laye r  o n to p o f  th e program' s "subcog -
nitive "  layer ,  enablin g th e progra m t o watc h an d 
remember  wha t  happen s a t  it s  subcognitiv e leve l  a s 
perceptua l  structure s ax e built ,  reconfigured ,  an d de -
stroyed .  H u m a n s ar e capabl e o f  payin g attentio n t o 
pattern s i n thei r  o w n thinkin g i n a  simila r  fashio n 
(see ,  fo r  example ,  Ch i  e t  ai ,  1994) . 

Self-watching in Copycat sind Metacat 

Th e Copyca t  architectur e ha s bee n discusse d a t 
lengt h elsewher e (Mitchell ,  1993 ;  Hofstadte r  an d 
F A R G,  1995) ,  s o detail s wil l  b e omitte d here . 
Briefly ,  th e progra m consist s o f  a  long-ter m m e m-
or y o f  concept s abou t  th e letter-strin g world ,  calle d 
th e Slipnet ,  togethe r  wit h a  short-ter m m e m o r y fo r 
perceptua l  structures ,  calle d th e Workspace .  I n 
th e Workspace ,  smal l  nondeterministi c agent s calle d 
codelet s examin e th e letter s o f  a n analog y proble m 
(  "abc= ^  abd ;  mrrjjj= > ?" ,  fo r  example) ,  an d buil d 
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up structure s aroun d th e letter s representin g a  par -
ticula r  interpretatio n o f  th e problem .  T h e program' s 
high-leve l  behavio r  emerge s i n a  bottom-u p manne r 
from  th e collectiv e action s o f  man y codelet s work -
in g i n parallel ,  i n muc h th e sam e wa y tha t  a n an t 
colony' s high-leve l  behavio r  emerge s from  th e indi -
vidua l  behavior s o f  th e underlyin g ants ,  withou t  an y 
centre d executiv e directin g th e cours e o f  events . 

Guidin g th e searc h fo r  a  mutually-consisten t  se t 
of  structure s ar e concept s i n th e Slipnet ,  whic h be -
come activate d t o differen t  degree s dependin g o n 
th e activit y i n th e Workspace .  Thi s activatio n m a y 
spread  t o neighborin g concepts ,  an d strongl y influ -
ence s codele t  decisions ,  resultin g i n top-dow n pres -
sur e tha t  guide s th e progra m i n it s searc h fo r  a  goo d 
interpretatio n o f  a  problem . 

Th e overal l  degre e o f  Workspac e orgsmizatio n i s 
measure d b y a  numbe r  calle d th e temperature .  Tem -
peratur e no t  onl y reflect s th e stat e o f  th e Workspace , 
i t  als o continuousl y regulate s th e amoun t  o f  random -
nes s use d b y codelet s i n makin g decisions .  A t  hig h 
temperatures ,  fe w Workspac e structure s exist ,  s o de -
cision s ar e mad e i n a  highl y rando m mtmner ,  sinc e 
not  muc h i s ye t  know n abou t  th e problem .  How -
ever ,  a s relationship s amon g th e letter s ar e notice d 
an d structure s ar e built ,  th e temperatur e falls ,  an d 
Copyca t  begin s t o gai n "confidence "  i n it s under -
standin g o f  th e situation .  A t  lowe r  temperatures ,  de -
cision s ar e stil l  probabilistic ,  bu t  ar e muc h les s ran -
d o m,  bein g strongl y biase d b y th e estimate d promis e 
of  newl y emergin g structures ,  al l  o f  whic h compet e 
fo r  attentio n b y codelets .  A t  ver y lo w temperatures , 
codelet s pa y attentio n t o onl y th e mos t  promisin g 
structures ,  an d decision s becom e Ifu-gel y determinis -
tic .  Thu s th e typ e o f  strateg y use d b y th e progra m 
t o explor e it s searc h spac e range s alon g a  broa d con -
tinuum ,  from  bein g ver y diffus e an d highl y pcu-alle l 
at  hig h temperature s t o bein g ver y seria l  an d focuse d 
at  lo w temperatures . 

To summarize ,  Copycat' s seau-c h proceed s vi a a 
larg e numbe r  o f  fine-graine d stochasti c decisions , 
whic h depen d o n th e temperature .  Thes e decision s 
m ay caus e ne w structure s t o b e buil t  o r  existin g 
structure s t o b e destroyed ,  whic h chemge s th e tem -
peratur e an d subsequentl y alter s th e cours e o f  struc -
tur e building ,  formin g a  kin d o f  feedbac k loop .  Tem -
peratur e thu s serve s a s a  ver y crud e mechanis m fo r 
self-watchin g i n Copycat ,  sinc e i t  aUow s th e progra m 
t o regulat e it s ow n behavio r  t o a  hmite d extent . 
Tha t  is ,  b y tyin g th e stochasti c activit y o f  codelet s 
t o th e temperature ,  th e progra m become s sensitiv e 
t o th e consequence s o f  it s  o w n actions ,  sinc e th e tem -
peratur e reflect s th e resul t  o f  thes e actions ,  albei t  i n 
a ver y coars e wa y (i.e. ,  i n th e for m o f  a  singl e num -
ber) . 

Thi s typ e o f  rudimentar y self-watching ,  however , 
i s  quit e primitive .  Copyca t  cei n characteriz e pattern s 
withi n it s perceptua l  inpu t  (th e lette r  strings) ,  bu t 
i s  completel y obliviou s t o pattern s tha t  aris e i n it s 

processin g o f  tha t  input .  Fo r  example ,  whe n solvin g 
th e proble m "abc=>abd ;  x y z ^  ?" ,  Copyca t  usu -
all y attempt s t o tak e th e successo r  o f  z ,  whic h i s 
impossibl e i n th e program' s microworld .  I t  "hit s a 
snag" ,  an d i s force d t o tr y somethin g else .  However , 
i t  ofte n jus t  trie s th e sam e thin g again ,  ove r  an d 
over ,  sometime s a s man y a s thirt y o r  fort y time s be -
for e stumblin g b y chanc e o n a n alternativ e approac h 
(suc h a s th e answe r  xyd) .  Unlik e humans ,  th e pro -
gra m i s unabl e t o recogniz e whe n i t  ha s falle n int o 
a repetitiv e patter n o f  behavior .  I t  ha s n o memor y 
of  it s  action s ove r  time ,  an d thu s canno t  recogniz e 
when i t  ha s encountere d th e sam e situatio n i n th e 
past .  A s a  result ,  Copyca t  lack s insigh t  int o ho w i t 
arrive s a t  it s  cmswers ,  an d consequentl y canno t  ex -
plai n wha t  make s on e answe r  bette r  o r  wors e tha n 
another . 

I n contrast ,  Metaca t  i s abl e t o creat e muc h 
riche r  representation s o f  th e analogie s i t  makes ,  en -
ablin g i t  t o compar e an d contras t  answer s i n a n in -
sightfu l  way .  Thi s ha s involve d incorporatin g a n 
episodi c memor y int o th e origina l  Copyca t  architec -
ture ,  alon g wit h ne w mechanism s tha t  allo w th e pro -
gra m t o monito r  itself ,  s o tha t  i t  ca n recognize ,  re -
member,  an d recal l  pattern s tha t  occu r  i n it s "trsu n 
of  thought "  a s i t  make s analogies . 

To d o this ,  Metaca t  create s a n explici t  sequen -
tia l  recor d o f  th e mos t  importan t  processin g event s 
tha t  occu r  durin g a  run .  Thi s tempora l  recor d i s ex -
amine d b y codelet s fo r  patterns—i n th e sam e wa y 
tha t  Copycat' s codelet s examin e letter-string s fo r 
patterns—an d serve s a s th e basi s fo r  constructin g 
£i n abstrac t  descriptio n o f  a n answe r  i n term s o f  th e 
ke y concept s an d event s tha t  le d t o it s discovery . 
Furthermore ,  b y monitorin g it s o w n processin g i n 
thi s way ,  Metaca t  ca n recogniz e whe n i t  ha s becom e 
"stuc k i n a  rut" ,  enablin g th e progra m t o brea k ou t 
of  th e ru t  b y focusin g o n idea s othe r  tha n th e one s 
tha t  see m t o b e leadin g i t  nowhere . 

The Architecture of Metacat 

Metacat' s architectur e include s al l  o f  Copycat' s ar -
chitectura l  components ,  suc h a s th e Workspac e an d 
th e Slipnet ,  a s wel l  a s thre e ne w components :  th e 
Episodi c Memory ,  th e Themespace ,  an d th e Tempo -
ra l  Trace .  W h e n th e progra m discover s a  ne w an -
swer ,  i t  pause s t o displa y th e answe r  alon g wit h th e 
Workspac e structure s tha t  gav e ris e t o it .  Thes e 
structure s represen t  a  wa y o f  interpretin g th e prob -
le m tha t  yield s th e answe r  jus t  found .  Al l  o f  thi s 
informatio n i s the n package d togethe r  int o a n an -
swer  descriptio n an d store d i n th e Episodi c M e m-
ory ,  afte r  whic h th e progra m continue s searchin g fo r 
alternativ e answer s t o th e problem ,  instea d o f  sim -
pl y quitting .  Gradually ,  ove r  time ,  a  serie s o f  answe r 
descriptions ,  accumulate s i n memory ,  eac h on e con -
tainin g muc h mor e informatio n tha n jus t  th e answe r 
strin g itself . 

Th e mos t  importan t  structure s store d i n answe r 
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description s eir e calle d themes ,  whic h repn̂ Heii i  th e 
essentia l  idea s underlyin g a n answer .  Th e collec -
tio n o f  theme s associate d wit h a n answe r  serve s a s 
th e basi s fo r  comparin g i t  t o othe r  answer s store d i n 
memory.  Furthermore ,  Metaca t  ma y b e reminde d 
of  othe r  answer s i t  ha s encountere d i n th e pas t  i f 
th e theme s associate d wit h a  newl y discovere d an -
swer ,  actin g a s a  memor y retrieva l  cue ,  ar e simila r 
enoug h t o thos e o f  a  previousl y store d answe r  de -
scription .  Thu s a n answer' s theme s ac t  a s a n inde x 
unde r  whic h i t  i s store d an d retrieve d fro m memory . 

Themes ge t  create d i n Metacat' s Themespac e 
as codelet s buil d structure s aroun d th e letter -
strings ,  an d ar e compose d o f  Slipne t  concepts .  Fo r 
example ,  i n th e proble m "a6c=»a6d ;  xyz=>-?" , 
an Alphabetic-Position :  opposit e them e representin g 
th e ide a o f  alphabetic-positio n symmetr y betwee n 
th e letter s a  an d z  migh t  ge t  buil t  i f  th e progra m 
perceive s thes e letter s a s playin g analogou s role s i n 
thei r  respectiv e string s (a n interpretatio n tha t  ma y 
lea d t o th e "mirro r  image "  answe r  w y z ) . 

I n som e ways ,  theme s ar e lik e ordinar y Workspac e 
structures .  The y ar e no t  initiall y  presen t  i n th e 
Themespace ;  rather ,  the y aris e durin g th e cours e o f 
a ru n a s th e resul t  o f  codele t  activit y occurrin g i n th e 
Workspace .  I n othe r  ways ,  however ,  theme s behav e 
lik e Slipne t  concepts .  The y ca n tak e o n differen t  lev -
el s o f  activation ,  reflectin g th e exten t  t o whic h th e 
idea s the y represen t  ar e supporte d b y structure s i n 
th e Workspace .  A  theme' s activatio n leve l  decay s 
ove r  time ,  an d i s influence d b y th e activatio n lev -
el s o f  othe r  themes .  Lik e Slipne t  concepts ,  theme s 
can ,  unde r  certai n conditions ,  exer t  stron g top-dow n 
pressur e o n perceptua l  activit y i n th e Workspace .  I n 
fact ,  theme s ca n assum e bot h positiv e an d negativ e 
level s o f  activation ,  rangin g fro m -10 0 t o +100 .  A 
positively-activate d them e exert s "positiv e themati c 
pressure" ,  encouragin g th e creatio n o f  Workspac e 
structure s tha t  suppor t  th e ide a represente d b y th e 
theme .  A  negatively-activate d theme ,  o n th e othe r 
hand ,  exert s "negativ e themati c pressure" ,  whic h 
discourage s th e creatio n o f  structure s relate d t o th e 
theme ,  promotin g instea d th e creatio n o f  alternativ e 
structures . 

Th e Tempora l  Trac e serve s a s th e foca l  poin t  fo r 
self-watchin g i n Metacat .  Lik e th e Themespace ,  th e 
Trac e accumulate s informatio n ove r  th e cours e o f  a 
singl e run ,  an d ca n b e viewe d a s a n extensio n o f  th e 
Workspace .  Th e TVac e store s a n explici t  tempora l 
recor d o f  th e mos t  importan t  processin g event s tha t 
occu r  whil e th e progra m work s o n a n analog y prob -
lem .  Example s o f  suc h event s includ e recognizin g 
some ke y ide a pertainin g t o th e proble m (b y notic -
in g th e stron g activatio n o f  a  them e o r  concept ,  fo r 
instance) ,  hittin g a  snag ,  o r  discoverin g a  ne w an -
swer .  Onc e processin g event s hav e bee n explicitl y 
represente d i n th e lYac e a s "reified "  structure s i n 
thei r  ow n right ,  the y Eir e subjec t  t o examinatio n b y 
codelet s a s well .  Metaca t  thu s use s a  singl e se t  o f 

mechanism s fo r  perceivin g pattern s i n it s perceptua l 
inpu t  an d i n it s o w n processin g o f  tha t  input .  W h e n 
a ne w answe r  i s found ,  a n answe r  descriptio n ca n 
be forme d b y examinin g th e tempora l  recor d i n th e 
Trac e t o se e whic h event s contribute d t o th e answer' s 
discovery . 

Thi s approac h i s simila r  i n flavo r  t o wor k o n 
derivationa l  analogy ,  i n whic h th e trac e o f  a 
problem-solvin g sessio n i s store d i n m e m o r y fo r  fu -
tur e reference ,  togethe r  wit h a  serie s o f  annotation s 
describin g th e condition s unde r  whic h eac h ste p i n 
th e solutio n wa s take n (Carbonell ,  1986 ;  Veloso , 
1993) .  I n Metacat' s case ,  however ,  th e informatio n 
i n th e Trac e i s use d a s th e basi s fo r  constructin g 
an abstrac t  descriptio n o f  th e answe r  found ,  rathe r 
tha n bein g permanentl y store d itself . 

O ne wa y t o appreciat e th e abstract ,  chunke d na ^ 
tur e o f  th e informatio n i n th e IVac e i s t o conside r  th e 
number  o f  "steps "  tha t  occu r  durin g a  typica l  ru n o f 
Metacat .  A t  a  ver y fine-graine d leve l  o f  description , 
wher e eac h ste p correspond s t o a n actio n performe d 
by a  singl e codelet ,  a  ru n consist s o f  m a n y hundred s 
or  thousand s o f  steps .  A t  thi s leve l  o f  description ,  n o 
tw o run s ar e eve r  exactl y th e same ,  eve n i f  the y in -
volv e th e sam e letter-string s (unless ,  o f  course ,  bot h 
run s star t  wit h th e sam e rando m numbe r  seed) .  O n 
th e othe r  haind ,  a t  th e leve l  o f  descriptio n o f  th e 
Trace ,  a  typica l  ru n consist s o f  a  fe w doze n steps . 
At  thi s leve l  o f  granularity ,  eac h ste p correspond s 
t o a  singl e even t  represente d i n th e TVace—eac h o f 
whic h arise s fro m th e action s o f  m a n y codelets . 

For  example .  Figur e 1  show s th e content s o f 
th e Trac e afte r  a  ru n o n th e proble m "ab c = > abd ; 
xyz= > ?" ,  i n whic h th e program ,  afte r  tryin g imsuc -
cessfull y a  coupl e o f  time s t o tak e th e successo r  o f 
z,  answer s xyd .  T h e event s tha t  occu r  durin g th e 
ru n appea r  lef t  t o righ t  i n chronologica l  order .  Al -
thoug h thi s ru n involve s a  tota l  o f  1,55 8 codelets , 
th e high-leve l  pictur e show n i n th e Trac e consist s o f 
jus t  twelv e events ,  whic h represen t  th e "majo r  mile -
stones "  encountere d alon g th e wa y i n th e program' s 
searc h fo r  a n answer .  Suc h event s includ e th e acti -
vatio n o f  concept s i n th e Slipnet ,  perceivin g entir e 
string s a s single ,  chunke d wholes ,  creatin g ne w rule s 
fo r  describin g strin g changes ,  hittin g a  snag ,  an d 
discoverin g a  ne w answer . 

For  instance ,  a s ca m b e see n i n th e figure ,  th e Slip -
net  concep t  identit y get s activate d earl y o n i n thi s 
particula r  ru n (du e t o th e progra m perceivin g th e 
a' s an d 6' s i n ab c an d ab d a s corresponding) .  Thi s 
i s followe d b y th e perceptio n o f  ab c an d xy z a s pre -
decesso r  group s goin g i n th e sam e directio n (t o th e 
left) .  Th e nex t  even t  record s th e creatio n o f  th e rul e 
Change letter-categor y o f  rightmos t  lette r  t o succes -
sor  fo r  describin g ab c => •  abd ,  whic h lead s inevitabl y 
t o a  snag .  I n th e aftermat h o f  th e snag ,  anothe r  rul e 
i s create d {Chang e letter-categor y o f  rightmos t  lette r 
t o 'd') ,  an d ab c an d xy z ar e reperceive d a s succes -
sor  group s (agai n goin g i n th e sam e direction—onl y 
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Figur e 1 :  Th e tempora l  recor d o f  a  ru n o n th e proble m "abc= > abd ;  xyz= > f" . 

thi s tim e t o th e right) .  However ,  th e progra m agai n 
attempt s t o us e th e firs t  rule ,  resultin g i n anothe r 
snag .  Finally ,  afte r  creatin g ye t  anothe r  rul e an d 
agai n perceivin g xy z a s a  successo r  group ,  th e pro -
gr«u n finds  th e answe r  xyd . 

Pattern-clamping and Self-control 

Th e TVac e allow s Metaca t  t o monito r  th e subcogni -
tiv e processin g activit y i n th e Workspac e a t  a  ver y 
abstrac t  an d highly-chunke d leve l  o f  description ,  en -
ablin g th e progra m t o "see "  wha t  i t  i s  doin g dur -
in g a  run .  Equall y important ,  however ,  i s  th e pro -
gram' s abilit y  t o respon d t o wha t  i t  see s b y clampin g 
particula r  theme s an d concept s a t  hig h activation , 
resultin g i n stron g toi>-dow n pressur e o n process -
ing .  Variou s type s o f  pattern s consistin g o f  set s o f 
themes ,  concepts ,  o r  codele t  type s ca n b e clampe d 
by th e progra m i n respons e t o differen t  situation s 
tha t  arise .  Clampin g a  patter n alter s th e probabil -
itie s tha t  certai n type s o f  codelet s wil l  run ,  o r  tha t 
certai n type s o f  Workspac e structure s wil l  ge t  built , 
effectivel y steerin g th e behavio r  o f  th e progra m i n 
particula r  directions .  Thi s m a y lea d th e progra m t o 
revis e it s interpretatio n o f  a  problem ,  b y catalyzin g 
th e reorganizatio n o f  structure s i n th e Workspac e i n 
accordsmc e wit h th e idea s represente d b y th e pat -
tern . 

Metacat' s abilit y  t o revis e it s perceptio n o f  a  sit -
uatio n i n respons e t o event s i n th e TVac e afford s 
th e progra m a  ver y powerfu l  degre e o f  self-control . 
Patterns—especiall y  pattern s o f  themes—ac t  a s a 
"medium "  throug h whic h th e progra m i s  abl e t o 
wiel d contro l  ove r  it s o w n behavior .  Fo r  example , 
i n th e proble m ''abc=>abd ;  x y z ^  f" ,  th e progra m 
usuall y perceive s ab c an d xy z a s goin g i n th e sam e 
directio n a t  first ,  whic h lead s t o a  sna g (a s i n th e 
ru n show n i n Figur e 1) .  Thi s interpretatio n o f  th e 
problem ,  base d o n th e ide a tha t  letter s havin g iden -
tica l  position s i n thei r  respectiv e string s correspon d 
t o on e smothe r  ( a t o x ,  6  t o y ,  c  t o z ) ,  i s  charac -
terize d b y a  StriDg-Position :  identit y theme .  W h e n 
an even t  i s recorde d i n th e Trace ,  th e theme s mos t 
activ e a t  th e tim e o f  th e even t  eir e als o note d alon g 
wit h it .  Thes e theme s serv e a s th e event' s themati c 
characterization .  I n th e cas e o f  a  sna g event ,  th e 
themati c characterizatio n represent s a n interprete r 
tio n o f  th e proble m tha t  ha s jus t  le d t o failure .  I f 
Metaca t  continue s t o hi t  th e sam e sna g severa l  time s 
i n succession ,  a  serie s o f  sna g event s wil l  accumulat e 
i n th e TVace ,  al l  wit h ver y simila r  themati c char -
acterizations .  Thi s similarit y m a y b e notice d b y 

codelet s (th e probabilit y  becomin g highe r  a s mor e 
snag s accumulate) ,  causin g the m t o tak e actio n b y 
clampin g th e "offending "  theme s (suc h a s String -
Position :  identity )  wit h stron g negativ e activation . 
Thi s encourage s th e progra m t o explor e alternativ e 
interpretation s o f  th e proble m b y steerin g i t  awa y 
fro m th e idea s causin g th e snag ,  whic h ma y subse -
quentl y lea d i t  t o th e discover y o f  othe r  answers , 
suc h a s w y z .  I n thi s way ,  Metaca t  ca n recogniz e it s 
own repetitiv e behavio r  an d respon d accordingly . 

T wo type s o f  codelet s ar e responsibl e fo r  exam -
inin g an d respondin g t o event s unfoldin g i n th e 
TVace.  Th e firs t  type ,  calle d a  Progress-watcher ,  i s 
responsibl e fo r  decidin g whethe r  o r  no t  t o unclam p a 
clampe d pattern .  I f  a  Progress-watche r  codele t  run s 
whil e a  patter n i s  clamped ,  i t  examine s th e mos t 
recen t  even t  i n th e Trac e t o determin e ho w muc h 
tim e ha s elapse d sinc e th e even t  occurred .  Gener -
all y speaking ,  th e purpos e o f  clampin g a  patter n i s 
t o precipitat e a  serie s o f  event s tha t  reorganiz e th e 
perceptua l  configuratio n o f  th e Workspac e i n som e 
way.  I t  i s therefor e bette r  t o wai t  unti l  th e structure -
buildin g activit y occurrin g i n th e wak e o f  a  clam p 
has settle d d o w n befor e concludin g tha t  th e clam p 
has "ru n it s course" .  Accordingly ,  i f  th e amoun t 
of  tim e sinc e th e mos t  recen t  even t  i n th e Trac e 
i s les s tha n som e minima l  settlin g period ,  the n th e 
codele t  simpl y fizzles ,  leavin g th e clampe d patter n 
stil l  i n effect .  O n th e othe r  hand ,  i f  enoug h tim e 
has passe d withou t  an y ne w importan t  event s hav -
in g transpired ,  th e codele t  unclamp s th e patter n an d 
the n determine s th e amoun t  o f  progres s tha t  wa s 
made sinc e th e clam p occurred .  Dependin g o n th e 
amount  o f  progres s achieved ,  th e codele t  ma y decid e 
t o pos t  a  follow-u p codele t  i n orde r  t o se e whethe r  a 
ne w answe r  ca n b e mad e base d o n th e newly-create d 
structures . 

Th e criteri a fo r  judgin g th e succes s o f  a  clam p 
ca n vary .  Sometimes ,  th e purpos e o f  clemipin g a 
patter n i s t o promot e th e creatio n o f  specifi c  type s 
of  Workspac e structures .  Othe r  times ,  th e purpos e i s 
t o encourag e th e creatio n o f  structure s o f  an y type , 
so lon g a s the y ar e compatibl e wit h th e clampe d 
pattern .  Th e progres s achieve d b y a  clam p ca n b e 
measure d b y observin g th e numbe r  o f  structure s tha t 
get  buil t  i n th e immediat e aftermat h o f  th e clamp , 
and th e exten t  t o whic h the y ar e compatibl e wit h 
th e pattern . 

I f  n o pattern s ar e clampe d whe n a  Progress -
watche r  codele t  runs ,  the n instea d o f  checkin g o n 
th e progressio n o f  event s i n th e IVace ,  th e codele t 
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check s o n th e curren t  rat e o f  structure-buildin g ac -
tivit y i n th e Workspace .  Thi s activit y i s measure d 
by a  singl e numbe r  tha t  serve s a s a  quic k estimat e o f 
th e "freshness "  o f  th e curren t  Workspac e structur e 
configuration .  Mor e precisely ,  i t  i s  a n invers e func -
tio n o f  th e averag e ag e o f  th e mos t  recentl y create d 
structures .  Thu s th e activit y leve l  tend s t o remai n 
hig h a s lon g a s ne w structure s ar e bein g built ,  bu t 
eventuall y drop s t o zer o i n th e absenc e o f  ne w struc -
tures . 

I f  th e activit y leve l  i s  zero ,  indicatin g tha t  nothin g 
much i s happenin g i n th e Workspace ,  the n Metaca t 
may hav e arrive d a t  a n impass e i n it s searc h fo r  an -
swer s t o th e curren t  problem .  Thi s i s no t  quit e a s 
bad a s hittin g a  snag ,  bu t  i t  stil l  ough t  t o pro d th e 
progra m int o tryin g somethin g different .  However , 
i n th e cas e o f  a n impasse ,  ther e i s usuall y n o clea r 
set  o f  "offending "  structure s o r  theme s o n whic h t o 
pi n th e blame ,  unlik e i n th e cas e o f  a  snag .  Indeed , 
th e impass e ma y wel l  aris e fro m a  lac k o f  appropri -
at e structures ,  rathe r  tha n from  th e existenc e o f  th e 
"wrong "  structures . 

Therefore ,  i n th e absenc e o f  Workspac e activity . 
Progress-watche r  codelet s chec k t o se e whethe r  peir -
ticula r  type s o f  ne w structure s ar e needed .  Fo r  ex -
ample ,  a  codele t  ma y examin e th e qualit y o f  th e 
rule s tha t  hav e bee n buil t  s o far .  I f  n o goo d rule s 
yet  exist ,  th e codele t  ma y tr y t o encourag e th e cre -
atio n o f  bette r  rule s b y clampin g a  patter n tha t 
strongl y increase s th e probabilit y  tha t  rule-seekin g 
codelet s wil l  run ,  whil e simultaneousl y inhibitin g 
othe r  type s o f  codelets .  Eventually ,  othe r  Progress -
watche r  codelet s wil l  tur n of f  th e clam p onc e enoug h 
tim e ha s passe d withou t  an y mor e event s bein g 
adde d t o th e Trace .  Sinc e thi s typ e o f  clam p i s 
onl y concerne d wit h th e creatio n o f  ne w rules ,  th e 
amount  o f  progres s achieve d i s judge d solel y o n th e 
basi s o f  th e qualit y o f  th e rule s tha t  ge t  create d i n 
th e cleimp' s wake . 

The secon d typ e o f  codele t  tha t  "watche s th e ac -
tion "  from  th e high-leve l  vantag e poin t  o f  th e TVac e 
i s calle d a  Jootse r  (shor t  fo r  "jumpin g ou t  o f  th e 
system") .  Thes e codelet s ar e responsibl e fo r  notic -
in g repetitiv e behavio r  tha t  th e progra m ha s falle n 
into .  A n exampl e o f  suc h behavio r  arisin g from a 
sna g wa s sketche d above .  However ,  Jootse r  codelet s 
ar e sensitiv e t o othe r  kind s o f  situation s a s well .  Fo r 
example ,  i t  i s  possibl e fo r  Metaca t  t o becom e "fix -
ated "  o n som e idea ,  suc h tha t  i t  end s u p clampin g 
th e sam e patter n ove r  an d ove r  again ,  withou t  mak -
in g an y significan t  progress .  I n thi s case ,  too ,  Jootse r 
codelet s ma y notic e th e serie s o f  recurrin g event s i n 
th e lYac e an d tak e action . 

For  instance ,  i f  a n analog y proble m happen s t o 
involv e a  strin g tha t  change s i n som e difficult-to -
describ e way ,  th e progra m ma y en d u p repeatedl y 
clampin g pattern s i n a n attemp t  t o spu r  th e creatio n 
of  bette r  rule s fo r  describin g th e chauige .  Repeti -
tiv e clampin g behavio r  ca n eve n aris e from  unsuc -

cessfu l  attempt s t o brea k ou t  o f  a  cycl e o f  snags . 
That  is ,  clampin g a  patter n i n respons e t o a  recur -
rin g sna g ma y prov e t o b e ineffective ,  leadin g onl y 
t o furthe r  snag s an d mor e pattern-clamping ,  rathe r 
tha n t o a  ne w interpretatio n o f  th e problem .  Face d 
wit h severa l  simila r  clam p event s i n th e TVace ,  a 
Jootse r  codele t  decide s probabilisticall y whethe r  t o 
"joots "  base d o n th e numbe r  o f  clamp s an d th e aver -
age amoun t  o f  progres s achieve d b y each .  Th e mor e 
clam p event s ther e are ,  th e mor e hkel y jootsin g i s t o 
occur ,  especiall y i f  th e amoun t  o f  progres s i s low ,  un -
les s recen t  cleunp s appea r  t o b e makin g mor e head -
way tha n earlie r  ones .  Unlik e jootsin g from  snags , 
however ,  jootsin g from a  serie s o f  recurrin g clam p 
event s doe s no t  involv e th e clampin g o f  an y ne w pat -
tern s i n response .  Instead ,  Metaca t  simpl y "give s 
up"  i n a  gracefu l  manne r  an d stops . 

I n a  sense ,  Metacat' s abilit y  t o respon d t o a  re -
currin g sna g b y focusin g o n alternativ e idea s ca n 
be though t  o f  a s "first-order "  jootsing .  I n contrast , 
th e program' s abilit y  t o eventuall y giv e u p whe n i t 
recognize s tha t  it s  repeate d attempt s t o circumven t 
a sna g ar e leadin g nowher e ca n b e though t  o f  a s 
"higher-order "  o r  "metsrlevel "  jootsin g (i.e. ,  joots -
in g from  repeate d unsuccessfu l  jootsing) .  Th e im -
portan t  poin t  i s  tha t  th e sam e genera l  mechanism s 
ar e responsibl e fo r  first-order  an d metarleve l  joots -
in g i n Metacat—namely ,  Jootse r  codelet s an d th e 
explici t  representatio n o f  processin g event s i n th e 
Trace . 

An Example of Jootsing 

The followin g exampl e illustrate s th e ide a o f  joots -
ing .  I n thi s run ,  Metaca t  i s give n th e proble m 
"eqe=>geq ;  abbbc= > ?" .  Th e progrei m build s u p 
an interpretatio n o f  th e strin g abbb c a s a  successo r 
grou p compose d o f  th e lette r  a ,  th e grou p bbb ,  an d 
th e lette r  c .  Th e tw o rule s show n belo w ar e als o 
create d t o describ e th e eq e = > qe q change : 

• Swap letter-categories of all objects in string 

• Change letter-category of leftmost letter to 'q' 
Change letter-categor y o f  middl e lette r  t o 'e ' 
Change letter-categor y o f  rightmos t  lette r  t o 'q ' 

Around time step 1100, the program attempts to 
appl y th e first  rul e t o abbbc ,  whic h result s i n a  snag , 
sinc e th e ide a o f  a  three-wa y swa p involvin g th e let -
ter s a ,  6 ,  an d c  make s n o sens e (se e Figur e 2) .  O f 
course ,  i f  i t  ha d chose n t o us e th e secon d rul e in -
stea d o f  th e first ,  the n i t  woul d hav e foun d th e an -
swer  qeeeq ,  bu t  i t  prefer s th e first  rule ,  sinc e thi s 
rul e i s mor e abstract . 

Over  th e nex t  300 0 tim e steps ,  th e progra m trie s 
agai n an d agai n t o swa p th e letter s o f  abbbc ,  of -
te n breakin g variou s structure s i n th e process ,  bu t 
alway s rebuildin g the m i n th e sam e wa y a s be -
fore .  Eventually ,  a t  tim e ste p 4280 ,  a  Jootse r 
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Figur e 2 :  Attemptin g t o swa p th e letter s o f  abbb c 

codelet notices the pattern of recurring snag events 
i n th e TVace ,  al l  o f  whic h involv e th e t h e m ^ 
String-Position ;  identity ,  Object-iype :  identity ,  an d 
Object-lype :  different .  Thes e theme s aris e from  th e 
program' s interpretatio n o f  th e letter s e ,  q ,  an d e 
i n eg e a s corresponding ,  respectively ,  t o th e let -
te r  a ,  th e grou p 666 ,  an d th e lette r  c  i n a666c . 
Th e Object-Type :  identit y them e i s  base d o n th e 
e- a an d e- c correspondences ,  whil e th e Object -
lype :  differen t  them e result s from  th e correspon -
denc e betwee n q  an d 666 ,  sinc e on e i s a  lette r  an d 
th e othe r  a  group . 

I n hope s o f  finding  a  wa y aroun d th e recurrin g 
snag ,  th e codele t  decide s t o negativel y clam p th e 
Object-Type :  identit y theme .  I n th e wak e o f  th e 
clamp ,  a666 c i s reinterprete d a s a  predecesso r  grou p 
goin g t o th e left ,  an d a  ne w rul e i s create d t o describ e 
e g e ^ q e q ,  bu t  thes e ne w structure s d o no t  reall y 
chang e th e basi c situation .  Soo n afterwards ,  anothe r 
Jootse r  codele t  trie s again ,  thi s tim e clampin g bot h 
Object-Typ e themes ,  whic h essentiall y  "paralyzes " 
th e progra m fo r  th e duratio n o f  th e clamp ,  sinc e 
no structure s ca n b e buil t  tha t  ar e compatibl e wit h 
bot h o f  thes e theme s simultaneously .  Figur e 3  show s 
th e stat e o f  th e Workspac e an d Trac e a t  th e tim e o f 
th e secon d clamp . 

A fe w hundre d codelet s later ,  th e progra m hit s 
th e sna g again .  Thi s i s followe d shortl y thereafte r 
by anothe r  clamp .  Thi s clamp ,  lik e th e on e befor e it , 
achieve s n o ne w progress .  Afte r  hittin g th e sna g ye t 
again ,  th e progra m finally  decide s t o giv e up .  Mor e 
precisely ,  a t  tim e ste p 5933 ,  a  Jootse r  codele t  notice s 
th e thre e clam p event s i n th e TVace ,  al l  o f  whic h in -
volv e overlappin g themati c characterizations .  More -
over ,  neithe r  o f  th e tw o mos t  recen t  clamp s hav e 
resulte d i n an y discernibl e progress ,  whic h furthe r 
increase s th e probabilit y  o f  jootsing .  Consequently , 
th e progra m print s th e messag e "thi s i s gettin g bor -
ing ,  I  can' t  thin k o f  anythin g els e t o try "  an d the n 

(^csssimtS B ̂ E^@pI§Bb , <(SSQC^( 

Evmt  13 :  Clampa d pattern s 

b b  b 

•aeiaa :  teste ties 

Figur e 3 :  Clsunpin g pattern s i n respons e t o snag s 

ends the run. 
As thi s exampl e shows ,  Metaca t  i s abl e t o realiz e 

when i t  i s  "stumped" ,  insteau d o f  jus t  cyclin g end -
lessly .  Th e program' s abilit y  t o monito r  it s  ow n pro -
cessin g a t  a n abstrac t  leve l  o f  descriptio n aifford s i t 
a grea t  dea l  o f  flexibility  an d self-control ,  and ,  i t  i s 
t o b e hoped ,  represent s a  ste p towar d th e goa l  o f 
xmderstandin g th e cognitiv e mechanism s underlyin g 
himia n self-awareness . 
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W h e r e d o syllable s c o m e from ? 
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Abstrac t 

Young children are able to segment words into syllar 
bles ,  eve n thoug h ther e ar e n o perceptua l  o r  acous -
ti c cue s tha t  indicat e syllabl e boundarie s i n th e pri -
mary linguisti c data .  W e sho w tha t  informatio n 
abou t  wor d boundarie s ca n b e use d t o predic t  syl -
labl e boundarie s b y replicatin g th e result s  o f  exper -
iment s don e b y Gilli s  an d D e Schutte r  (1996 )  wit h 
childre n wh o syllabifie d Dutc h disyllabi c monomor -
phemes wit h a  singl e intervocedi c consonant .  Wor d 
boundar y probabilitie s wer e statisticall y compute d 
i n chil d languag e corpor a an d use d t o predic t  sylla -
bl e boundarie s wit h a  simpl e statistica l  model .  Th e 
children' s syllabificatio n behavio r  coul d b e simu -
late d usin g word-boundar y probabilitie s estimate d 
from  chil d languag e corpora .  Simila r  result s wer e 
obtaine d fo r  thre e differen t  corpora .  I n ou r  sim -
ulations ,  w e als o investigat e th e questio n whethe r 
childre n acquir e thei r  knowledg e o f  wor d boundarie s 
from  word s from  th e input ,  from  th e intake ,  o r  from 
thei r  ow n output . I n t r o d u c t i o n 

Th e syllabl e i s  a n importan t  construc t  i n phono -
logica l  description s o f  language s (Va n de r  Huls t  & 
Ritter ,  1999 )  a s wel l  a s i n model s o f  languag e ac -
quisitio n (Jusczyk ,  1997 )  an d languag e processin g 
(Levelt ,  1989) .  I n mos t  contemporar y phonologi -
cal  theorie s th e syllabl e play s a n importan t  rol e a t 
th e segmenta l  leve l  (e.g. ,  i n consonan t  harmony )  a s 
wel l  a s a t  th e supra-segmenta l  leve l  (e.g. ,  i n stres s 
assignment) .  Acros s language s syllable s adher e t o 
a numbe r  o f  universa l  principle s (Venneman ,  1988 ) 
an d Clement s (1990 )  propose s a  universall y vali d al -
gorith m fo r  syllabifyin g words .  O n e o f  it s  operat -
in g principle s i s 'sonorit y sequencing' :  a  syllabl e ha s 
risin g sonorit y from  th e lef t  edg e t o th e vocali c nu -
cleu s an d fallin g sonorit y from  th e vowe l  t o th e righ t 
edge .  Irrespectiv e o f  th e theoretica l  framework  i n 
whic h th e universal s o f  syllabificatio n ar e cast ,  i t  i s 
accepte d tha t  th e languag e universals ,  suc h a s thos e 
incorporate d i n Clements '  algorithm ,  ca n b e over -
rule d b y language-specifi c  constraints .  Fo r  instance , 
at  th e en d o f  a  syllabl e lon g vowel s ar e universall y 
accepted ,  bu t  language s diffe r  a s t o whethe r  ther e 
ca n b e a  shor t  vowe l  a t  th e en d o f  a  syllabl e (Kager , 
1989) . 

I n shar p contras t  t o th e relativel y clea r  phonolog -
ica l  pictur e stand s th e phoneti c reality :  wha t  ar e 
th e Eicousti c correlate s o f  th e syllabl e i n th e speec h 
stream ? Fo r  instance ,  acousti c correlate s o f  th e 
'sonorit y sequencin g principle '  ar e ver y difficul t  t o 
determine ,  whic h le d phonetician s t o defin e th e syl -
labl e from  a  phoneti c poin t  o f  vie w a s tha t  entit y 
of  whic h th e wor d syllabl e ha s three .  T h e syllabi c 
nucleu s (th e vowel )  i s  fairl y  eas y t o detect ,  bu t  th e 
syllabl e boundarie s ar e no t  straightforward .  Fo r  in -
stance ,  th e / I /  i n bitte r  i s  th e nucleu s o f  th e first 
syllable ,  bu t  wher e i s th e bound«u y o f  tha t  syllable : 
immediatel y afte r  th e vowe l  /bl.t®r /  o r  afte r  th e 
first  consonan t  /bIt.Qr /  o r  i n th e middl e o f  th e first 
consonan t  /blt.t@r/ ,  a  cas e o f  smibisyllabicity ? Thi s 
bring s u s t o th e cor e issu e addresse d i n th e presen t 
paper :  i f  from  a  structura l  perspectiv e syllable s ar e 
eas y t o describe ,  bu t  i f  i t  i s  ver y difficul t  t o depic t 
th e acousti c correlate s o f  th e syllabl e an d it s bound -
aries ,  i t  i s  a n outstandin g questio n h o w childre n ar -
riv e a t  detectin g syllable s an d thei r  boundaries . 

Nevertheless ,  i n earl y speec h perceptio n (Jusczyk , 
1997 )  a s wel l  a s i n speec h productio n (Wijnen ,  1988 ) 
childre n appea r  t o us e syllable s a s organizin g enti -
ties .  T h e questio n is :  h o w doe s a  chil d acquir e th e 
knowledg e o f  th e structur e o f  syllables ? 

I n th e acquisitio n literatur e ther e ar e basicall y tw o 
approaches :  i n a  nativis t  approach ,  th e universal s o f 
syllabl e structur e ar e though t  t o b e innatel y given : 
the y ar e describe d a s inbor n parameter s (Fikkert , 
1998) ,  o r  a s inbor n constraint s (Kager ,  1999 ;  Lev -
elt ,  Schiller ,  &  Levelt ,  2000) .  Acquirin g th e struc -
tur e o f  syllable s require s a  chil d t o figure  ou t  th e 
language-specifi c  paramete r  settin g o r  th e language -
specifi c  constrain t  ranking .  Thus ,  th e broa d outline s 
ar e geneticall y given ,  s o tha t  onl y o n th e basi s o f  th e 
ambien t  languag e th e chil d ha s t o determin e wher e 
precisel y he r  mothe r  tongu e fits  int o thes e outlines . 
Appealin g a s thi s m a y sound ,  i t  i s  unclea r  o n wha t 
basi s parameter s ar e se t  o r  constraint s ar e ranked . 
T h e cue s fo r  paramete r  settin g o r  constrain t  rankin g 
ca n onl y b e foun d i n th e input .  However ,  th e acous -
ti c correlate s o f  th e syllabl e ar e no t  clea r  i n th e inpu t 
(se e secon d paragraph) . 

T h e alternativ e approac h i s tha t  childre n d o no t 
star t  from  a  prese t  bod y o f  knowledge ,  bu t  instea d 
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us e th e informatio n availabl e i n th e inpu t  t o ar -
riv e a t  linguisticall y relevan t  knowledge .  Fo r  in -
stance ,  Bren t  an d Cartwrigh t  (1996 )  foun d tha t 
wor d boundarie s ca n b e learne d o n th e basi s o f  ut -
teranc e boundaries .  I n a  simila r  vei n w e wan t  t o in -
vestigat e i f  syllabl e boundarie s ca n b e learne d o n th e 
basi s o f  wor d boundaries .  W o r d boundarie s ar e clea r 
an d usabl e cues ,  becaus e word s ofte n occu r  i n iso -
latio n i n child-directe d speec h (va n d e Weijer ,  1998 ; 
Bren t  &  Siskind ,  2001) .  Thus ,  th e hypothesi s teste d 
i n thi s pape r  i s tha t  syllabl e boundarie s ar e learne d 
on th e basi s o f  wor d boundaries . 

I n thi s pape r  w e wil l  tes t  thi s hypothesi s i n a  sim -
ulatio n experiment .  Th e result s o f  th e simulation s 
wil l  b e evaluate d i n th e ligh t  o f  children' s actua l  syl -
labificatio n behavior .  Gilli s  an d D e Schutte r  (1996 ) 
teste d 5 -  an d 6-year-ol d nativ e Dutch-speakin g chil -
dre n i n a  syllabificatio n task :  the y syllabifie d disyl -
labi c Dutc h monomorpheme s wit h a  singl e intervo -
cali c consonant ,  suc h a s /Ap® l /  'apple' .  Th e chil -
dre n segmente d th e tes t  word s orall y an d o f  th e pos -
sibl e syllabification s (V.CV ,  e.g .  /A.pQl/ ,  VC.V . 
e.g .  /Ap.Ql/ ,  an d VC l .C lV ,  e.g .  /Ap.pOl/ )  th e 
preferre d syllabificatio n patter n wa s V . C V (81.6%) , 
i.e .  befor e th e intervocali c consonant .  Th e nex t 
most  frequen t  syllabificatio n wa s th e ambisyllabi c 
patter n V C l . C l V (17.8%) ,  an d th e childre n almos t 
neve r  (0.4% )  pu t  a  syllabl e boundar y afte r  th e inter -
vocali c consonan t  (VC.V) .  Furthermore ,  children' s 
syllabificatio n o f  th e intervocaU c appeare d t o depen d 
on th e lengt h o f  th e precedin g vowel ,  th e stres s pat -
ter n o f  th e word ,  an d th e qualit y o f  th e intervocali c 
consonant .  Thes e result s wil l  b e take n a s th e back -
groun d agains t  whic h th e result s o f  th e simulation s 
wil l  b e evaluated . 

Naive Bayesian learning of 

syllabificatio n 

Whether it is possible to leau-n syllable boundaries 
fro m informatio n abou t  wor d boundarie s wil l  b e 
investigate d wit h a  naiv e Bayesia n learnin g tech -
nique .  A  simpl e statistica l  mode l  use s estimate d 
wor d boundar y probabilitie s o f  segment s t o predic t 
syllabl e boundaries .  Thi s mode l  take s int o accoun t 
th e probabilit y  tha t  a  phonem e occur s a t  th e en d o f 
a wor d an d tha t  th e followin g phonem e occur s a t  th e 
star t  o f  a  word ,  an d combine s bot h feature s i n a  mul -
tiplicativ e way .  Suc h a  mode l  doe s no t  tak e int o ac -
coun t  interaction s betwee n th e features ,  henc e Naiv e 
Bayesia n learning ,  a  well-know n supervise d learnin g 
approac h (Mitchell ,  1997) .  However ,  w e don' t  us e a 
norma l  supervise d learnin g set-u p i n whic h trainin g 
an d testin g i s o n th e sam e data .  I n ou r  case ,  trainin g 
i s o n wor d bovmdar y informatio n an d extrapolatio n 
i s t o syllabl e boundar y decisions . 

I n th e trainin g data ,  th e word-initia l  boundar y 
probabilit y  an d th e word-fine d boundar y probabil -
it y  o f  ever y phonem e ar e computed .  Thi s i s don e 

by countin g th e numbe r  o f  time s th e phonem e i s 
at  th e en d o f  a  wor d (e) ,  th e numbe r  o f  time s th e 
phoneme i s a t  th e beginnin g o f  a  wor d (b) ,  an d th e 
tota l  numbe r  o f  time s tha t  phonem e occur s (t) .  Fo r 
ever y phonem e th e word-initia l  boundar y probabil -
it y  an d th e word-fina l  boundar y probabilit y  ar e the n 
compute d i n th e followin g way : 

p(beginning(phoneme) )  =  b/ t 
p(end(phoneme) )  =  e/ t 

The model's task is to predict the syllable bound-
ar y i n disyllabi c monomorphemi c Dutc h word s wit h 
one intervocali c consonant .  T o comput e th e proba -
bilit y  o f  a  syllabl e boundar y betwee n tw o phoneme s 
of  a  tes t  word ,  th e word-fina l  boundar y probabilit y 
of  th e first  phoneme ,  an d th e word-initia l  boundar y 
probabilit y  o f  th e secon d phonem e ar e multiplied . 
Thi s i s don e fo r  th e tw o possibl e syllabification s o f 
th e tes t  word ,  considerin g tha t  ever y syllabl e mus t 
contai n a  vowel . 

E.g .  appel ,  /ApQl/ ,  'apple ' 
p(end(A))*p(beginning(p) )  =  p(V.CV ) 
p(end(p))*p(beginning(@) )  =  p(VC.V ) 

For  al l  th e tes t  word s th e probabilitie s o f  V . C V 
and o f  V C . V ar e computed .  I.e .  th e probabilit y 
tha t  th e syllabl e boundar y fall s  eithe r  befor e o r  afte r 
th e intervocali c consonant .  Ambisyllabicit y occur s i f 
th e differenc e betwee n thos e tw o number s doe s no t 
excee d a  m a x i m u m limit .  I f  i t  does ,  th e patter n 
wit h th e highes t  probabilit y  i s  chosen .  Thi s metho d 
force s th e mode l  t o syllabif y an d t o choos e on e o f 
thre e syllabificatio n patterns .  N o syllabificatio n oc -
curs ,  though ,  i f  th e probabiUt y fo r  bot h V . C V an d 
V C . V i s zero .  Thi s way ,  a  fourt h categor y o f  "n o 
syllabification "  i s created ,  t o mak e sur e thes e case s 
ar e no t  counte d a s ambisyllabicity . 

For  n  =  threshold : 
i f  p (V.CV )  =  0  an d p(VC.V )  =  0 

- » n o syllabificatio n 
els e i f  |p(V.CV )  -  p(VC.V) |  <  n 

- ^  V C l . C l V (ambisyllabic ) 
els e max(p(V.CV) ,  p(VC.V) ) 

As th e probabilisti c  mode l  i s  traine d o n a  two-wa y 
classificatio n proble m (eithe r  ther e i s a  wor d bound -
ar y o r  not) ,  an d th e targe t  classificatio n proble m 
i s four-wa y (ambisyllabic ,  befor e o r  afte r  th e inter -
vocali c consonant ,  n o syllabification) ,  w e fixed  th e 
model  o n th e proportio n o f  ambisyllabicit y foun d i n 
th e empirica l  dat a b y settin g th e n  threshold .  Thi s 
threshol d valu e i s determine d b y th e amoun t  o f  am -
bisyllabicity .  Th e percentag e o f  ambisyllabi c syllab -
ificatio n i s pu t  a s clos e a s possibl e t o 17.8% ,  whic h 
i s th e percentag e o f  ambisyllabicit y foun d i n th e ex -
periment s b y Gilli s  an d D e Schutte r  (1996) . 

Th e fixing  o f  a  threshol d paramete r  o n th e tes t 
dat a t o b e explaine d i s a n unfortunat e consequenc e 
of  th e fac t  tha t  th e trainin g dat a (wor d segmentatio n 
information )  doe s no t  contai n a  simila r  concep t  t o 
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ambisyllabicit y a t  th e syllabl e level .  Nevertheless , 
th e threshol d valu e seem s t o b e rathe r  robus t  ove r 
differen t  trainin g dat a sets ,  £ui d coul d b e learne d 
wit h simpl e hill-climbin g typ e o f  algorithm s (ther e 
i s a  smoot h gradient) . 

Resezirch questions 

Considerin g th e differen t  factor s tha t  migh t  pla y a 
rol e i n syllabification ,  a  numbe r  o f  researc h question s 
wer e formulated . 

1. What is the nature of the child's primary linguis-
ti c  data ? T o acquir e knowledg e o f  language ,  chil -
dre n ma y analyz e al l  th e languag e tha t  the y hea r 
or  tha t  i s  addresse d t o the m (i.e. ,  child-directe d 
speech) .  Alternatively ,  i t  m a y wel l  b e tha t  i t  i s 
not  th e input ,  bu t  th e intak e (i.e. ,  wha t  th e chil d 
pick s 

up fro m th e input )  (Wijnen ,  2000 )  tha t  i s  cru -
cia l  fo r  analysis .  Alternatively ,  proponent s o f  th e 
output-as-inpu t  hypothesi s (Elbers ,  2000 )  £irgu e 
tha t  th e inpu t  fo r  children' s linguisti c analysi s i s 
primaril y thei r  ow n production ,  thei r  ow n output . 

2. What type of words is children's language analysis 
base d on ? Judgin g fro m th e absenc e o f  functio n 
word s i n children' s earl y productiv e vocabulary , 
i t  ma y wel l  b e tha t  onl y conten t  word s ar e vi -
tal .  An d sinc e syllable s pla y a  rol e i n children' s 
earlies t  wor d production s (Fikkert ,  1998) ,  i t  i s im -
portan t  t o investigat e i f  syllabificatio n ca n b e ac -
quire d solel y o n th e basi s o f  conten t  word s a s op -
pose d t o functio n words . 

Judgin g fro m th e predominanc e o f  monosyllabi c 
word s i n children' s earl y productio n (o r  eve n th e 
fac t  tha t  al l  childre n initiall y  exclusivel y produc e 
monosyllable s (Fikkert ,  1998) )  als o th e oppositio n 
betwee n monosyllable s an d polysyllable s wil l  b e 
investigated . 

3. What is the influence of frequency on the acquisi-
tio n o f  syllabification ? Frequen t  word s i n th e in -
put  ar e mor e salien t  fo r  childre n (Jusczyk ,  1997) . 
However ,  Schreude r  an d Baaye n (1997 )  foun d tha t 
th e wor d frequenc y effec t  i s  composit e i n natur e 
i n th e sens e tha t  i t  ha s bot h a  toke n an d a  typ e 
component . 

4. What is the optimal representation? Are words 
bes t  represente d a s phonemes ,  o r  a s phonem e cat -
egories ? A n d i s stres s par t  o f  th e representation ? 

Phoneme categorie s expres s distinctiv e articula -
tor y an d acousti c feature s o f  phonemes ,  whic h i s 
th e reaso n wh y the y diffe r  i n thei r  scal e o f  sonor -
ity .  Sonorit y i s reg£irde d a s importan t  i n syllab -
ification ,  e.g .  th e universa l  Sonorit y Sequencin g 
Principl e describe s syllable s i n term s o f  risin g an d 
faUin g sonorit y (Selkirk ,  1984 ;  Clements ,  1990) . 

Stres s a s wel l  ha s bee n suggeste d a s a  determin -
in g facto r  i n syllabification .  Ther e i s a  significan t 
interactio n betwee n stres s an d lengt h o f  th e first 
vowel  (Gilli s  k  D e Schutter ,  1996) ,  an d ther e i s 
les s syllabificatio n afte r  th e vowe l  i f  th e first  syl -
labl e i s stresse d tha n i f  i t  i s  unstresse d (Wijnen , 
1988) . 

In the following sections, we will report on exper-
iment s i n whic h thes e dimension s ar e systematicall y 
encode d i n th e trainin g data .  Th e degre e t o whic h 
th e resultin g syllabificatio n behavio r  o f  ou r  statis -
tica l  mode l  matche s th e empirica l  dat a m a y hav e 
heuristi c valu e t o answe r  th e questio n whic h dimen -
sion s o f  languag e dat a an d representatio n ar e rele -
van t  i n explainin g thi s aspec t  o f  languag e acquisi -
tion . 

Experiments 

Th e inpu t  fo r  th e learne r  consiste d o f  dat a take n 
firom  thre e Dutc h chil d languag e corpora ,  al l  avail -
abl e throug h C H I L D E S (MacWhinney ,  2000) .  Th e 
researc h question s wer e translate d int o differen t  se -
lection s o f  inpu t  materia l  an d differen t  type s o f  in -
put  representation s tha t  wer e systematicall y varie d 
i n orde r  t o figure  ou t  thei r  influenc e o n th e learn -
abilit y  o f  th e task .  Experiment s wer e performe d 

1. using as training material the input to the child, 
th e child' s intake ,  an d th e child' s outpu t  (th e con -
cep t  o f  intak e wa s operationalize d b y usin g th e ac -
tua l  adul t  mode l  for m o f  a  chil d production ,  whic h 
makes intak e a  subse t  o f  th e input) ; 

2.  using as trsdning material different types of words: 
al l  word s vs .  conten t  words ,  monosyllabi c vs . 
polysyllabi c words ; 

3. with information about word frequencies: word 
type s vs .  wor d tokens ,  a s calculate d fro m th e cor -
pora ; 

4. in which the representation of the input was var-
ied :  ra w segmenta l  materisi l  (phonemes )  vs .  seg -
ment  categorie s (stops ,  fricatives ,  nasals ,  liquids , 
glides ,  an d vowels )  bot h wit h an d withou t  primar y 
stres s marking . 

Combining all these factors in three child language 
corpor a lead s t o a  tota l  o f  13 6 experiments .  I n eac h 
case ,  th e tes t  materia l  consiste d o f  th e word s tha t 
wer e use d i n th e experimen t  wit h childre n (Gilli s 
k D e Schutter ,  1996 )  (se e introduction) .  Th e ar -
tificia l  learne r  i s se t  t o th e sam e tas k a s th e chil -
dren :  predictin g th e syllabl e boundar y i n Dutc h di -
syllabi c monomorpheme s wit h a  singl e intervocali c 
consonant .  Hence ,  th e learne r  ha s t o decid e whethe r 
fo r  a  give n wor d (e.g .  appel ,  /Ap@l/ ,  'apple' )  th e 
strin g V C V shoul d b e syllabifie d a s V . C V (/A.p@l/) , 
V C I . C I V (/Ap.p@l/ )  o r  V C V (/Ap.@l/) . 
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Fbr  th e differen t  datasets ,  wor d boundar y proba r 
bilitie e ar e compute d wit h a  naiv e Bayesia n learnin g 
techniqu e a s describe d above .  Th e amoun t  o f  ambi -
syllabicit y wil l  b e mor e o r  les s th e sam e fo r  al l  th e 
experiment s (a s clos e a s possibl e t o 17.8%) ,  becaus e 
th e threshol d (n) ,  whic h i s neede d t o ge t  thi s per -
centag e o f  ambisyllabicity ,  i s  dataset-specific .  I t  i s 
th e percentage s o f  syllabificatio n afte r  th e vowe l  an d 
afte r  th e intervocali c consonant ,  an d th e amoun t  o f 
"n o syllabification" ,  whic h ar e o f  interest .  T h e re -
sult s wil l  b e evaluate d b y comparin g th e proportion s 
of  th e chose n syllabificatio n pattern s usin g wor d 
boundar y probabilitie s t o thos e o f  th e childre n i n th e 
experimen t  b y Gilli s  an d D e Schutte r  (1996) .  Thi s 
means ver y littl e syllabificatio n afte r  th e intervocali c 
consonan t  (0.4% )  an d mos t  syllabificatio n afte r  th e 
vowel  (81.6% )  ar e best . 

R e s u l t s 

I n thi s paragrap h w e wil l  systematicall y tak e u p 
th e researc h question s formulate d abov e an d discus s 
what  answe r  i s suggeste d b y th e result s o f  th e simu -
latio n experiments .  W e wil l  the n propos e th e char -
acteristic s o f  th e 'optimal '  simulation ,  i.e. ,  th e on e 
tha t  mos t  closel y matche s th e result s o f  th e experi -
ment  wit h children . 

Overall effects 

1.  W h a t  i s th e natur e o f  th e primar y linguisti c data ? 

I t  i s  no t  clea r  fro m th e simulatio n experiments ' 
result s whethe r  languag e input ,  intak e o r  produc -
tio n i s th e sourc e o f  linguisti c knowledge . 

Overall ,  ther e i s les s syllabificatio n afte r  th e in -
tervocali c consonan t  an d les s afte r  th e vowe l  i n 
experiment s usin g inpu t  o r  intak e tha n i n experi -
ment s usin g languag e outpu t  (Tabl e 1) . 

Table 1: Average resxilts over all simulation experi-
ment s usin g inpu t  vs .  intak e vs .  output . 

inpu t 
intak e 
outpu t 

V . C V 

51.9 % 
50.8 % 
57.9 % 

V C . V 
18.3 % 
16.4 % 
2 3 % 

2.  W h a t  typ e o f  word s i s th e languag e analysi s base d 
on ? 

T h e result s sugges t  tha t  conten t  word s — bot h 
mono-  an d polysyllabi c — ar e th e word s use d i n 
a syllabificatio n task . 

On average ,  ther e i s les s syllabificatio n afte r  th e 
intervocali c consonan t  an d mor e afte r  th e vowe l 
i n experiment s usin g conten t  word s tha n usin g 
al l  words .  T h e result s o f  experiment s xisin g bot h 
mono-  an d polysyllabi c word s ar e bette r  tha n 

thos e usin g onl y monosyllabi c words .  Ther e i s les s 
syllabificatio n afte r  th e consonan t  an d mor e afte r 
th e vowe l  wit h monosyllabi c conten t  word s (types ) 
tha n wit h al l  monosyllable s (type s o r  tokens) ,  bu t 
ther e i s mor e syllabificatio n afte r  th e consonan t 
an d les s afte r  th e vowe l  wit h monosyllabi c con -
ten t  word s (tokens )  tha n wit h al l  monosyllable s 
(Tabl e 2) . 

Tabl e 2 :  Averag e result s ove r  al l  simulatio n experi -
ment s usin g al l  word s vs .  conten t  word s vs .  mono -
syllable s vs .  monosyllabi c conten t  words . 

conten t  word s 
monosyll .  conten t  word s type s 
al l  word s 
monosyllable s 
monosyll .  conten t  word s token s 

V . C V 

60% 
51.1 % 
59.8 % 
44.6 % 
17.3 % 

V C . V 

6% 
7.7 % 

19.8 % 
30.1 % 
39.2 % 

3.  W h a t  i s th e influenc e o f  frequenc y o n th e acquisi -
tio n o f  syllabification ? 

T h e simulatio n experiment s sugges t  tha t  linguis -
ti c  analysi s i s base d o n wor d type s rathe r  tha n o n 
wor d tokens . 

I f  informatio n o f  wor d token s i s take n fro m chil d 
languag e corpor a a s trainin g material ,  syllabifica r 
tio n occur s mor e ofte n afte r  th e intervocali c con -
sonan t  an d les s afte r  th e vowe l  tha n whe n wor d 
type s ar e use d (Tabl e 3) . 

Table 3: Average results over all simulation experi-
ment s usin g wor d type s vs .  wor d tokens . 

type s 
token s 

V . C V 

55.9 % 
48.2 % 

V C . V 
14.2 % 
21.5 % 

4.  W h a t  i s th e optima l  representation ? 

A representatio n i n phonem e categorie s appear s 
t o b e mor e appropriat e tha n a  representatio n i n 
phonemes . 

Usin g phonem e categorie s instea d o f  phoneme s 
generall y give s bette r  results ,  becaus e wit h 
phonemes "n o syllabification "  i s ofte n assigned . 
T h e amoun t  o f  tes t  word s fo r  whic h th e proba -
bilitie s fo r  V . C V an d fo r  V C . V ar e bot h zer o ca n 
reac h u p t o 81.1% .  Wit h phonem e categories ,  o n 
th e contrary ,  ther e ar e n o tes t  word s tha t  d o no t 
get  syllabifie d (Tabl e 4) . 

T h e effec t  o f  stres s markin g i n polysyllabi c word s 
i s no t  univoca l  (Tabl e 5) .  Usin g phonem e cate -
gories ,  ther e i s les s syllabificatio n afte r  th e vowe l 
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and les s afte r  th e consonan t  wit h stres s marking ; 
usin g phonemes ,  stres s markin g ha s th e oppowit e 
effect .  Thus ,  stres s ha s a  differentia l  effec t  de -
pendin g o n th e representatio n o f  th e segments . 

Table 4: Average results over all simulation ex-
periment s usin g a  representatio n i n phoneme s vs . 
phoneme categories . 

phoneme categorie s 
phonemes 

V . C V 
6 8 % 
36.1 % 

V C . V 

12.9 % 
22.8 % 

no syll . 

0% 
22.5 % 

Tabl e 5 :  Averag e result s ove r  th e simulatio n experi -
ment s wit h polysyllabi c word s usin g a  representatio n 
wit h vs .  withou t  stres s marking . 

phoneme categorie s 
withou t  stres s markin g 
phoneme categorie s 
wit h stres s mtirkin g 
phonemes 
withou t  stres s markin g 
phonemes 
wit h stres s markin g 

V . C V 

79.2 % 

76.1 % 

37.7 % 

39.5 % 

V C . V 

4.3 % 

4.1 % 

21.6 % 

22.2 % 

Thes e tendencie s concernin g th e compositio n an d 
th e representatio n o f  th e inpu t  materia l  ar e foun d 
ove r  th e tota l  o f  al l  13 6 experiments .  N o w w e wil l 
discus s th e individua l  experiment s tha t  mos t  closel y 
matc h th e behavio r  o f  children . 

Best results 

Simila r  syllabificatio n pattern s (x^=1.16 ,  p>0.05 ) 
t o children' s intuitiv e syllabification s i n th e experi -
ment s b y Gilli s  an d D e Schutte r  (1996 )  ar e obtaine d 
when wor d boundar y probabilitie s ar e compute d i n 
conten t  word s fro m th e intak e (type s o r  tokens )  o r 
fro m th e inpu t  (types )  o f  a  chil d languag e corpus , 
represente d i n term s o f  segmen t  categorie s withou t 
stres s assigned .  Thes e result s ar e robus t  ove r  th e 
thre e languag e corpora ,  i n th e sens e tha t  w e fin d 
th e sam e result s a s displaye d i n figure  1  fo r  th e thre e 
corpora . 

Not  onl y th e proportion s o f  th e syllabificatio n pat -
tern s o f  th e Naiv e Bayesia n learne r  ar e simila r  t o 
children's .  Als o th e factor s tha t  influence d th e chil -
dren' s syllabificatio n pattern s wer e replicate d i n th e 
simulations .  W e wil l  restric t  th e discussio n t o th e 
facto r  o f  consonaoi t  quality . 

Gilli s  an d D e Schutte r  (1996 )  foun d tha t  childre n 
giv e significantl y les s ambisyllabi c reponse s i f  th e in -
tervocali c consonan t  i s a  sto p (3.4% )  tha n i f  i t  i s a 
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Figur e 1 :  C o m p a r i s o n o f  syllabificatio n pattern s i n 
five-  a n d six-year-old s w i t h result s o f  simulatio n ex -
per iment s usin g conten t  w o r d s f r o m inpu t  (types )  o r 
intak e (type s o r  tokens )  i n p h o n e m e categories . 

cont inuan t  ( 1 9 . 5 % ) .  L o o k i n g a t  t h e predicte d syl -
labl e boundar ie s i n th e exper iments ,  ther e ar e sig -
nificamtl y les s ambisyllabi c response s a s wel l  i f  th e 
intervocali c consonan t  i s a  sto p ( 0 % )  t h a n i f  i t  i s a 
continuan t  (19.4% )  (x'=9.05 ,  p<0.01) .  Thi s con -
cern s th e sam e trainin g material ,  i.e .  conten t  word s 
i n phonem e categorie s fro m intak e o r  input . 

Th e observatio n tha t  a  simpl e statistica l  mode l 
traine d o n wor d boundar y informatio n (o f  conten t 
word s i n th e inpu t  an d usin g a  representatio n i n 
term s o f  phonem e categories )  produce s a  tigh t  fit 
wit h syllabificatio n behavio r  i n children ,  an d th e ad -
ditiona l  evidenc e tha t  th e mode l  matche s th e chil -
dren' s behavio r  eve n a t  a  detaile d leve l  o f  consonan t 
qualit y i s a  stron g existenc e proo f  o f  th e possibilit y 
of  data-oriente d acquisitio n o f  th e concep t  o f  sylla r 
ble s an d o f  syllabificatio n behavior . 

Conclusion 

Five- to six-year-old children that can't read nor 
writ e ye t  ar e abl e t o syllabif y disyllabi c monomor -
phemi c word s accordin g t o universa l  rule s o f  syllab -
ificatio n (Gilli s  k  D e Schutter ,  1996) .  I n thi s pa ^ 
per ,  w e hypothesize d tha t  thi s intuitiv e knowledg e o f 
syllabl e boundarie s i s learne d b y attendin g t o wor d 
boundaries . 

To tes t  thi s hypothesis ,  statistica l  wor d bound -
ar y probabilitie s o f  phonem e categorie s wer e use d t o 
predic t  syllabl e boundarie s i n disyllabi c monomor -
phemes wit h on e intervocali c consonant .  T o com -
put e th e probabilit y  o f  a  syllabl e boundar y betwee n 
tw o phonem e categories ,  th e word-fina J boundar y 
probabilit y o f  th e firs t  phonem e categor y an d th e 
word-initia l  boundar y probabilit y o f  th e followin g 
phoneme categor y wer e multiplied .  I f  th e differ -
enc e betwee n th e probabilitie s o f  th e tw o syllabifi -
catio n possibilitie s (V.C V an d V C . V )  doe s no t  ex -
cee d a  m a x i m u m limit ,  ambisyllabicit y wa s assigne d 
(VCl.ClV) .  Otherwise ,  th e syllabl e boundar y wit h 
th e highes t  probabilit y  wa s chosen . 
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Usin g thi s naiv e Bayesia n learnin g technique , 
simila r  syllabificatio n pattern s t o children' s intu -
itiv e syllabification s i n th e experimen t  b y Gilli s  an d 
De Schutte r  (1996 )  wer e obtained .  Bes t  result s 
wer e achieve d whe n th e word s use d a s materia l  t o 
comput e wor d boundar y probabilitie s wer e conten t 
word s fro m th e intak e (type s o r  tokens )  o r  fro m th e 
inpu t  (types )  o f  a  chil d languag e corpus ,  represente d 
i n phonem e categories .  Th e sam e result s wer e foun d 
wit h word s fro m thre e differen t  chil d languag e cor -
pora .  Moreover ,  th e qualit y o f  th e intervocali c con -
sonan t  ha s a  simila r  effec t  o n children' s intuitiv e 
syllabificatio n an d o n th e simulation s usin g wor d 
boundar y probabilitie s fo r  syllabification .  I n bot h 
case s ther e i s significantl y les s ambisyllabicit y i f  th e 
intervocali c consonan t  i s a  sto p tha n i f  i t  i s  a  con -
tinuant . 

We hav e give n a n existenc e proo f  o f  th e hypothesi s 
tha t  syllabl e boundarie s ca n b e learne d fro m wor d 
boundaries .  Th e fac t  tha t  extrapolatio n fro m wor d 
boundarie s t o syllabl e boundarie s ca n b e modele d 
wit h suc h a  simpl e statistica l  mechanis m lend s sup -
por t  t o ou r  initia l  hypothesis .  Furthermore ,  varyin g 
th e representation s an d inpu t  dat a use d b y thi s sim -
pl e statistica l  learner ,  w e wer e abl e t o deriv e a  num -
ber  o f  interestin g mor e detaile d hypothese s abou t 
th e typ e o f  representation s an d inpu t  childre n ma y 
use .  Mor e i n particular ,  ou r  result s sugges t  syllabl e 
boundarie s ar e mos t  reliabl y learne d fro m conten t 
words '  boundaries .  Th e semanti c salienc y o f  con -
ten t  word s seem s t o b e reflecte d i n languag e produc -
tion .  Moreover ,  th e bes t  result s ar e obtaine d usin g 
p h o n e m e categories ,  rathe r  tha n th e phoneme s 
themselves .  Thi s point s a t  th e rol e o f  sonorit y i n 
th e productio n o f  syllables .  Phonologica l  salienc y 
i s als o show n t o b e a n influencin g factor ,  sinc e di -
syllabi c word s wit h intervocali c stop s ar e syllabifie d 
significantl y differentl y fro m disyllable s wit h inter -
vocali c continuants .  Finally ,  w e foun d tha t  th e ma r 
teria l  tha t  worke d bes t  t o comput e boundar y proba -
bilitie s ar e word s fro m th e intfik e o r  fro m th e inpu t 
of  chil d languag e corpora .  Thi s suggest s tha t  chil -
dren' s production s — i n thi s cas e intuitiv e syllabi -
fication s — coul d b e base d o n thei r  languag e inpu t 
rathe r  tha n o n analysi s o f  thei r  ow n output .  Al l 
thes e finding s an d prediction s fro m th e mode l  hav e 
t o b e furthe r  investigated . 
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Abstrac t 
Interpretatio n o f  dat a i s  a  critica l  par t  o f  scientifi c 
experimentatio n becaus e i t  involve s applyin g one' s 
backgroun d theoretica l  knowledg e t o th e characteristic s o f 
th e data .  Thoug h man y researcher s hav e examine d th e 
impac t  o f  backgroun d knowledge ,  fe w hav e considere d th e 
impac t  o f  th e characteristic s o f  th e dat a i n makin g 
decisions .  I n thi s study ,  w e presente d 3" *  graders ,  6 
graders ,  an d colleg e undergraduate s wit h a  serie s o f 
dataset s tha t  varie d i n sampl e size ,  consistenc y i n dat a pair s 
and variabilit y  relativ e t o th e mean .  W e foun d tha t  a t  al l 
ages ,  participant s showe d sensitivit y t o sampl e siz e an d 
whethe r  o r  no t  ther e wer e overlappin g dat a point s i n 
comparativ e datasets ,  bu t  tha t  ther e wer e ag e difference s i n 
th e justification s use d an d i n conclusion s draw n fro m th e 
data . 

Interpretation of data is a critical part of scientific 
experimentation .  Expectation s abou t  feature s o f  th e dat a 
hav e bee n suggeste d a s a n importan t  componen t  i n 
assessin g dat a (Kahnema n &  Tversky ,  1973) .  Thes e 
expectation s ar e base d bot h o n theoretica l  knowledg e 
abou t  th e domai n unde r  consideratio n an d o n feature s o f 
th e dat a itsel f  Whil e a  larg e bod y o f  researc h i n scientifi c 
thinkin g examine s th e influenc e o f  domai n theor y o n th e 
evaluatio n o f  dat a (e.g. ,  Klahr ,  2000 ;  Koslowski ,  1996 ; 
Kuhn ,  Garcia-Mila ,  Zohar ,  &  Andersen ,  1995) ,  littl e i s 
know n abou t  h o w th e characteristic s o f  dat a influenc e 
h o w childre n an d adult s interpre t  it . 

An importan t  componen t  o f  scienc e i s distinguishin g 
rea l  effect s from  error ,  o r  effect s cause d b y factor s othe r 
tha n th e one s bein g explored .  I n th e scienc e laboratory , 
statistic s i s a  vita l  too l  t o hel p m a k e thes e decisions . 
W h en ther e ar e difference s tha t  ar e highl y unlikel y t o 
occu r  b y chance ,  scientist s ca n fee l  mor e confiden t  abou t 
drawin g conclusion s from  data . 

I n dail y life ,  w e regularl y m a k e decision s abou t 
evidenc e withou t  th e ai d o f  forma l  statistics .  I n suc h 
cases ,  w e resor t  t o relyin g o n theor y an d expectations . 
However ,  ther e ar e m a n y situation s i n whic h w e d o no t 
hav e stron g backgroun d information ,  an d thu s onl y hav e 
evidenc e base d i n th e data .  Elementar y schoo l  student s 
see m likel y t o hav e a n especiall y larg e handica p i n 
evaluatin g dat a -  the y hav e a  smalle r  knowledg e bas e 

abou t  th e worl d an d als o hav e les s forma l  knowledg e 
abou t  statistic s an d it s applications . 

Student s i n elementar y schoo l  ar e beginnin g t o lear n 
abou t  experimentatio n an d dat a interpretation ,  an d thir d 
throug h sixt h grad e i s a  tim e o f  importan t  increase s i n 
understandin g o f  basi c scienc e fundamentals ,  suc h a s th e 
contro l  o f  variable s strateg y (e.g. ,  Che n &  Klahr ,  1999) . 
I n addition ,  elementar y schoo l  teacher s routinel y assig n 
childre n t o perfor m repeate d trial s o f  events ,  explainin g 
tha t  thi s i s h o w scienc e i s don e (Klahr ,  C h e n &  Toth , 
2001) .  I n evaluatin g dat a i n an d ou t  o f  th e classroo m 
w h en childre n d o no t  k n o w forma l  statistica l  techniques , 
we expec t  the m t o rel y o n thei r  informa l  knowledg e o f  th e 
area . 

But  wha t  constitute s "informal "  notion s o f  statistica l 
reasoning ? W e sugges t  tw o components :  expectation s 
abou t  dat a distributio n an d expectation s abou t  th e 
influenc e o f  sampl e size .  S o m e researc h tha t  ha s 
examine d expectation s fo r  th e distributio n o f  dat a ha s 
looke d a t  probabilit y  estimates .  Fo r  example ,  w h e n give n 
dat a abou t  a  serie s o f  coi n flips ,  participant s expecte d tha t 
a coi n woul d lan d o n "heads "  ever y othe r  fli p (Gilovich , 
1991) .  Thi s suggest s tha t  th e participant s ha d a n implici t 
expectatio n o f  th e distributio n o f  dat a i n a  serie s o f  coi n 
flip s an d tha t  th e judgmen t  o f  "randomness "  wa s (a t  leas t 
i n part )  base d o n a  mappin g betwee n expectation s an d 
dat a patterns .  M o r e recently ,  s o m e hav e argue d tha t 
childre n a s youn g a s five  o r  si x  hav e a  functiona l 
understandin g o f  probabilit y  (Schlottman ,  2001) . 

Althoug h ther e i s relate d researc h i n severa l  areas ,  fe w 
studie s focu s explicitl y  o n th e characteristic s o f  th e dat a 
an d th e effect s thi s focu s ha s o n conclusions .  Ther e i s 
some evidenc e tha t  childre n a t  differen t  age s d o recogniz e 
differen t  propertie s o f  datasets ,  an d tha t  thi s recognitio n 
i n tur n affect s th e conclusion s the y draw .  Fo r  example , 
Jacob s an d Narloc h (2001 )  foun d tha t  childre n a s youn g 
as seve n coul d us e sampl e siz e an d variabilit y  informatio n 
i n inferrin g th e likel y frequency  o f  a  futur e event .  Th e 
difference s i n variabilit y  wer e base d o n prio r  knowledg e 
of  bas e rate s (i.e. ,  h o w m a n y elephant s hav e tw o eyes , 
compare d t o h o w m a n y bird s ar e a  specifi c  color) .  Th e 
sampl e size s use d i n thi s stud y varie d dramatically ,  wit h 
eithe r  1 ,  3 ,  o r  3 0 instance s o f  a n even t  befor e th e 
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participan t  wa s aske d t o infe r  likelihoo d o f  othe r  instance s 
o f  th e event ,  s o i t  i s  unclea r  wha t  sampl e siz e lead s 
childre n t o fee l  confiden t  i n thei r  predictions . 

However ,  ther e i s als o som e evidenc e tha t  childre n a t 
age s 1 1 ar e stil l  strugglin g t o understan d th e valu e o f 
repeate d measurement s withi n th e contex t  o f  a  schoo l 
scienc e laborator y (Lubbe n &  Millar ,  1996) .  S o m e 
childre n a t  thi s ag e believ e repeate d measurement s ar e 
important ,  bu t  1 8 % though t  tha t  repeate d measure s ar e 
usefu l  becaus e the y acconunodat e scatte r  i n th e data . 

Ther e i s als o s o m e evidenc e tha t  childre n ca n 
distinguis h differen t  kind s o f  variability .  Masnic k an d 
Klah r  (2001 )  examine d secon d an d fourt h grader s 
performin g experiment s i n whic h tw o ball s wer e 
simultaneousl y rolle d d o w n ramp s an d th e distanc e eac h 
travel s wa s measured .  Th e childre n expecte d tha t  o n a 
ne w tria l  usin g th e sam e experimenta l  set-up ,  th e relativ e 
position s o f  th e tw o ball s woul d remai n th e same ,  bu t  tha t 
tfie  precis e locatio n o f  eac h bal l  migh t  b e different .  Tha t 
is ,  the y wer e abl e t o m a k e a  distinctio n betwee n smal l 
difference s i n individua l  dat a point s an d large r  difference s 
i n sampl e means . 

Students '  expectation s abou t  th e essentia l  feature s o f 
dat a an d th e feature s o f  a  specifi c  datase t  m a y allo w the m 
t o recogniz e dat a a s consisten t  o r  inconsisten t  wit h thei r 
expectation s abou t  it s distributions .  Thes e expectation s 
m ay i n tur n guid e decision s abou t  th e usefulnes s o f  th e 
dat a an d th e exten t  t o whic h th e dat a ar e relevan t  t o 
explanator y theories .  Thus ,  th e characteristic s o f  th e dat a 
partl y determin e th e exten t  t o whic h the y ar e use d t o 
guid e th e formatio n o r  modificatio n o f  explanator y 
theories . 

O ne relate d bod y o f  researc h ha s examine d h o w 
childre n us e dat a (i n thi s cas e covariatio n betwee n events ) 
t o detec t  causa l  relationship s betwee n element s (Shakle e 
& M i m s ,  1981 ;  Kuhn ,  1989) .  Thes e studie s looke d a t 
h o w childre n evaluat e evidenc e w h e n event s occu r 
togethe r  al l  th e time ,  som e o f  th e time ,  o r  non e o f  th e 
time . 

I n a  serie s o f  studie s b y Shakle e an d he r  colleagues , 
student s i n grade s 2- 8 an d adult s wer e presente d wit h dat a 
abou t  tw o event s (e.g. ,  plan t  growth-healthy/unhealth y 
and us e o f  bu g spray -  yes/no )  i n a  2x 2 contingenc y table . 
F ro m thes e data ,  student s wer e aske d t o determin e th e 
natur e o f  th e causa l  relationshi p betwee n th e event s (i.e. , 
presenc e an d directio n o f  relationship) .  A  majorit y o f 
participant s a t  al l  age s di d no t  us e conditiona l  probabilit y 
rule s t o determin e covariation ,  ye t  m a n y childre n use d a 
strateg y fo r  summin g th e diagonal s i n th e contingenc y 
tabl e (Shakle e &  Paszek ,  1985) .  Howeve r  bot h childre n 
an d adult s coul d us e a  conditiona l  probabilit y  rul e i f 
instructe d (Shaklee ,  Holt ,  Elek ,  &  Hall ,  1988) . 

K u h n an d he r  colleague s (Kuhn ,  Amsel ,  &  O'Loughlin , 
1988 ;  K u h n e t  al. ,  1995 )  extende d thi s lin e o f  researc h 
and examine d th e effec t  o f  detectin g covariatio n o n th e 
participant' s prio r  belief s abou t  a n event .  Fo r  exampl e 

K u h n e t  al .  (1988 )  interviewe d sixt h an d nint h grad e 
childre n abou t  th e relationshi p betwee n consumin g 
differen t  type s o f  food s an d catchin g colds .  Informatio n 
abou t  eac h child' s prio r  belief s wa s use d t o provid e eac h 
chil d wit h tw o set s o f  data :  on e tha t  confirme d thei r  prio r 
belief s an d on e tha t  disconfirme d thei r  prio r  beliefs .  Th e 
researchers  argue d tha t  childre n di d no t  clearl y 
distinguis h theor y an d evidenc e becaus e childre n ofte n 
distorte d th e evidenc e t o matc h thei r  prio r  beliefs . 

Althoug h thes e studie s sugges t  tha t  dat a itsel f  i s 
importan t  i n detectin g causa l  relationship s an d i n 
evaluatin g hypotheses ,  ther e i s littl e evidenc e abou t  th e 
poin t  a t  whic h childre n (an d adults )  detec t  covariatio n i n a 
particula r  dataset .  I n fact ,  i n he r  revie w o f  scientifi c 
reasonin g literatur e Z i m m e r m a n (2000 )  state s tha t  "i t  i s 
not  clea r  h o w larg e th e differenc e mus t  b e i n orde r  t o 
conclud e tha t  th e tw o event s ar e related "  (p .  115) . 

I f  student s d o rel y o n evidenc e t o exten d o r  modif y a 
theory ,  h o w d o the y g o abou t  suc h a  task ? Students ' 
notion s o f  dat a variabilit y  m a y hel p the m determin e h o w 
t o weig h th e potentia l  importanc e o f  differen t  type s o f 
information .  Fo r  example ,  dat a wit h littl e variabilit y  ma y 
be considere d mor e usefii l  i n drawin g a  conclusio n tha n 
dat a wit h greate r  variabilit y  a  priori .  Th e relevanc e o f  th e 
dat a t o theor y m a y b e separatel y evaluated . 

O ne approac h t o understandin g h o w childre n us e 
evidenc e t o exten d an d modif y theorie s i s t o loo k a t 
categor y induction .  I n a  serie s o f  studies ,  Guthei l  an d 
Gelma n (1997 )  presente d 8 -  an d 9-year-ol d childre n an d 
colleg e adult s wit h serie s o f  categor y exemplars . 
Participant s wer e aske d whethe r  a  give n propert y woul d 
be expecte d t o occu r  i n a  n e w exemplar .  Th e diversit y 
an d sampl e siz e o f  th e initia l  set s wer e varied .  Result s 
suggeste d tha t  childre n use d diversit y an d sampl e siz e 
informatio n onl y i n combination ,  bu t  wer e unabl e t o us e 
jus t  on e successfull y t o infe r  categor y membership . 
Adults ,  i n contrast ,  use d eac h propert y independently ,  a s 
wel l  a s jointly ,  i n inferrin g categor y membership .  I n thes e 
studies ,  however ,  determinin g tha t  a  se t  wa s homogenou s 
or  divers e relie d o n domai n knowledg e acquire d outsid e 
of  th e experiment . 

Clearly ,  pattern s o f  dat a pla y a  ke y rol e i n scientifi c 
inference ,  bu t  wha t  characteristic s o f  th e dat a guid e 
inference s abou t  thei r  utility ? W e sugges t  that ,  i n 
drawin g conclusion s abou t  comparativ e data ,  thre e 
characteristic s tha t  indicat e th e amoun t  o f  variatio n i n th e 
dat a ar e key :  consistenc y withi n th e pattern s o f  dat a (i.e. , 
th e relativ e size s o f  th e dat a points) ,  th e magnitud e o f 
difference s (i.e. ,  th e rang e o f  eac h se t  o f  data )  an d th e 
presenc e o f  outliers .  Dat a tha t  sho w hig h consistenc y i n 
th e directio n o f  effects ,  smal l  difference s i n magnitud e 
an d fe w outlier s suggest s littl e variability .  Dat a tha t 
show s lo w consistenc y i n th e directio n o f  effects ,  larg e 
difference s i n magnitude ,  an d m a n y outlier s suggest s 
mor e variability .  Thi s informatio n abou t  variabilit y  ca n 
be assesse d increasingl y wel l  wit h a  large r  numbe r  o f  dat a 
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points ,  increasin g th e degre e t o whic h th e dat a itsel f  ca n 
infor m a n interpretation . 

As a  preliminar y exploratio n o f  thi s area ,  w e presente d 
childre n an d colleg e student s wit h set s o f  comparativ e 
data ,  an d aske d the m t o dra w conclusion s abou t 
difference s betwee n th e sets .  Th e dat a wer e varie d 
systematicall y i n numbe r  o f  dat a point s presente d an d 
consistenc y withi n th e patter n o f  data . 

Method 
Participant s Thirt y nin e thir d grader s (mea n ag e =  9.1) , 
seventee n sixt h grader s (mea n ag e =  11.8) ,  an d fifty 
colleg e undergraduate s (mea n ag e =  20.2 )  participated . 

Procedure All participants were interviewed individually. 
Participant s wer e randoml y assigne d t o on e o f  tw o 
conditions .  Th e condition s differe d i n th e cove r  stor y fo r 
th e dat a presented .  I n th e first  condition ,  eac h participan t 
was rea d th e followin g information : 

Some engineers are testing new sports equipment. 
Righ t  now ,  the y ar e lookin g a t  th e qualit y o f 
differen t  sport s balls ,  lik e tenni s balls ,  gol f  ball s an d 
baseballs .  Fo r  example ,  whe n the y wan t  t o find  ou t 
abou t  gol f  balls .  Obe y us e a  specia l  robo t  launche r  t o 
tes t  tw o ball s fro m th e sam e factory .  The y us e a 
robo t  launche r  becaus e the y ca n progra m th e robo t 
t o launc h th e bal l  wit h th e sam e amoim t  o f  forc e 
eac h time .  Sometime s the y tes t  th e ball s mor e tha n 
once .  Afte r  the y ru n th e tests ,  the y loo k a t  th e 
result s t o se e wha t  the y ca n leam . 

In the second condition, we used an isomorphic 
backgroun d stor y i n whic h tw o athlete s wer e tryin g ou t 
fo r  on e slo t  o n a  tea m i n differen t  sports .  Th e coache s 
aske d th e participant s t o perfor m certai n task s (e.g. ,  hi t  a 
gol f  bal l  a s fa r  a s possible )  t o asses s whic h athlet e woul d 
be bette r  fo r  th e team .  Thi s conditio n wa s designe d t o se e 
i f  addin g informatio n abou t  a  highl y likel y potentia l 
sourc e o f  variabilit y  (huma n error )  woul d chang e 
participants '  response s i n an y way . 

Afte r  readin g th e cove r  story ,  th e participant s wer e 
show n a  serie s o f  datasets ,  on e a t  a  time .  Fo r  eac h 
example ,  ther e wa s dat a fo r  eithe r  tw o differen t  ball s o f 
th e sam e type ,  whic h wer e no t  give n an y distinguishin g 
characteristic s (e.g. ,  "Basebal l  A "  an d "Basebal l  B " ) ,  o r 
fo r  tw o athlete s abou t  whic h ther e wa s n o informatio n 
othe r  tha n thei r  name s (e.g. ,  "Alan "  an d "Bill") .  I n th e 
athlet e condition ,  differen t  name s wer e use d fo r  eac h 
story ,  t o preven t  an y carry-ove r  knowledg e effect .  Fo r 
eac h dataset ,  ther e wer e 1 ,  2 ,  4 ,  o r  6  pair s o f  data .  Eac h 
pag e containe d tw o column s o f  data :  on e listin g th e 
distanc e di e firs t  bal l  travele d an d on e listin g th e distanc e 
th e secon d bal l  traveled . 

The dataset s varie d i n (a )  sampl e size ,  (b )  whethe r  th e 
dataset s overlappe d o r  not ,  an d (c )  i n whethe r  th e 

variabilit y  i n th e dat a wa s hig h o r  lo w relativ e t o th e 
means.  Eac h participan t  receive d a  tota l  o f  1 4 
comparisons ,  wit h 8  trial s includin g n o overla p (sampl e 
siz e 1 ,  2 ,  4 ,  an d 6) ,  an d 6  trial s includin g on e o r  tw o 
overlappin g dat a point s (sampl e siz e 4  wit h on e 
overlappin g dat a point ,  an d sampl e siz e 6  wit h on e an d 
tw o overlappin g dat a points) .  Hal f  o f  th e trial s ha d hig h 
variability ,  i n whic h th e standar d deviatio n wa s 1 5 - 2 0 % 
of  th e mean ,  an d hal f  ha d lo w variability ,  i n whic h th e 
standar d deviatio n wa s les s tha n 2 % o f  th e mean .  Eac h o f 
th e fourtee n trial s teste d a  differen t  typ e o f  sport s ball . 
(Se e Tabl e 1  fo r  specifi c  example s o f  th e differen t  dat a 
characteristics. ) 

Table 1: Examples of datasets 

Example 1: Six data pairs, no overlapping data points, 
lo w variabilit y  withi n column s relativ e t o th e mean ,  robo t 
conditio n 

Gol f  Bal l  A 
46 6 fee t 
44 9 fee t 
45 2 fee t 
46 5 fee t 
45 6 fee t 
44 8 fee t 

Gol f  Bal l  B 
44 7 fee t 
42 9 fee t 
43 0 fee t 
44 6 fee t 
43 7 fee t 
43 3 fee t 

Exampl e 2 :  Fou r  dat a pairs ,  on e overlappin g pai r  ( 3 ou t  o f 
fou r  time s Carl a throw s farther) ,  hig h variabilit y  withi n 
column s relativ e t o th e mean ,  athlet e conditio n 

Carl a 
51 fee t 
63 fee t 
43 fee t 
57 fee t 

,  „ . 
Dian a 
38 fee t 
50 fee t 
56 fee t 
4 4 fee t 

For  eac h dataset ,  participant s wer e firs t  aske d wha t  th e 
enginee r  o r  coac h coul d find  ou t  a s a  resul t  o f  thi s 
informatio n an d t o explai n an y reason s fo r  thei r  answer . 
The n the y wer e aske d h o w sur e the y wer e abou t  thes e 
conclusions .  T o answe r  th e question s abou t  sureness , 
participant s wer e offere d a  four-leve l  scal e from  whic h t o 
selec t  thei r  answer ,  choosin g amon g "no t  s o sure, "  "kin d 
of  sure, "  "prett y sure, "  an d "totall y sure. " 

Participant s wer e nex t  aske d i f  th e robo t  o r  athlet e 
launche d Bal l  A  again ,  exactl y h o w fa r  the y though t  th e 
bal l  woul d go ,  an d h o w sur e the y wer e tha t  Bal l  A  woul d 
trave l  X  feet .  The y wer e aske d th e sam e question s abou t 
Bal l  B ,  an d the n the y wer e aske d h o w sur e the y wer e tha t 
th e bal l  the y ha d jus t  name d a s goin g th e farthe r  distanc e 
woul d actuall y g o farther .  Fo r  example ,  i f  the y sai d tha t 
the y expecte d Bal l  A  t o trave l  5 0 fee t  an d Bal l  B  t o trave l 
60 feet ,  the y wer e aske d h o w sur e the y wer e tha t  Bal l  B 
woul d trave l  farther .  Again ,  i n additio n t o ratin g thei r 
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sureness ,  the y wer e aske d t o offe r  an y reason s fo r  thei r 
choices . 

Thi s serie s o f  question s wa s repeate d fo r  eac h o f  th e 1 4 
set s o f  data . 

Results 
Measure s Participant s rate d h o w sur e the y wer e abou t 
thei r  conclusion s fou r  time s fo r  eac h dataset :  The y gav e a 
ratin g o f  thei r  confidenc e i n th e initia l  conclusion s draw n 
fix>m  th e data ,  i n th e prediction s the y mad e o f  exactl y h o w 
fa r  eac h bal l  woul d go ,  an d abou t  whic h bal l  woul d g o 
farthe r  o n th e nex t  trial .  Th e rating s wer e assesse d o n a 
four-poin t  scale ,  converte d t o a  four-poin t  variable ,  wit h 1 
equivalen t  t o no t  sur e an d 4  equivalen t  t o totall y sure . 

I n addition ,  participant s offere d reason s fo r  thei r  initia l 
conclusion s an d fma l  prediction s o f  relativ e position . 
Thes e reason s wer e code d fo r  mentio n o f  an y o f  th e 
followin g factors :  th e precis e proportio n o f  time s on e bal l 
went  farther ,  a  tren d i n th e data ,  sampl e size ,  th e 
magnitud e o f  th e differenc e betwee n th e tw o datasets , 
whethe r  th e dataset s overlapped ,  a  propert y o f  th e bal l 
tha t  affecte d th e results ,  a  propert y o f  th e robo t  o r  athlet e 
dia t  affecte d th e results . 

Participant s als o mad e specifi c  numerica l  prediction s o f 
h o w fa r  th e tw o ball s woul d g o i f  launche d on e mor e 
time . 

Levels of confidence Mixed model ANOVAs were used 
t o examin e th e effect s o f  condition ,  dat a size ,  overlap ,  an d 
variabilit y  o n rating s o f  surenes s o n th e four-poin t  scale . 
For  eac h assessment ,  dat a size ,  overlap ,  an d variabilit y 
wer e within-subject s variables ,  an d subjec t  wa s treate d a s 
a rando m variable . 

Acros s al l  ag e groups ,  ther e wa s n o effec t  o f  conditio n 
(robo t  o r  athlete )  o n rating s o f  sureness .  Therefore ,  o n 
late r  analyse s o f  thes e questions ,  w e collapse d th e dat a 
acros s conditions . 

For  conclusion s abou t  h o w sur e th e enginee r  o r  coac h 
coul d be ,  base d o n th e origina l  data ,  tha t  on e athlete/bal l 
threw/wen t  farther ,  ther e wer e severa l  notabl e effects . 
Colleg e student s wer e highl y sensitiv e t o sampl e size ,  th e 
sixt h grader s showe d a  smal l  bu t  no t  significan t  tren d 
upwards ,  an d th e thir d grader s showe d a  smal l  bu t 
significan t  invers e trend .  Th e dat a ar e summarize d i n 
Figur e 1 .  Overall ,  ther e wa s a  highl y significan t  effec t  o f 
grad e ( F (2 ,  1448 )  =  56.38 ,  p  <  0.0001) ,  wit h thir d grader s 
on averag e m u c h mor e sur e tha n sixt h graders ,  w h o i n 
tur n wer e mor e sur e tha n colleg e students ,  acros s al l 
sampl e size s smalle r  tha n 6 . 

I n additio n t o sampl e size ,  participant s demonstrate d a 
sensitivit y t o th e presenc e o f  overlappin g dat a points , 
suc h tha t  the y wer e les s sur e o f  conclusion s whe n th e dat a 
containe d overlappin g points .  Thi s effec t  wa s significan t 
fo r  al l  grades . 

Simila r  pattern s emerge d o n th e assessment s o f 
participants '  surenes s abou t  thei r  predictions ,  bot h abou t 

th e specifi c  distanc e th e ball s woul d travel ,  an d abou t 
whic h bal l  the y expecte d t o g o farthe r  o n a  repeate d trial . 
Th e stronges t  relationship s wer e fo r  th e colleg e students , 
w ho appeare d t o alway s lin k thei r  surenes s ratin g t o th e 
number  o f  dat a points ,  th e proportio n o f  overlappin g dat a 
points ,  an d occasionall y t o th e leve l  o f  variatio n i n th e 
data . 

Althoug h simila r  feature s i n th e dat a affecte d th e leve l 
of  sureness ,  ther e wer e strikin g difference s i n th e surenes s 
response s t o th e differen t  questions .  Participant s wer e 
m u ch les s sur e abou t  specifi c  prediction s tha n abou t 
overal l  conclusion s o r  abou t  prediction s o f  relativ e 
placemen t  o n a  futur e trial .  Overall ,  genera l  linea r 
model s fo r  eac h dataset ,  considerin g th e measur e o f 
surenes s a s a  repeate d facto r  indicat e a  stron g relationshi p 
betwee n bot h grad e an d th e specifi c  questio n aske d (i.e. , 
th e assessmen t  o f  surenes s fo r  genera l  conclusions , 
specifi c  prediction s an d relativ e predictions) .  Acros s al l 
grades,  ther e wa s a  relationshi p betwee n th e leve l  o f 
surenes s an d wha t  questio n wa s asked ,  bu t  i t  wa s weakes t 
i n th e thir d grader s an d stronges t  i n th e sixt h graders . 

c/i 

-*—3r d Grad e 
-•—6t h Grad e 
-^—Colleg e 

1 2 4  6 

Number of data points 

Vi 

^ 
^ 

• ^ • ^ 

^ 

4, 0 4, 1 ^ 0 6, 1 6, 2 

N u m b er  o f  dat a points ,  overlap s 

Figure 1: Average ratings of sureness by grade, sample 
siz e an d numbe r  o f  overlappin g dat a point s 

Reasons offered Participants offered justifications for 
confidenc e i n thei r  conclusion s an d fo r  th e prediction s 
the y m a d e abou t  whic h bal l  woul d g o farthe r  o n a 
subsequen t  trial .  W e examine d whethe r  participant s 
mentione d eac h reaso n a t  an y poin t  i n respons e t o a 
questio n abou t  eac h o f  th e fourtee n datasets .  W e the n ra n 
Chi-squar e test s t o loo k fo r  grad e difference s i n th e 
frequenc y o f  participant s mentionin g eac h factor . 

646 



Tabl e 2  present s a  s u m m a r y o f  thes e results .  A n 
overwhelmin g majorit y o f  th e response s wer e i n referenc e 
t o th e dat a an d no t  t o theoretica l  issue s suc h a s propertie s 
of  th e bal l  o r  robot/athlete .  Y o u n g childre n wer e mos t 
likel y t o mentio n eithe r  th e proportio n o f  th e dat a (e.g. , 
"Fiv e ou t  o f  si x time s A  wen t  farther" )  o r  a  tren d i n th e 
dat a (e.g. ,  " B generall y wen t  farther") .  I n general ,  colleg e 
student s use d a  m u c h wide r  rang e o f  response s tha n 
younge r  children ,  wit h nearl y al l  o f  the m mentionin g 
sampl e siz e a t  leas t  once .  Interestingly ,  despit e th e 
significan t  increasin g trend ,  onl y a  smal l  percentag e o f 
th e participant s mentione d within-colum n variability ,  on e 
of  th e factor s w e manipulate d (variabilit y  i n Tabl e 2) . 

Table 2: Percentage of participants at each age who 
mentione d eac h justificatio n fo r  thei r  surenes s rating s 

Dat a response s 
Precis e proportio n 
Tren d i n data * 
Sampl e size* * 
Overla p 
Variability* * 
No Overlap* * 
Magnimd e o f  diffs* * 
Outlier * 
Theor y response s 
Bal l  propert y 
Robot/athlet e propert y 

a^'Gr . 

92 
90 
10 
56 
0 
5 

36 
0 

8 
18 

6*^Gr . 

86 
89 
25 
64 
11 
7 

75 
0 

14 
18 

CoUege 

86 
100 
96 
72 
28 
58 
90 
10 

14 
22 

Grad e differences ;  *p<0.05 ;  **p<0.0 1 

Justifications of predictions of which ball would go 
farthe r  i n a  n e w tria l  followe d a  ver y simila r  patter n a s 
tha t  describe d above ,  fo r  al l  thre e ag e groups . 

O ne are a i n whic h a  conditio n differenc e migh t  b e 
expecte d i s i n us e o f  justification s tha t  refe r  t o qualitie s o f 
th e ball ,  th e robot ,  o r  th e athlete .  Mentionin g th e propert y 
of  th e robo t  o r  athlet e di d var y considerabl y b y condition , 
wit h nearl y al l  mention s i n th e athlet e conditio n (i.e. , 
participant s sometime s sai d tha t  a  propert y o f  athlet e wa s 
a reaso n fo r  th e outcome ,  bu t  almos t  neve r  attribute d i t  t o 
a propert y o f  th e robot) .  Thi s tren d wa s eve n stronge r 
when justifyin g prediction s o f  futur e outcomes . 

Predictions Participants predicted how far each ball 
woul d g o i f  th e experimen t  wer e repeated .  Th e dat a fro m 
tw o thir d grader s an d on e sixt h grade r  wer e no t  include d 
i n thi s analysi s becaus e the y include d number s tha t 
differe d from  th e mea n b y mor e tha n twic e th e rang e o f 
th e data .  Thes e outlier s skewe d th e dat a considerably , 
and suggeste d tha t  thes e participant s di d no t  understan d 
th e predictio n task . 

Overall ,  however ,  th e participant s wer e ver y goo d a t 
predictin g h o w fa r  th e ball s woul d go ,  an d thei r 

prediction s average d clos e t o th e mean .  Thir d grader s 
average d prediction s tha t  wer e 108 .4 % o f  th e actua l  dat a 
means (S D =10.0) ;  sixt h grader s average d prediction s tha t 
wer e 1 0 2 . 7 % o f  th e mean s ( S D =  3.7) ;  an d colleg e 
student s average d 100.1 % o f  th e mean s (S D =  1.4) . 

Discussion 
Our  overal l  conclusio n i s tha t  i n th e absenc e o f  clea r 
domai n knowledg e upo n whic h t o bas e theoretica l 
explanations ,  childre n an d colleg e student s pai d attentio n 
t o severa l  feature s o f  data .  A t  th e sam e time ,  ther e wer e 
clea r  ag e difference s i n m a n y responses ,  indicatin g 
change s ove r  tim e tha t  likel y com e from a  combinatio n o f 
education ,  experience ,  an d development . 

I n al l  ag e groups ,  participant s wer e les s confiden t  abou t 
conclusion s fro m dataset s i n whic h ther e wer e 
overlappin g dat a points ,  indicatin g a  sensitivit y t o 
variatio n i n th e pattern s o f  th e data .  Colleg e student s 
wer e significantl y mor e confiden t  w h e n ther e wer e mor e 
dat a points ,  thoug h thir d grader s wer e actuall y slightl y 
mor e confiden t  wit h smalle r  sampl e sizes .  I t  i s  possibl e 
tha t  th e thir d grader s wer e overwhelme d b y th e variabilit y 
and becam e mor e confuse d abou t  drawin g conclusion s 
when ther e wer e mor e dat a point s t o consider . 

Participant s als o showe d a n appreciatio n fo r  som e type s 
of  variabilit y  b y differentiatin g thei r  surenes s rating s fo r 
differen t  type s o f  predictions .  A t  al l  ages ,  the y wer e mor e 
sur e o f  conclusion s abou t  relativ e distance s o n a  fiitur e 
tria l  tha n abou t  specifi c  distances ,  wit h th e effec t  mos t 
pronoimce d i n colleg e students .  Thi s respons e patter n 
indicate s a n expectatio n tha t  variatio n i s mor e likel y i n 
precis e measurement s tha n i n overal l  pattern s o f  results . 
Participant s seeme d les s attune d t o within-colum n 
variabilit y  i n th e data ,  rarel y citin g i t  a s a  justificatio n fo r 
eithe r  thei r  conclusion s o r  predictions ,  thoug h olde r 
participant s wer e stil l  mor e likel y t o cit e it . 

Th e lac k o f  majo r  difference s betwee n condition s wa s 
an unexpecte d outcome .  W e ha d anticipate d tha t  th e tw o 
differen t  way s o f  framin g th e dat a woul d lea d t o differen t 
theoretica l  explanation s o f  th e data .  However ,  mos t  o f 
th e justification s offere d fo r  drawdn g conclusion s from  th e 
dat a wer e base d o n th e numerica l  evidenc e (e.g. ,  a  tren d 
i n th e data ,  sampl e size) ,  whil e ver y fe w wer e linke d t o 
mechanisti c explanation s suc h a s a  featur e o f  th e bal l  tha t 
migh t  caus e th e outcome .  Ther e wa s a  smal l  bu t 
significan t  tren d fo r  thos e i n th e athlet e conditio n t o b e 
mor e likel y t o justif y thei r  explanation s an d prediction s 
by suggestin g tha t  th e athlete s m a y hav e varie d i n som e 
way.  However ,  a  minorit y o f  participant s a t  al l  ag e level s 
use d suc h theoretica l  justifications .  S o m e researcher s 
hav e argue d tha t  childre n mistakenl y justif y conclusion s 
tha t  shoul d b e base d o n dat a b y usin g thei r  backgroun d 
theoretica l  knowledg e (e.g. ,  Kuhn ,  e t  al. ,  1995) .  I n 
contrast ,  w e sugges t  tha t  i n fac t  whe n childre n d o no t 
hav e backgroun d knowledg e upo n whic h t o rely ,  the y ar e 
likel y t o tal k abou t  th e dat a i n justifyin g conclusions . 
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I n makin g distanc e predictions ,  overestimatio n wa s 
mor e c o m m o n tha n underestimation ,  particularl y amon g 
th e younges t  children .  Similarly ,  thir d grader s ofte n 
claime d t o b e totall y sur e o f  conclusion s the y coul d dra w 
afte r  seein g onl y on e pai r  o f  data ,  whil e colleg e student s 
tende d t o reserv e thei r  enthusias m unti l  seein g a t  leas t 
fou r  consisten t  pair s o f  data .  I n genera l  i t  appear s tha t 
thir d grader s ofte n overestimat e bot h thei r  confidenc e i n 
thei r  abilit y  t o judg e th e qualit y o f  evidence ,  an d thei r 
prediction s o f  futur e performance .  Colleg e student s wer e 
ver y skille d a t  basin g prediction s o f  futur e event s o n th e 
mean o f  observe d events . 

Thi s stud y i s a  firs t  ste p towar d a  cleare r  understandin g 
of  th e man y factor s tha t  influenc e th e us e o f  dat a i n 
differen t  contexts .  M a n y othe r  dat a manipulation s coul d 
be examine d t o explor e thi s questio n mor e thoroughly . 
For  example ,  on e coul d manipulat e th e siz e o f  within -
colum n variation ,  th e relativ e siz e o f  outliers ,  an d th e siz e 
of  th e means .  I n addition ,  on e coul d conside r  multipl e 
group s o f  dat a o r  a  singl e se t  o f  dat a t o b e evaluated . 

Our  long-ter m goa l  i s  t o bette r  understan d th e 
interactio n betwee n feature s o f  dat a an d theoretica l 
framing,  a s peopl e o f  al l  age s mos t  ofte n encounte r  dat a 
i n context s i n whic h the y hav e som e backgroun d 
knowledge .  Thi s stud y wa s designe d t o teas e apar t  som e 
of  th e specifi c  feature s o f  dat a tha t  ar e use d whe n ther e i s 
not  a  lo t  o f  theoretica l  backgroun d knowledg e influencin g 
conclusion s drawn .  Futur e studie s wil l  continu e t o 
examin e differen t  characteristic s o f  dat a withi n a  rang e o f 
contexts ,  t o lear n mor e abou t  h o w the y interac t  t o affec t 
reasoning . 
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Abstrac t 

Cuitent computational modeling of human performance 
can benefi t  from  reusabl e buildin g block s o f  huma n 
behavior .  Usin g C P M - G O M S,  a  cognitively-base d tas k 
analysi s metho d use d i n HCl ,  w e hav e bee n explorin g 
th e concep t  o f  reusabl e template s o f  commo n behavior s 
and thei r  efRcac y fo r  generatin g zero-paramete r  a  prior i 
prediction s o f  comple x huma n behavior .  Thi s pape r 
detail s th e feature s w e believ e ar e importan t  whe n 
movin g from  hand-crafre d model s o f  particula r  task s t o 
reusabl e buildin g block s o f  commonl y occurrin g 
behavior .  A s thi s become s c o m m o n practice , 
proportionatel y mor e attentio n ca n b e pai d t o th e tas k 
analysi s specifi c  t o eac h ne w domain . 

Introduction 

To mode l  huma n behavio r  successfull y on e need s t o b e 
abl e t o decompos e a  comple x tas k int o a  se t  o f 
primitiv e operation s t o whic h performanc e parameter s 
may b e assigned .  Thes e primitive s represen t  th e 
buildin g block s fro m whic h behavio r  wil l  b e 
constructe d suc h tha t  performanc e ca n b e predicte d fo r 
entir e tas k sequences .  Thus ,  th e choic e o f  primitive s 
and th e metho d o f  combinin g the m t o construc t  large r 
behavio r  sequence s ar e critica l  i f  performanc e estimate s 
ar e t o b e a t  al l  accurate .  I n thi s paper ,  w e describ e a 
metho d fo r  combinin g basi c cognitive ,  perceptua l  an d 
moto r  operation s int o large r  behaviora l  units .  Thes e 
large r  units ,  whic h wil l  b e referre d t o a s templates ,  ar e 
application s o f  psychologica l  theor y abou t  th e 
perceptual ,  moto r  an d cognitiv e proces s underlyin g 
human performance .  T w o mai n point s wil l  b e argued : 
1)  task-leve l  reus e i s  importan t  an d 2 )  behaviora l 
template s ar e a  goo d wa y t o achiev e thi s reuse .  W e wil l 
presen t  dat a fo r  a  simpl e H C I  tas k an d describ e th e 
template s w e borrowe d (reused )  t o mode l  it . 

Model  reus e i s a  profitabl e avenu e t o explor e fo r  fou r 
reasons .  First ,  conside r  mousin g t o a  butto n an d 
clickin g o n i t  a s a n example .  Peopl e lear n an d us e thi s 
skil l  i n mos t  interaction s wit h computers .  A  mode l  o f 
mousin g an d clickin g o n a  butto n shoul d b e applicabl e 
t o man y H C I  tasks ;  a  n e w mode l  o f  mousin g an d 
clickin g o n a  butto n shoul d no t  b e buil t  from  scratc h fo r 
eac h ne w task .  Second ,  reus e provide s expertis e beyon d 

a singl e researcher .  Tha t  is ,  th e mode l  fo r  mousin g an d 
clickin g o n a  butto n ca n b e buil t  b y researcher s wit h 
expertis e o n visual/moto r  behavior s an d th e comple x 
model-builde r  ca n benefi t  fro m tha t  expertise .  Third , 
reus e provide s externa l  verificatio n o f  th e componen t 
models .  I f  th e mode l  fo r  mousin g an d clickin g o n a 
butto n predict s th e behavio r  wel l  i n th e contex t  o f  a 
comple x task ,  th e dat a provide s a n independen t  tes t  o f 
th e mechanism s o f  tha t  model .  Finally ,  reus e provide s 
additiona l  constrain t  o n model s o f  comple x tasks .  I f  th e 
mousin g an d clickin g o n a  butto n mode l  predict s th e 
behavio r  well ,  th e H C I  modele r  shoul d no t  chang e th e 
basi c mechanism s o f  th e mode l  simpl y t o mak e i t  wor k 
i n a  ne w domain . 

Cognitiv e architecture s suc h a s A C T - R (Anderso n & 
Lebicre ,  1998 )  an d Soa r  (Newell ,  1990 )  embod y a  larg e 
set  o f  reusabl e constraint s o n behavio r  prediction . 
These ,  however ,  ar e mostl y a t  th e cognitiv e leve l  rathe r 
tha n a t  a  tas k level .  W e k n o w h o w t o reus e 
architecture s bu t  no t  content .  Modelin g performanc e 
on human-compute r  interactio n (HCI )  task s i s valuabl e 
but  currentl y suffer s from  severa l  problems .  Model s o f 
tas k performanc e nee d t o b e handcrafte d an d typicall y 
tak e a  lon g tim e t o b e created .  Neithe r  whol e model s 
nor  thei r  componen t  part s ten d t o b e reused ,  allowin g 
littl e fransfer  o f  cod e from  on e tas k mode l  t o th e next .  I t 
i s  difficul t  t o incorporat e psychologica l  knowledg e int o 
model s an d cognitive/psychologica l  expertis e i s neede d 
t o d o so .  Onc e a  mode l  i s  complete ,  i t  m a y b e 
uninformativ e wit h respec t  t o a  nex t  attemp t  a t 
modeling . 

Othe r  discipline s tha t  buil d comple x systems ,  lik e 
engineerin g an d compute r  science ,  hav e successfull y 
employe d reus e a s a n approac h t o tam e complexit y an d 
thi s i s  a n approac h tha t  cognitiv e scienc e shoul d 
explor e a s well .  Ther e hav e bee n numerou s argument s 
abou t  th e benefit s o f  usin g a  unifie d cognitiv e 
architectur e t o provid e power ,  structur e an d constrain t 
(e.g. ,  Anderson ,  1983 ;  Joh n &  Altmann ,  1999 ;  Newell , 
1990) ,  bu t  fewe r  effort s t o incorporat e previously-buil t 
model s o f  generalize d capabilitie s int o model s o f  mor e 
comple x task s (e.g. ,  Nelson ,  Lehma n &  John ,  1994) . 
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Cognitiv e Model in g M e t h o d s 

Cognitiv e architecture s suc h a s A C T - R an d Soa r  hav e 
attempte d t o solv e som e o f  thes e problems .  Underlyin g 
mechanism s embod y th e psychologica l  theorie s o f  th e 
architectures ,  an d s o th e theorie s d o no t  hav e t o b e 
explicitl y  code d fo r  eac h model .  Attempt s hav e bee n 
made t o reus e model s a t  th e tas k level ,  bu t  i n genera l 
thi s i s no t  a  widel y adopte d practic e (e.g. ,  Joh n & 
Lallement ,  2000 ;  Nelson ,  Lehma n &  John ,  1994) .  A s a 
result ,  model s ar c mostl y handcrafte d an d tak e a  lon g 
tim e t o create . 

The field  HC I  use s cognitiv e model s i n severa l  ways . 
I t  ofte n i s les s intereste d i n th e proces s o f  modelin g 
tha n i n gettin g result s quickly ,  an d ha s therefor e pu t 
emphasi s o n modelin g framework s tha t  ar e easie r  t o 
lear n an d us e tha n th e mor e comple x cognitiv e 
architecture s lik e Soa r  an d A C T - R (John ,  1998) .  I n 
addition ,  tha t  field  ha s sough t  modelin g procedure s tha t 
reus e actua l  piece s o f  model s a s wel l  a s th e framework . 
For  instance ,  G O MS model s (Card ,  Mora n &  Newell , 
1983 )  ar e constructe d b y hierarchica l  goa l 
decompositio n wit h reusable ,  empirically-determine d 
executio n time s assigne d t o particula r  goals . 

Th e G O MS methodolog y ha s prove n highl y 
successfu l  i n predictin g tas k completio n time s fo r 
skille d user s i n routin e huma n compute r  interactio n 
(HCI )  task s (e.g. .  Gray ,  John ,  &  Atwood ,  1993 ;  John , 
Vera ,  &  Newell ,  1994) .  G O MS i s reall y a  famil y o f 
analysi s technique s i n whic h performanc e prediction s 
emerg e b y combinin g a  tas k decompositio n wit h 
estimate s o f  completio n time s fo r  step s i n th e 
decomposition .  Th e tas k decompositio n produce s a 
representatio n o f  th e tas k a s a  se t  o f  neste d goa l  state s 
tha t  includ e a n initia l  stat e an d a  final  goa l  state .  Th e 
use r  i s assume d t o mov e fro m on e goa l  stat e t o anothe r 
by applyin g operator s tha t  represen t  actions ,  suc h a s 
movin g a  mous e o r  readin g a  word .  Th e se t  o f  neste d 
goal  state s ofte n resemble s a  hierarchy ,  bu t  nee d no t 
for m a  stric t  hierarchy .  Th e iterativ e decompositio n int o 
goal s an d neste d subgoal s ca n terminat e i n lea f  node s 
(primitives )  o f  an y desire d granularity ,  th e choic e o f 
leve l  o f  detai l  dependen t  o n th e prediction s required . 
Time s ar e assigne d t o th e operator s tha t  transitio n 
betwee n goa l  states ,  wit h additiona l  time s ofte n 
assigne d t o subgoa l  completio n (Kieras ,  1994) .  Sinc e 
G O MS i s mean t  t o mode l  routin e behavior ,  th e use r  i s 
assume d t o hav e method s tha t  appl y sequence s o f 
operator s an d subgoal s t o achiev e a  goal .  Selectio n 
rule s ar e applie d whe n ther e i s mor e tha n on e metho d t o 
achiev e a  goal . 

The C P M - G O MS extensio n t o G O MS (John ,  1990 ) 
add s psychologica l  knowledg e t o th e G O MS goa l 
decompositio n b y expressin g commo n H C I  task s (e.g . 
readin g fro m a  screen ,  typing )  a s pattern s o f  Mode l 
H u m an Processo r  ( M H P ;  Card ,  Mora n &  Newell ,  1983 ) 
operation s o f  it s  cognitive ,  perceptual ,  an d moto r 
processors .  Thes e patterns ,  o r  templates ,  ca n hel p 
cognitiv e modelin g b y groupin g psychologica l 

knowledg e int o reusabl e chunk s tha t  ca n b e organize d 
int o large r  behaviora l  sequences .  Althoug h approachin g 
modelin g wit h reusabl e template s ha s bee n taugh t  fo r  a 
decad e (Joh n &  Gray ,  1992) ,  i t  ha s no t  becom e 
widespread ,  possibl y becaus e C P M - G O MS wa s no t  i n 
computationa l  for m (i t  ha d t o b e don e b y han d b y 
drawin g P E R T charts )  unti l  recentl y (John ,  Vera , 
Matessa ,  Free d &  Remington ,  2002) . 

Template Structure 

Template s ar c reusabl e application s o f  psychologica l 
theor y tha t  describ e shor t  behaviora l  sequences . 
Thirtee n template s wer e offere d t o C P M - G O MS 
modeler s i n tutorial s an d classe s i n th e earl y 1990 s 
(Joh n &  Gray ,  1992 )  an d other s hav e bee n adde d sinc e 
then .  O n e exampl e o f  a  C P M - G O MS templat e fo r 
mouse clickin g (create d b y Gra y &  Boehm-Davis , 
2000 )  ca n b e see n i n Figur e 1 .  Th e templat e 
incorporate s a  psychologica l  theor y o f  th e cognitive , 
perceptual ,  an d moto r  component s o f  mous e clickin g 
and dependencie s betwee n thes e components .  Th e 
templat e wa s develope d i n th e contex t  o f  a  simpl e tas k 
of  clickin g o n li t  circles ,  bu t  ha s successfull y bee n 
reuse d i n th e contex t  o f  clickin g t o operat e a  simulatio n 
of  a n automate d telle r  machin e (John ,  e t  al. ,  2002) . 

Figur e 1 :  Mode l  o f  carefiill y  movin g th e curso r  t o a 
targe t  an d clickin g th e mous e butto n (adapte d fro m 

Gra y &  Boehm-Davis ,  2000) . 

The psychology in this template is in the form of the 
durations ,  th e cognitiv e bottleneck ,  th e logica l 
dependencies ,  an d th e tas k dependencies .  Th e 
duration s fo r  th e cognitive ,  perceptual ,  an d moto r 
component s o f  th e templat e ar e empiricall y derive d 
MHP-leve l  estimate s o f  thes e activities .  C P M - G O MS 
assumes a  cognitiv e bottleneck ,  wher e cognitiv e 
processe s canno t  execut e i n parallel .  Th e cognitiv e 
resourc e strea m i s therefor e seriall y  schedule d base d o n 
th e logica l  an d tas k dependencie s a s describe d below . 

Accordin g t o C P M - G O M S,  eac h moto r  activit y mus t 
be precede d b y a  cognitiv e activit y tha t  initiate s it .  Thi s 
i s a n exampl e o f  a  logica l  dependenc y — a  moto r  actio n 
canno t  tak e plac e unles s a  cognitiv e moto r  initiatio n 
activit y ha s occurred .  Tha t  yo u canno t  clic k o n a  targe t 
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unti l  yo u hav e mouse d ove r  t o i t  i s a n exampl e o f  a  tas k 
dependency .  I t  i s  no t  a  C P M - G O MS leve l  logica l 
dependenc y no r  i s i t  a  necessar y consequenc e o f  th e 
cognitiv e bottleneck ;  i t  i s tru e becaus e th e tas k require s 
i t  t o b e so .  So ,  fo r  example ,  a  possibl e performanc e 
erro r  migh t  b e t o clic k befor e th e mousin g movemen t  t o 
th e targe t  i s  complete .  I n contrast ,  executin g a  moto r 
actio n withou t  a  precedin g cognitiv e initiatio n i s no t  a 
possibl e performanc e error .  Similarly ,  executin g tw o 
cognitiv e activitie s i n paralle l  i s  no t  a  possibl e 
performanc e error .  Thi s combinatio n o f  constraint s 
embodie s th e uniqu e applicatio n o f  psychologica l 
theor y t o th e craftin g o f  eac h template . 

Interleaving Templates 

Embodyin g psychologica l  theor y i n separat e template s 
i s onl y th e first  step .  Th e challeng e i s tha t  C P M - G O MS 
template s nee d t o b e interleave d t o full y  captur e th e 
tim e cours e o f  behavior .  Simpl y addin g u p th e 
performanc e tim e predicte d b y a  sequenc e o f  template s 
produce s a  tim e tha t  i s  longe r  tha n tha t  o f  h u m a n 
performance .  A  ke y C P M - G O MS assumptio n i s  tha t 
humans ar e abl e t o perfor m certai n component s o f  th e 
template s no t  i n stric t  sequenc e bu t  interleave d s o tha t 
some component s o f  a  late r  templat e ca n occu r  i n a n 
earlie r  template . 

A concret e exampl e o f  thi s interleavin g ca n b e see n 
i n a  tas k a s simpl e a s hand-washing .  Whil e mos t  ey e 
fixations  ar e relate d t o immediat e action s suc h a s 
turnin g o n th e faucet ,  a  smal l  numbe r  ar e m a d e t o 
object s relevan t  onl y t o futur e actions .  Pel z an d Canos a 
(2001) ,  wit h th e ai d o f  a n ey e tracker ,  observe d tha t 
subject s consistentl y mad e ey e movement s t o th e towe l 
durin g earlie r  part s o f  th e hand-washin g process . 

Par t  o f  th e psychologica l  theor y embedde d i n 
template s i s th e knowledg e o f  wha t  component s o f  on e 
templat e ca n occu r  i n paralle l  wit h component s o f 
anothe r  template .  Thi s interleavin g theor y ha s unti l 
recentl y onl y bee n implemente d i n paper-and-pencil . 
Detail s o f  h o w interleavin g i s  implemente d i n ou r 
syste m ar e presente d later .  W h e n cognitiv e component s 
hav e a  dependenc y o n perceptua l  o r  moto r  component s 
whic h tak e a  relativel y lon g tim e t o complete ,  slac k 
tim e m a y occu r  whe n th e cognitiv e resourc e i s no t 
bein g used .  Interleavin g involve s filling  u p thi s  ̂ ac k 
tim e wit h activit y from  th e cognitiv e component s o f  th e 
nex t  template . 

ATM Study & Data 

CPM-GOMS ha s bee n demonstrate d t o mak e accurat e 
zero-paramete r  a  prior i  prediction s o f  skille d H C I 
behavior .  Usin g templates ,  w e create d a  C P M - G O MS 
model  o f  a  simpl e H C I  tas k — withdrawin g mone y from 
an A T M .  W e gav e tw o user s extensiv e practic e wit h 
thi s tas k becaus e C P M - G O MS model s ar e expecte d t o 
predic t  th e performanc e o f  highly-skille d user s (Baski n 
& John ,  1998) . 

Th e A T M Tas k 

The tas k wa s t o mak e a n $8 0 withdra w from a  checkin g 
accoun t  o n a  Visua l  Basi c simulatio n o f  a n automate d 
telle r  machine .  User s interacte d wit h th e A T M b y 
usin g a  mous e t o clic k o n simulate d key s o r  slots .  Th e 
user s wer e instructe d t o follo w th e followin g steps : 

Insert card (click on the picture of the card slot) 
Ente r  PI N (clic k o n th e 4,9,0 ,  an d 1  button s i n turn ) 
Pres s O K (clic k o n O K button ) 
Selec t  transactio n typ e (clic k o n withdra w button ) 
Selec t  accoun t  (clic k o n checkin g button ) 
Ente r  amoun t  (clic k o n 8  an d 0  buttons ) 
Selec t  correct/no t  correc t  (clic k o n correc t  button ) 
Take cas h (clic k o n th e pictur e o f  th e cas h slot ) 
Selec t  anothe r  transactio n (clic k o n N o button ) 
Take car d (clic k o n th e pictur e o f  th e car d slot ) 
Take receip t  (clic k o n th e pictur e o f  th e cas h slot ) 

This task was repeated 200 times by the users. This 
leve l  o f  practic e i s  comparabl e t o tha t  use d b y bot h 
Card ,  Moran ,  an d Newel l  (1983 )  i n a  tex t  editin g tas k 
and Baski n an d Joh n (1998 )  i n a  C A D drawin g tas k 
when the y explore d th e effect s o f  extensiv e practic e o n 
matc h t o variou s G O MS models . 

-SI -  M.ll.>wTn.l i  •1-10 0 
-82 -  M mt  Id *  Trw t  tl-IO D 

Figur e 2 :  Clic k time s fo r  user s an d model s 

The CPM-GOMS Model 

The CPM-GOMS mode l  wa s create d b y first  expressin g 
th e hierarchica l  goa l  structur e o f  th e A T M task .  A t  th e 
botto m o f  th e hierarch y wer e tw o C P M - G O MS 
templates :  Slow-Move-Clic k an d Fast-Move-Click . 
The cognitive ,  perceptual ,  an d moto r  component s o f 
thes e template s wer e take n directl y from  Gra y an d 
Boehm-Davi s (2000 )  wher e prediction s from  thes e 
template s wer e compare d t o dat a fro m severa l 
variation s o f  a  simpl e targe t  selectio n task . 

The Slow-Move-Clic k templat e i s  show n i n P E R T 
char t  for m i n Figur e 1 .  Becaus e ther e wa s uncertaint y 
abou t  wher e a  targe t  woul d appea r  i n eac h trial ,  Gra y 
an d Boehm-Davi s considere d Slow-Move-Clic k t o 
represen t  a  carefii l  selectio n o f  a  visibl e target .  Fast -
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Move-Clic k represente d a  mor e confiden t  selectio n o f  a 
targe t  whe n th e use r  kne w wher e th e targe t  wa s t o 
appear .  I n ou r  model ,  w e choos e t o us e Fast-Move -
Clic k fo r  clickin g o n th e A T M button s becaus e the y 
wer e a  reasonabl e siz e an d Slow-Move-Clic k fo r 
clickin g o n th e car d an d cas h slot s becaus e thes e slot s 
wer e thinne r  an d difficul t  t o hi t  unles s th e use r  wa s 
careful . 

Comparing the Model to Data 

Figur e 2  show s a  compariso n o f  th e C P M - G O MS 
model  prediction s o f  mous e clic k time s an d mea n use r 
clic k times .  Becaus e Baski n an d Joh n (1998 )  hav e 
foun d tha t  C P M - G O MS model s predic t  behavio r  wel l 
at  aroun d th e 100t h tria l  o f  a  practice d procedure ,  th e 
means o f  trial s 91-10 0 fo r  eac h A T M use r  ar e shown . 
To se e th e benefi t  o f  interleave d templates ,  prediction s 
fro m tw o othe r  model s ar e als o shown :  a  mode l  usin g 
onl y Fitt s s  L a w prediction s ( a moto r  tim e predictio n 
base d onl y o n targe t  geometry) ,  an d th e C P M - G O MS 
model  wit h sequentia l  template s bu t  n o interleaving . 

The firs t  thin g t o notic e i s th e goo d a  prior i  fi t  o f  th e 
model  t o use r  data .  Th e degre e t o whic h interleavin g 
contribute s t o thi s fi t  ca n b e see n b y comparin g th e 
interleavin g an d non-interleavin g models .  Th e non -
interleavin g mode l  generall y predict s a  longe r  tim e fo r 
a mous e clic k an d doe s no t  captur e th e variatio n o f  use r 
clic k times .  Thi s variatio n i s bette r  capture d b y th e 
Fin s s  L a w onl y model ,  bu t  th e mode l  doe s no t 
represen t  th e perceptua l  an d cognitiv e processe s 
incorporate d int o template s an d s o predict s faste r  clic k 
time s tha n user s produce .  Thes e comparison s sho w tha t 
template s contai n importan t  prediction s o f  perceptual , 
cognitive ,  an d moto r  processes ,  an d tha t  th e theor y o f 
templat e interleavin g ca n captur e th e abilitie s o f  user s 
t o sav e tim e b y performin g paralle l  processes . 

Th e importan t  poin t  t o emphasiz e i s tha t  th e 
template s use d t o m a k e thes e prediction s wer e 
develope d fo r  a  ver y differen t  tas k an d wer e 
successfull y reuse d i n th e presen t  model .  Also ,  not e tha t 
th e too l  w e hav e develope d t o implemen t  C P M - G O M S, 
Apex (Freed ,  1998b ,  Free d &  Remington ,  2000) ,  allow s 
us t o easil y generat e alternativ e version s o f  th e mode l 
(e.g. ,  jus t  Fitt s s  Law ,  template s wit h n o interleaving) . 
We wil l  expan d o n th e working s o f  th e too l  below . 

Implementing Templates 

H o w doc s a n organis m organiz e it s resourc e allocatio n 
ove r  a n extende d perio d o f  tim e ove r  a n extensiv e 
sequenc e o f  behaviors ? Hierarchica l  tas k 
decompositio n i s a  convenien t  formalis m fo r  a n analys t 
t o recor d an d communicat e thei r  analysi s o f  a  tas k bu t  i t 
als o seem s t o hav e som e psychologica l  realit y i n h o w 
peopl e organiz e thei r  environmen t  an d cognitiv e 
resource s t o approac h a  comple x task .  M a n y 
representation s o f  huma n behavio r  us e hierarchica l  tas k 
decomposition ,  fro m Scientifi c  Managemen t  a t  th e tur n 
of  th e century ,  t o H T A (Kirwa n an d Ainsworth ,  1992 ) 

t o G O M S,  Soa r  an d ACT-R .  However ,  i n thes e latte r 
architectures ,  th e hierarchica l  tas k decompositio n 
bottom s ou t  a t  th e leve l  o f  operation s o f  th e underlyin g 
cognitive ,  perceptua l  an d moto r  processors . 

I t  i s  relativel y eas y t o perfor m a  hierarchica l  tas k 
analysi s fo r  eac h ne w tas k domain ,  an d necessar y 
becaus e eac h domai n ha s it s o w n objects ,  tasks , 
knowledge ,  an d procedures .  I t  i s  muc h mor e difficul t  t o 
describ e th e cognitive ,  motor ,  an d perceptua l  processe s 
underlyin g ever y ne w task .  However ,  man y task s 
botto m ou t  a t  th e sam e componen t  behavior s 
constraine d b y h u m a n abilities .  Th e componen t 
behavior s ar e action s lik e visua l  search ,  mous e 
movements ,  an d typing .  Thes e type s o f  action s ar e 
perfec t  candidate s fo r  re-us e becaus e the y occu r 
repeatedl y i n m a n y tasks ,  an d mus t  b e realize d i n 
operation s close r  t o th e architectur e tha n i s necessar y t o 
describ e th e tas k domain .  Removin g th e burde n o f 
understandin g an d programmin g i n th e underlyin g 
cognitiv e architectur e i n th e for m o f  reusabl e template s 
coul d mak e cognitiv e modelin g mor e accessibl e t o a 
wide r  rang e o f  domai n experts . 
What  doe s i t  tak e t o creat e template s i n a  cognitiv e 
architecture ? 

•  A  systemati c relationshi p betwee n th e botto m leve l 
of  th e hierarchica l  tas k decomposition ,  th e 
templates ,  an d thei r  realizatio n i n th e underlyin g 
architectur e 

•  A  systemati c relationshi p a t  th e boundarie s 
betwee n template s realize d i n th e underlyin g 
architecture .  Thi s m a y b e mor e complicate d tha n 
simpl e seria l  execution ,  a s w e wil l  describ e i n th e 
contex t  o f  C P M - G O M S,  th e Mode l  H u m a n 
Processor ,  an d it s embodimen t  i n Apex . 

Template Grain Size 

Generalizeabl e behavio r  template s shoul d exis t  a t 
differen t  grai n sizes .  Fro m a  practica l  modelin g 
perspective ,  i t  i s  valuabl e t o represen t  basi c H C I 
behavior s i n differen t  siz e chunks .  Fo r  example ,  on e 
branc h o f  a  hierarchica l  goa l  decompositio n ma y 
terminat e a t  simpl y clickin g o n a n ite m wherea s anothe r 
migh t  terminat e a t  a  mor e comple x actio n suc h a s 
choosin g a n ite m fro m a  pull-dow n menu .  Th e latte r 
actio n encompasse s th e first  (twice ,  i n fact) ,  bu t  bot h 
ar e usefu l  a s separat e templates .  Alon g wit h 
generalizability ,  a  valuabl e constrain t  o n th e grai n siz e 
of  template s i s th e leve l  a t  whic h hierarchica l  goa l 
decompositio n woul d botto m out .  Fo r  example ,  a 
templat e tha t  i s  jus t  th e reachin g componen t  o f  typin g a 
ke y (i.e. ,  puttin g you r  finger  ove r  i t  withou t  pressin g o n 
it )  woul d b e ver y general ;  i t  woul d b e Fitt s s  La w plu s 
th e associate d cognitiv e an d perceptua l  components . 
However ,  i t  woul d no t  typicall y b e wher e a  hierarchica l 
goal  decompositio n woul d botto m out .  A  hierarchica l 
goal  decompositio n i s mor e likel y t o botto m ou t  wit h 
activitie s suc h a s click-on-butto n o r  press-ke y tha n jus t 
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th e reachin g componen t  o f  thes e activities ,  an d 
template s shoul d reflec t  this . 

Implementing Interleaving 

The template-builde r  get s t o deliberatel y progra m thes e 
dependencies .  Th e relationshi p betwee n template s i n 
C P M - G O MS involve s no t  sequencing ,  bu t  interleavin g 
of  paralle l  operator s o n multipl e resources .  I n highl y 
skille d behavior ,  peopl e attai n a  hig h degre e o f 
parallelis m i n thei r  behavior .  T o illustrat e thi s point , 
thin k abou t  printin g a  documen t  i n th e wor d processo r 
yo u regularl y use .  I t  i s  no t  u n c o m m o n fo r  peopl e t o 
selec t  th e Prin t  c o m m a n d the n m o v e th e mous e t o th e 
plac e wher e th e O K butto n wil l  appear  wel l  befor e 
th e dialo g bo x i s visible .  A  hierarchica l  tas k analysi s 
woul d lis t  th e step s (1 )  selec t  Print ,  (2 )  wai t  fo r 
dialo g box ,  an d (3 )  clic k o n O K ,  bu t  th e realizatio n i n 
th e underlyin g architectur e shoul d allo w th e mous e 
movement  associate d wit h ste p (3 )  t o preced e th e 
completio n o f  ste p (2) ,  wherea s th e clickin g associat e 
wit h ste p (3 )  mus t  indee d wai t  fo r  th e completio n o f 
ste p (2 )  o r  th e tas k wil l  no t  b e successfull y completed . 
Thus ,  th e relationshi p betwee n template s i s a  comple x 
syste m o f  interleavin g o f  th e architectural-leve l 
operations . 

Apex allow s manipulatio n o f  seria l  an d paralle l 
resourc e i n exactl y th e for m require d b y C P M - G O M S. 
Ape x (Freed ,  1998a )  ha s a  flexibl e resourc e 
management  syste m tha t  allowe d th e implementatio n o f 
th e constraint s necessar y t o produc e C P M - G O MS 
templat e interleaving .  A  complet e descriptio n o f  th e 
implementationa l  rule s guidin g interleavin g i n C P M -
G O MS a s embodie d i n Ape x i s availabl e elsewher e 
(Berkovic h &  K w o n g ,  2002 ;  Joh n e t  al. ,  2002) .  I n 
general ,  w e us e thre e facet s o f  th e Ape x architecture : 

1.  resourc e module s (i.e. ,  cognition ,  hands ,  poin t  o f 
gaze ,  visua l  perception) , 

2.  prioritie s o n th e templates ,  an d 
3.  virtua l  resource s t o recor d a  templat e s  intentio n 

t o us e a  resource . 
Resourc e modules .  T o accomplis h templates , 

operator s consum e resource s a t  th e architectura l  level . 
The resourc e module s ac t  seriall y  withi n themselves ,  s o 
when the y ar e occupie d b y a n operator ,  othe r  operator s 
tha t  requir e tha t  resourc e mus t  wai t  unti l  tha t  resourc e 
i s free  again .  W h e n mor e tha n on e operato r  require s th e 
same resourc e a t  on e time ,  ther e need s t o b e a  wa y t o 
resolv e th e conflic t  an d assig n tha t  resourc e t o onl y on e 
operator .  Withi n a  template ,  suc h conflict s ar e eithe r 
avoide d becaus e o f  logica l  dependencie s betwee n th e 
operator s (e.g. ,  perceivin g a  targe t  canno t  happe n unti l 
th e eye s hav e m o v e d t o tha t  target )  o r  resolve d 
randoml y becaus e th e template-builde r  ha s determine d 
tha t  i t  doe s no t  matte r  fo r  th e completio n o f  th e tas k 
whethe r  on e goe s befor e th e other .  W h e n ther e i s 
contentio n fo r  resource s betwee n operator s i n differen t 
templates ,  a n additiona l  mechanis m fo r  conflic t 
resolutio n i s needed . 

Priorities .  W h e n ther e i s competitio n fo r  a  resourc e 
betwee n templates ,  prioritie s o f  th e template s i s used . 
Each templat e i s assigne d a  priorit y associate d wit h it s 
orde r  i n th e hierarchica l  tas k decomposition .  I n th e 
printin g exampl e above ,  selectin g th e Prin t  c o m m a n d 
(ste p 1 )  ha s th e highes t  priority ,  waitin g fo r  th e dialo g 
bo x (ste p 2 )  ha s th e nex t  highes t  priority ,  an d clickin g 
th e O K butto n (ste p 3 )  ha s th e lowes t  priority .  Bot h 
step s 1  an d 3  wil l  conten d fo r  th e right  han d t o m o v e 
th e mous e t o thei r  respectiv e targets ,  an d ste p I  wil l 
wi n b y it s priority ,  ensurin g tha t  th e prin t  c o m m a n d i s 
selecte d befor e th e mous e i s move d t o wher e th e O K 
butto n wil l  appear .  However ,  ste p 2  (waiting )  doe s no t 
requir e th e right  hand ,  s o th e mous e i s free  t o m o v e t o 
th e locatio n o f  th e O K butto n befor e th e dialo g bo x 
appears . 

Virtua l  resources .  However ,  resource s an d prioritie s 
ar e no t  enough .  Fo r  instance ,  th e templat e t o selec t  th e 
prin t  c o m m a n d (ste p 1 )  require s th e eye s t o m o v e t o 
and perceiv e th e m e n u title ,  an d late r  withi n th e sam e 
templat e t o m o v e t o an d perceiv e th e desire d m e n u 
item .  However ,  whil e th e han d i s completin g th e m o v e 
and clic k t o th e m e n u titl e an d th e m e n u i s comin g up , 
th e ey e resourc e i s free.  Therefore ,  ste p 3 ,  clickin g o n 
th e O K butto n want s th e ey e t o m o v e t o th e locatio n o f 
th e O K button ,  an d sinc e th e resourc e i s free,  ther e i s n o 
contentio n an d prioritie s d o no t  com e int o play .  Thus , 
th e ey e resourc e coul d b e assigne d t o th e O K butto n 
eve n thoug h th e m e n u ite m wil l  b e appearin g i n a 
fraction  o f  a  secon d an d th e ey e wil l  b e neede d there . 
Therefore ,  t o reserv e th e ey e fo r  th e higher-priorit y 
templat e (i n thi s case ,  th e select-menu-item(Print)) ,  w e 
develope d th e ide a o f  virtua l  resources .  Virtua l 
resource s ar e analyst-define d entitie s tha t  ac t  lik e 
regula r  resources .  Operator s consum e thes e resource s 
and the y hav e t o b e allocate d usin g priorities .  S o a t  th e 
beginnin g o f  th e select-menu-ite m (Print )  templat e s 
first  ey e movement ,  i t  reserve s th e eye-bloc k virtua l 
resourc e an d onl y release s tha t  virtua l  resourc e afte r  it s 
las t  visua l  perceptio n i s complete .  Sinc e al l  eye -
movement s an d visua l  perceptio n requir e thi s eye-bloc k 
virtua l  resource ,  thi s techniqu e block s an y lower -
priorit y templat e from  stealin g tha t  resourc e befor e a 
higher-priorit y templat e i s finished  wit h it . 

Discussion 

We hav e a  computationa l  syste m tha t  implement s an d 
automaticall y interleave s reusabl e behaviora l  templates . 
Whil e onl y tw o template s hav e bee n presente d her e i n 
detai l  (Slow-Move-Clic k an d Fast-Move-Click) ,  severa l 
other s hav e bee n implemente d i n ou r  syste m fo r  touch -
typin g an d applie d t o a  differen t  compute r  aide d desig n 
task ,  an d severa l  mor e ar e unde r  developmen t  fo r 
interactin g wit h th e fligh t  maintenanc e syste m foun d o n 
commercia l  airliners .  Previou s wor k ha s show n tha t 
othe r  currentl y existin g template s i n th e literatur e ar e 
usefu l  fo r  simulation s don e b y han d (Gray ,  John ,  & 
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Atwood ,  (1993 )  bein g a  goo d example) .  W e wil l  wor k 
t o implemen t  thes e a s well .  A s mor e template s ar c 
accumulated ,  issue s suc h a s coverag e o f  possibl e 
behavior s ca n b e addressed . 

We ar e currentl y explorin g th e possibilit y  o f 
generatin g C P M - G O MS model s from  A C T - R P M. 
A C T - R PM impose s it s ow n se t  o f  constraint s o n 
cognitive ,  perceptua l  an d moto r  resources ,  man y o f 
the m differen t  from  thos e o f  C P M - G O M S.  Thi s make s 
th e generatio n o f  genuin e C P M - G O MS behavio r  from 
A C T - R PM mor e challengin g bu t  als o promise s th e 
possibilit y  o f  extendin g th e predictiv e scop e o f  C P M-
G O MS t o a  wide r  rang e o f  skil l  (i.e. ,  from  novic e t o 
expert )  becaus e o f  A C T - R s  ne w productio n 
compilatio n mechanis m (Taatge n &  Lee ,  submitted ) 

I n orde r  fo r  cognitiv e modelin g t o com e int o wide r 
use i n th e desig n process ,  i t  i s  necessar y t o packag e th e 
abundanc e o f  dat a o n huma n perceptual ,  cognitive ,  an d 
moto r  phenomen a int o a  se t  o f  behaviora l  template s tha t 
ca n b e directl y incorporate d int o predictive , 
computationa l  models .  Template s reduc e th e amoun t  o f 
psycholog y an d modelin g methodolog y require d t o 
buil d models ,  compil e th e huma n performanc e dat a int o 
templates ,  an d allo w th e modele r  t o focu s o n tas k 
analysis . 
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Abstrac t 

Collaborative  problem solving involves the active exchange and 
interactio n o f  idea s betwee n tw o o r  mor e peopl e an d suc h interac -
tiv e exchange s ca n resul t  i n th e join t  productio n o f  co-constnicte d 
ideas ,  som e o f  whic h ma y b e novel .  W e analyze d verba l  dat a o f 
pair s o f  student s collaborativel y solvin g problem s pose d b y a  com -
pute r  workplac e simulatio n ( a bankin g business) ,  an d the n indi -
viduall y solvin g tw o transfe r  problems ,  i n orde r  t o examin e th e 
frequency  o f  occurrenc e o f  co-constructe d nove l  ideas ,  an d th e 
subsequen t  individua l  reus e o f  thes e co-constmcte d ideas .  Th e 
result s sho w tha t  i n collaborativ e interactions ,  abou t  2 0 % o f  th e 
task-relevan t  idea s wer e produce d jointly ,  wherea s abou t  8 0 % o f 
th e utterance s wer e produce d individuall y (i.e. ,  the y wer e self -
explanations) .  However ,  abou t  hal f  o f  thes e jointl y produce d idea s 
(o r  10% )  wer e novel .  Moreover ,  individua l  collaborator s wer e abl e 
t o reus e thes e jointl y constructe d idea s t o solv e transfe r  problems . 
Finally ,  mor e interactiv e collaborativ e pair s produce d a  highe r 
proportio n o f  jointl y constructe d idea s tha n les s interactiv e pairs , 
and individua l  member s o f  mor e interactiv e pair s reuse d jointl y 
constructe d idea s mor e tha n lo w interactiv e pairs . 

Introduction 
I n classroom s an d workplaces ,  individual s frequently  lear n 
by collaboratin g wit h others ,  i n task s suc h a s solvin g phys -
ic s proble m (Knese r  &  Plotzner ,  2001) ,  plaimin g (Barron , 
2000) ,  an d learnin g electricit y (va n Boxtel ,  va n de r  Linden , 
& Kanselaar ,  2000) .  Althoug h operationa l  defmition s o f 
collaboratio n var y widel y bot h withi n an d acros s variou s 
field s (e.g. .  Psychology ,  Education ,  Artificia l  Intelligence , 
C S C L ) ,  fo r  th e purpose s o f  thi s paper ,  w e defin e collabora -
tio n a s th e activ e exchang e an d interactio n o f  idea s betwee n 
tw o o r  mor e individual s attemptin g t o discove r  solution s o r 
creat e knowledg e togethe r  (Damon ,  1984) .  Whil e som e o f 
th e result s o f  previou s collaboratio n researc h ar e inconsis -
tent ,  th e majorit y suppor t  th e conclusion  tha t  compare d t o 
solvin g a  proble m alone ,  collaborativ e proble m solvin g i s 
ofte n mor e efficient ,  an d i n som e conditions ,  mor e effica -
ciou s tha n individua l  learnin g ( S C A N S ,  1991 ;  W e b b & 
Palinscar ,  1996) . 

Most  o f  th e initia l  researc h o n collaborativ e learnin g 
focuse d o n th e environmenta l  condition s unde r  whic h 
collaborativ e learnin g wa s mor e effectiv e tha n individua l 
learning .  S o m e example s o f  suc h environmenta l  factor s ar e 
grou p composition ,  tas k features ,  context ,  an d communica -
tiv e med iu m (Dillenbour g e t  al. ,  1996) .  However ,  thes e 
mediatin g factor s als o interac t  i n a  highl y comple x maimer , 
and thi s complexit y ha s m a d e th e resultin g examinatio n o f 

thi s complexit y ha s m a d e th e resultin g examinatio n o f  h o w 
thes e multipl e interaction s produc e collaborativ e learnin g 
effect s a  ver y difficul t  pursuit . 

I n par t  du e t o thi s difficulty ,  a n alternativ e e^jproac h t o 
th e stud y o f  collaboratio n focuse s o n th e interactiv e proc -
esse s tha t  ar e though t  t o underli e successfu l  collaborativ e 
learning .  Example s o f  suc h processe s ar e observin g peers ' 
strategies ,  engagin g i n productiv e argimientation ,  explainin g 
one' s o w n thinking ,  sharin g knowledge ,  an d providin g cri -
tiqu e (Azmitia ,  1988 ;  Bos ,  1937 ;  Coleman ,  1998 ;  Hatan o & 
Iganaki ,  1991 ;  King ,  1990 ;  Phelp s &  D a m o n ,  1989 ;  W e b b , 
Troper ,  &  Fall ,  1995) .  M a n y o f  thes e processe s ar e capture d 
more-or-les s i n W e b b &  Palinscar' s (1996 )  'Input-Process -
Output '  mode l  o f  grou p (collaborative )  processes . 

T h e proces s componen t  o f  th e mode l  contain s fou r 
c o m m on collaborativ e learnin g processes :  (a )  resolvin g con -
flic t  an d controversy ,  (b )  givin g an d receivin g explanations , 
(c )  providin g emotiona l  an d motivationa l  support,  an d (d ) 
co-constructin g n e w ideas .  T h e firs t  tw o processe s resul t  i n 
th e generatio n o f  explanations ,  eithe r  t o resolv e a  conflict , 
or  t o explai n a  proble m o r  solution ,  an d suc h explanatio n 
generatio n i s k n o w n t o produc e learnin g gain s (Chi ,  Bassok , 
Lewis ,  Reimann ,  &  Glaser ,  1989 ;  Palinsca r  &  Brown , 
1984) .  Th e thir d proces s i s generall y comprise d o f  personal -
it y factor s (e.g. ,  emotio n regulation ,  motivation ,  socia l 
skills ,  an d attitudes) ,  eac h o f  whic h effect s h o w collabora -
tor s interac t  wit h on e another .  T h e fourt h process ,  co -
construction ,  ca n potentiall y  resul t  i n nove l  ideas ,  o r  idea s 
tha t  n o collaborato r  previousl y possesse d explicitly . 

Whil e W e b b &  Palinscar' s (1996 )  fou r  collaborativ e 
processe s d o driv e collaborativ e learnin g effects ,  th e first 
thre e processe s ar e no t  imiqu e t o collaboratio n -  tha t  is , 
eac h ca n als o b e observe d an d implemente d i n individua l 
learnin g environments .  Fo r  example ,  conflic t  an d contro -
vers y ca n aris e withi n onesel f  w h e n on e think s mor e deepl y 
about ,  o r  attempt s t o integrat e n e w informatio n with ,  one' s 
prio r  beliefs .  T h e resolutio n o f  suc h conflic t  (o r  self-repairs ) 
produce s learnin g gain s (Chi ,  2000) .  Similarly ,  givin g hel p 
or  explanatio n i s aki n t o self-explainin g one' s o w n thinkin g 
withou t  interactin g wit h anothe r  individual ,  an d suc h self -
explanation s foste r  learnin g (Ch i  e t  al. ,  1989) .  Similarly , 
receivin g explanation s ha s alway s bee n show n t o b e helpfi d 
as well ,  bu t  les s s o tha n givin g explanations .  Providin g 
emotiona l  an d motivationa l  suppor t  i s  als o no t  uniqu e t o 
collaboratio n -  individual s ar e capabl e o f  supportin g thei r 
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o wn emotiona l  an d motivationa l  needs .  I n th e end ,  whil e al l 
fou r  o f  W e b b &  Palinscar' s (1996 )  propose d collaborativ e 
processe s d o driv e collaborativ e learnin g effects ,  co -
constructio n i s th e onl y on e tha t  i s uniqu e t o collaborativ e 
learnin g 

Co-constructio n ha s bee n define d a s th e proces s o f  th e 
join t  productio n o f  idea s (b y member s o f  a  group )  tha t  n o 
individua l  grou p member  i s likel y t o produc e o n thei r  o w n 
(Barron ,  2000 ;  Rafal ,  1996) .  Thus ,  co-constructio n i s a 
proces s tha t  m a y differentiat e collaborativ e an d individua l 
learnin g environments .  Tha t  is ,  collaborator s m a y co-creat e 
nove l  idea s tha t  wer e no t  coherentl y presen t  befor e the y 
collaborated ,  o r  wer e unlikel y t o hav e bee n elaborate d indi -
vidually .  Fo r  example ,  Knese r  an d Ploetzne r  (2001 ) 
administere d qualitativ e an d quantitativ e pre-test ,  interme -
diate-test ,  an d post-tes t  question s t o individual s learnin g 
mechanics .  O n e grou p o f  student s wa s instructe d o n h o w t o 
solv e mechanic s problem s qualitatively ,  whil e anothe r 
groi^ )  wa s instructe d quantitatively .  Afte r  administerin g th e 
intermediate-test ,  individual s from  th e tw o contrastin g 
group s wer e place d i n dyad s an d aske d t o collaborativel y 
solv e n e w mechanic s problems .  Th e author s foun d tha t  in -
dividual s wer e abl e t o answe r  question s (post-test )  tha t  the y 
wer e unabl e t o answe r  prio r  t o collaboratin g (intermediate -
test) .  However ,  th e result s o f  thi s stud y mus t  b e interprete d 
cautiousl y sinc e th e pair s differe d i n expertise ,  whic h sug -
gest s tha t  on e m e m b er  o f  th e dya d m a y hav e learne d from 
th e othe r  member ,  an d no t  tha t  th e dyad s co-constructe d th e 
answer s together . 

Hence ,  th e goal s o f  thi s pape r  ar e t o documen t  th e ex -
ten t  t o whic h collaboratio n facilitate s th e join t  productio n o f 
nove l  ideas ,  an d th e exten t  t o whic h individua l  member s o f 
collaboratin g pair s tak e ownershi p o f  jointl y produce d nove l 
idea s suc h tha t  the y ar e abl e t o assimilat e an d reus e thos e 
idea s late r  m individua l  (transfer )  situations .  T o addres s 
thes e questions ,  w e repor t  a  detaile d verba l  analysi s o f  col -
laborativ e protocol s collecte d i n th e contex t  o f  dyad s inter -
actin g wit h a  compute r  simulation . 

Methods 
Th e verba l  dat a tha t  w e analyze d wer e collecte d an d de -
scribe d m Jeong ,  Taylor ,  an d Ch i  (2000) .  Her e w e briefl y 
summariz e h o w th e verba l  dat a wer e collecte d an d th e 
measure s tha t  ar e relevan t  t o ou r  analysis . 
Participant s 
Twenty-si x hig h schoo l  student s (junior s an d senior s from 
loca l  urba n hig h schools )  participate d i n thi s study ,  compris -
in g 1 3 collaborativ e pair s ( 4 mal e an d 9  fenial e same-se x 
collaborativ e pairs) .  Dat a from  on e pai r  wa s exclude d from 
analysi s du e t o a  collectio n error ,  resultin g i n 1 2 collabora -
tiv e pairs .  Individua l  participant s brough t  a  friend  o f  th e 
same gende r  t o participat e i n th e stud y wit h them ,  resultin g 
i n pair s wher e eac h collaborato r  ha d know n th e othe r  fo r  a 
m e an o f  4  years .  Al l  participant s wer e compensate d fo r  par -
ticipatio n i n th e stud y an d al l  reporte d familiarit y wit h com -

puters .  A  majorit y o f  th e student s reporte d tha t  the y ha d 
u s ^  othe r  compute r  simulation s o r  game s i n th e past . 

Material s 
Cour t  Squar e C o m m u n i t y B a n k ( C S C B ) .  C S C B i s a 
computerize d workplac e simulatio n (SIM )  i n whic h th e use r 
assume s th e rol e o f  a  ne w vice-presiden t  a t  a  smal l  loca l 
bank .  Th e V P i s require d t o solv e problem s arisin g a t  th e 
ban k tha t  cove r  a  variet y o f  genera l  busines s issue s suc h a s 
facilitie s upgrade s o r  custome r  relations .  Th e problem s en -
courag e th e V P t o emplo y a  numbe r  o f  busines s manage -
ment  activitie s (se e Ferrari ,  Taylor ,  an d VanLehn ,  1999 ;  an d 
McQuaide ,  Leinhardt ,  &  Stainton ,  1999 ;  fo r  mor e detail s o n 
th e simulatio n program) .  W e wil l  us e th e mor e genera l  ter m 
S I M t o refe r  t o C S C B . 
S I M Problems .  Th e S I M i s sub-divide d int o 1 4 differen t 
episodes ,  8  o f  whic h wer e selecte d fo r  thi s stud y s o tha t 
divers e topic s woul d b e covere d wit h a  m in imu m amoun t  o f 
overlap .  Sampl e episod e topic s wer e reinvestin g profit s int o 
ban k facilities ,  closing/relocatin g branches ,  approvin g mort -
gages ,  an d selectin g th e bes t  candidat e fo r  a  position . 
Measures .  Severa l  measures ,  suc h a s definition s an d gen -
era l  busines s knowledg e questions ,  wer e designe d t o asses s 
participants '  overal l  pre-tes t  an d post-tes t  performance .  Th e 
on e relevan t  her e i s th e transfe r  tas k tha t  assesse d genera l 
and context-specifi c  knowledg e a t  a  deepe r  leve l  tha n th e 
definition s an d question s measiu'es . 

The transfe r  tas k consiste d o f  tw o problem s (Fres h 
Food s an d Gian t  Gallery) ,  eac h modele d afte r  tw o problem s 
discusse d i n tw o S I M episode s (episod e 9  an d 10) .  Th e 
transfe r  problem s wer e designe d t o ̂ pea r  differen t  o n th e 
surface ,  bu t  share d th e sam e dee p structur e a s th e associate d 
S I M problems .  Durin g th e transfe r  problems ,  participant s 
acte d a s vice-presiden t  (VP )  o f  a  grocer y stor e compan y tha t 
experience s som e o f  th e sam e problem s tha t  th e ban k ex -
perience d i n th e SIM .  I n th e Fres h Food s problem ,  student s 
decide d h o w t o allo t  availabl e ftmds  t o variou s facilitie s 
improvemen t  option s fo r  th e grocer y stor e -  a s the y di d fo r 
th e ban k i n S I M episod e 9 .  I n th e Gian t  Galler y problem , 
student s decide d whethe r  t o clos e a  les s profitabl e stor e 
and/o r  ope n a  ne w stor e -  a s the y di d fo r  ban k branche s i n 
S I M episod e 10 . 

Talk-alou d protocol s wer e elicite d fix)m  participant s t o 
obtai n mor e detaile d performanc e data .  Participant s wer e 
instructe d t o talk-alou d (Ericsso n &  Simon ,  1984 )  durin g 
thei r  collaborativ e (simulation )  an d individua l  (transfer ) 
problem-solvin g sessions ,  bot h o f  whic h wer e audiotape . 
Al l  collaborativ e S I M session s wer e als o video-t^e d 

P rocedu r e 
Participant s too k par t  i n fou r  laborator y sessions ,  eac h sepa -
rate d b y approximatel y fou r  days ,  i n th e followin g order :  (1 ) 
pre-test ,  (2 )  simulatio n sessio n I ,  (3 )  simulatio n sessio n II , 
and (4 )  post-test . 

The pre-tes t  an d post-tes t  wer e administere d t o partici -
pant s individually ,  an d bot h test s aske d participant s t o re -
spon d t o th e definitions ,  transfer ,  an d question s task s -  an d 
i n tha t  order .  Eac h simulatio n sessio n consiste d o f  fou r  epi -
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sodes .  Th e first  thre e episode s i n eac h sessio n wer e 
performe d collaborativel y i n dyads ,  an d th e las t  proble m i n 
eac h sessio n wa s performe d individually .  O n th e collabora -
tiv e problems ,  th e pair s wer e instructe d t o wor k a s a  tea m i n 
discussin g ho w t o handl e th e problem s an d t o reac h a  con -
sensu s befor e makin g an y decisions . 

Analyses and Results 
We repor t  th e result s o f  verba l  analyse s (Chi ,  1997 )  o f  indi -
viduals '  performanc e o n th e tw o transfe r  problem s an d thei r 
associate d S I M episode s 9  an d 10 .  Thi s sectio n describe s 
eac h ste p o f  verba l  analysi s employed ,  followe d b y it s re -
sult . 
T h e N u m b e r  o f  Task-relevan t  Idea s 
Di d collaborator s produc e task-relevan t  ideas ? T o asses s th e 
number  o f  task-relevan t  idea s th e pair s articulated ,  eac h 
pairs '  verba l  protocol s wer e code d fo r  an y combinatio n o f 
utterance s representin g a  meaningfu l  concep t  Hence ,  idea s 
coul d b e produce d eithe r  b y on e individua l  i n on e turn ,  b y 
one individua l  ove r  severa l  conversationa l  turns ,  o r  b y bot h 
individual s ove r  severa l  turn s o n on e topic .  Idea s wer e als o 
require d t o b e task-relevan t  -  tha t  is ,  relate d eithe r  t o busi -
nes s i n general ,  th e them e o f  th e episod e (i.e. ,  facilitie s im -
provement) ,  o r  a  solutio n th e pai r  considered .  Tas k irrele -
van t  idea s consiste d o f  comment s o f  severa l  types ,  suc h a s 
" I  gues s yo u jus t  gott a ask" ,  " W e nee d t o find  ou t  som e 
more information" ,  o r  "Rea d th e m e m o " ,  an d the y wer e no t 
coded . 

Exampl e I  show s a n articulate d task-relevan t  idea .  Not e 
tha t  example s ar e verbati m excerpt s fro m protocol s wit h 
prio r  utterance s (i n brackets )  adde d fo r  additiona l  context . 

Example 1: Articulated Idea 
A:  [I f  w e renovat e th e floors ]  w e wil l  no t  b e able -  [t o 
maintai n ou r  leadershi p because... ] 
B:  [subject s speakin g simultaneously ]  ne w technology . 
A:  Exactly...becaus e w e wil l  no t  hav e th e ne w tech -
nology . 

The basic idea expressed in example 1 is that renovat-
in g th e floors  wil l  consum e th e majorit y o f  th e fund s avail -
abl e fo r  facilitie s improvements ,  resultin g i n a  lac k o f  fund s 
availabl e t o purchas e ne w technolog y ( A T M s )  tha t  woul d 
hel p th e ban k maintai n it s leadershi p positio n i n th e market -
place . 

I n general ,  th e protocol s wer e spars e i n term s o f  th e 
amount  o f  substantiv e idea s produced .  Fo r  example ,  th e 
tota l  numbe r  o f  line s availabl e t o cod e fro m tw o randoml y 
chose n pair s wer e 2,13 1 an d 1,32 0 (pair s 8  an d 11 ,  respec -
tively ,  episod e 9) .  O f  thos e lines ,  onl y 3 % an d 1% ,  respec -
tively ,  wer e substantiv e enoug h t o warran t  coding .  Thi s i s 
consisten t  wit h evidenc e i n th e literatur e showin g tha t  i n 
collaborativ e task s i n whic h concret e action s hav e t o b e 
take n (suc h a s workin g wit h a  simulation) ,  th e dialogue s ar e 
action-oriente d an d les s abstrac t  an d ric h (Betme t  &  Duane , 
1991 ;  Pilkingto n &  Parke r  Jones,  1996 ;  va n Boxte l  e t  al. . 

2000 )  Nonetheless ,  i n playin g th e tw o episode s o f  th e simu -
lation ,  collaborativ e pair s produce d a  tota l  o f  36 5 tas k rele -
van t  idea s (M=30.42 ,  SD=9.23 ,  pe r  pair) .  Th e remainin g 
analyse s wil l  b e reporte d i n th e contex t  o f  th e tota l  numbe r 
of  tas k relevan t  ideas . 

T h e N u m b e r  o f  Nove l  a n d Restate d Idea s 
Were th e task-relevan t  idea s produce d whil e playin g th e tw o 
simulatio n episode s nove l  o r  restated ? T o asses s whethe r 
collaborator s generate d nove l  constructions ,  a s op[>ose d t o 
merel y restatin g informatio n presente d b y th e S IM ,  w e 
compare d th e idea s produce d b y collaborator s t o th e idea s 
explicitl y  presente d b y th e S I M (SIM-ideas) .  SIM-idea s 
wer e identifie d throug h conten t  analysi s o f  th e tw o relevan t 
S I M episode s ( 9 an d 10) .  Thi s conten t  analysi s produce d a 
transcrip t  o f  th e virtua l  conversations ,  interactions ,  an d m a -
terial s explicitl y  presente d b y th e SIM .  SIM-idea s wer e the n 
identifie d i n th e SIM-transcript s followin g th e sam e proce -
dur e employe d t o identif y collaborativ e ideas .  W e the n 
compare d th e collaborativ e idea s produce d b y a  pai r  t o th e 
SIM-idea s tha t  the y wer e expose d t o i n orde r  t o determin e 
whethe r  th e collaboratio n ide a wa s a  nove l  constructio n (n o 
match) ,  o r  a  restatemen t  o f  informatio n embedde d withi n 
th e simulatio n (match) .  W h e n comparin g idea s w e focuse d 
on thei r  conceptua l  meanin g rathe r  tha n th e litera l  vocabu -
lar y used . 

Idea s code d a s nove l  construction s wer e ne w reason s 
generate d b y student s (mos t  likel y fro m prio r  knowledg e o r 
experience) ,  inference s followin g fro m wha t  wa s state d i n 
th e S I M episode ,  substantia l  paraphrase s (pan^ihrase s o f 
mor e tha n on e idea) ,  an d integratio n statement s i n whic h 
student s combine d idea s expresse d i n th e S I M episod e i n 
ways tha t  th e S I M di d no t  explicitl y  suggest .  Restate d idea s 
wer e unsubstantia l  paraphrase s (on e idea) ,  o r  verbati m re -
statement s o f  informatio n presente d b y th e SIM .  Example s 
of  a  nove l  constructio n an d a  restate d ide a ar e give n below : 

Example 2: A Novel Construction (also jointly produced) 
B:  Thi s proposa l  [ N e w A T M s ]  help s th e bank' s profit -
abilit y 
A:  hel p 
B:  helpin g th e ban k t o ru n 
A:  mor e smoothl y 

Example 2 was coded as a novel construction because 
th e S I M neve r  explicitl y  relate s th e bank' s profitabilit y  wit h 
ne w A T M s o r  wit h th e ban k numin g smoothly .  (Not e tha t 
exampl e 2  i s als o a  jointl y produce d idea ,  whic h wil l  b e 
describe d i n th e nex t  section) . 

Example 3: A Restated Idea 
B:  [Ne w A T M ]  card s wil l  b e easie r  t o us e 
S I M :  N e w A T M s ar e easie r  fo r  th e custome r  t o use . 

Example 3 was coded as a restated idea because what B 
articulate s i s a n unsubstantia l  paraphras e o f  th e S I M expli -
cate d ide a tha t  ne w A T M s ar e easie r  t o use .  Th e result s o f 
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thi s analysi s sho w tha t  collaborator s produce d jus t  a s man y 
nove l  idea s (197 )  a s restate d idea s (168) . 

Individuall y a n d Jointl y Constructe d Idea s 
Give n tha t  man y nove l  idea s wer e produced ,  th e questio n o f 
interes t  i s  whethe r  the y wer e jointl y produce d (i.e. ,  co -
constructed) ,  o r  individuall y produced ,  a s compare d t o re-
state d ideas .  Thus ,  fo r  eac h o f  th e 19 7 nove l  an d 16 8 re-
state d idea s w e determine d whethe r  the y wer e individuall y 
constructe d o r  jointl y co-constructed .  Co-constructe d idea s 
wer e define d a s thos e idea s tha t  whe n take n together ,  acros s 
speakers ,  for m a  complet e idea ,  bu t  whe n take n individu -
ally ,  d o no t  represent  th e sam e complet e ide a (Rafal ,  1996 ; 
Barron ,  2000) .  Thus ,  w e decompose d eac h ide a uni t  int o 3 
componen t  parts :  initiation ,  elaboration ,  an d completion . 
Initiatio n wa s defme d a s th e poin t  a t  whic h th e first  utter -
anc e (word )  o f  th e ide a occurred ;  completio n wa s define d a s 
th e poin t  a t  u^ic h a  meaningfu l  statemen t  coul d b e identi -
fied;  an d elaboratio n wa s define d a s th e collectio n o f  utter -
ance s betwee n initiatio n an d completion ,  wher e th e conten t 
of  th e ide a wa s articulated .  W e the n examine d h o w eac h 
ide a wa s produce d i n term s o f  w h o articulate d eac h compo -
nen t 

For  eac h idea ,  i f  th e sam e collaborato r  produce d al l 
thre e components ,  the n th e ide a wa s code d a s individuall y 
produced .  Alternatively ,  i f  difFwen t  collaborator s produce d 
any o f  th e component s o f  on e idea ,  the n tha t  ide a wa s code d 
as jointl y produced .  Hence ,  jointl y produce d idea s required 
th e collaborator s t o displa y conversationa l  move s suc h tha t 
the y complete d eac h other' s ideas .  Th e followin g example s 
illustrat e this . 

Example 4: An Individually Produced Idea 
A:  revenues  an d expense s a t  th e downtow n branc h 
change d 
B:Uhh... . 
A:  revenues  hav e jus t  star t  lik e increas e an d decreas e 
and the n levele d of f  so.. . 
B:  U m m . .  .yeah.. .  [typing ]  h o w d o yo u spel l  fluctuat e 
A:  fluctuating ,  bu t  n o w it' s  levele d of f  and.. . 
B:  H o w d o yo u spell.. . 
A :  well ,  the y generall y decrease d 

Example 4 shows a complete idea (revenues and ex-
pense s fluctuate d bu t  decrease d i n general )  initiated ,  elabo -
rated ,  an d conqjlete d b y on e collaborato r  (A) ,  whil e th e 
othe r  (B )  interject s task-irrelevan t  utterances .  Th e initiatio n 
componen t  i n thi s cas e i s th e beginnin g o f  th e statement : 
"revenues... "  th e completio n componen t  i s th e poin t  a t 
whic h a  complet e ide a i s identifiable :  "...generall y de -
creased" ;  whil e th e elaboratio n componen t  i s th e conten t 
betwee n th e initiatio n an d th e completio n o f  th e idea . 

Example 5: A Jointly Produced Idea: 
B:  Okay ,  th e ne w syste m woul d giv e the -  giv e th e em -
ployees.. . 
A:  mor e tim e t o dea l  wit h th e customers . 

Exampl e S  show s a n ide a (o f  a  ne w system )  initiate d b y 
one collaborato r  (B) ,  the n elaborate d an d complete d b y th e 
othe r  collaborato r  (A) .  Exampl e 2  als o illustrate s a  jointly -
produce d idea . 

Tabl e 1  show s th e numbe r  o f  nove l  an d restate d idea s 
tha t  wer e eithe r  individuall y o r  jointl y produced .  No t  sur -
prisingly ,  roughl y fou r  time s (81% )  a s man y idea s wer e 
individuall y (297 )  rathe r  tha n jointl y ( 1 9 % o r  68 )  produced . 
Proportionately ,  jointl y produce d idea s wer e jus t  a s likel y t o 
be nove l  (59% ,  40/68 )  a s restate d (41% ,  28/68) . 

Table 1: Total Nimiber of Jointly and Individually Pro-
duced ,  Nove l  an d Restate d Idea s fo r  Al l  Collaborativ e Pair s 

Individuall y Produce d 

Jointl y Produce d 

Nove l 

157 

40 

197 

Restate d 

140 

28 

168 

297 

68 

365 

I n simi ,  collaborativ e pair s produce d idea s jointl y abou t 
2 0 % (o r  68 )  o f  th e time ;  individuall y abou t  8 0 % (o r  297 )  o f 
th e time .  Give n tha t  jointl y produce d idea s wer e equall y 
likel y t o b e nove l  a s restated,  abou t  1 0 % (o r  40/365 )  o f  th e 
idea s wer e joinU y produce d nove l  ones . 
R e u s e o f  Idea s D u r i n g Transfe r 
Di d individual s reus e th e jointl y produce d nove l  idea s o n 
transfe r  problems ? I n othe r  words ,  wer e di e individua l  col -
laborator s abl e t o reus e th e jointl y produce d nove l  ideas ,  t o 
indicat e tha t  the y have ,  t o som e extent ,  take n ownershi p o f 
or  assimilate d th e ideas ? Eac h individua l  ide a state d whil e 
solvin g a  transfe r  proble m wa s compare d t o eac h ide a origi -
nall y produce d b y th e pai r  whe n the y solve d th e associate d 
S I M episodes .  I f  a n ide a articulate d whil e solvin g th e trans -
fe r  proble m matche d on e tha t  wa s produce d whil e playin g 
th e S IM ,  the n th e ide a wa s code d a s a  reused  idea . 

I n orde r  t o m a k e mor e sensitiv e comparison s betwee n 
collaborativ e pair s durin g th e S I M an d individual s a t  trans -
fer ,  eac h individual' s transfe r  performanc e wa s average d 
wit h th e individua l  transfe r  performanc e o f  th e othe r  m e m-
ber  o f  thei r  origina l  collaborativ e pair .  Thi s averagin g pro -
cedur e resulte d i n equa l  n  i n eac h conditio n (collaboratio n 
vs .  transfer) . 

I n general ,  th e transfe r  transcript s wer e sparse r  tha n th e 
collaborativ e transcript s i n term s o f  th e tota l  numbe r  o f 
idea s produce d (114 ;  A*=9.5 ,  SZ>=3.75) .  O f  these ,  3 2 % 
(36/114 )  wer e idea s tha t  wer e originall y produce d durin g 
thei r  collaborativ e session .  Overall ,  individua l  collaborator s 
reuse d mor e idea s tha t  wer e originall y produce d individu -
all y (25 )  tha n idea s tha t  wer e produce d jointl y  (11) .  H o w -
ever ,  recal l  tha t  a  significantl y greate r  numbe r  o f  idea s wer e 
originall y produce d individuall y (297 ,  se e Tabl e 1) ,  rathe r 
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tha n jointl y  (68) .  Thus ,  proportionately ,  a  large r  percentag e 
of  jointl y produce d idea s wer e reuse d (16 % o r  11/68 )  tha n 
individuall y produce d (8% ,  o r  25/276) ,  althoug h thi s differ -
ence i s no t  significant .  Basically ,  jointl y an d individuall y 
produce d idea s wer e equall y likel y t o b e reused . 

Not  surprisingly ,  o f  i e individuall y produce d ideas , 
participant s tende d t o reus e thos e tha t  the y generate d o n 
thei r  ow n (64 % o f  th e times ,  16/25 )  mor e tha n thos e tha t 
wer e generate d b y thei r  partne r  (36 % o f  th e time ,  9/25 ;  t 
(11 )  =  2.86 ,  p  <  .05) .  I n contrast ,  i n th e reus e o f  jointl y pro -
duce d ideas ,  ther e wa s n o preferenc e fo r  self-initiate d o r 
partner-initiate d (59 % o r  6.5/1 1 versu s 4 1 % ,  4.5/11) .  Take n 
together ,  thes e result s sugges t  tha t  jointl y produce d nove l 
idea s wer e equall y share d b y eac h partner ,  regardles s o f 
who initiate d them ,  wherea s individuall y produce d idea s 
wer e no t  a s wel l  assimilate d b y th e partner . 

I n sum ,  thes e result s sho w tha t  abou t  one-thir d (32% ) 
of  th e idea s individual s state d whil e solvin g th e transfe r 
problem s wer e originall y produce d durin g collaboration , 
and thes e reuse d idea s wer e equall y likel y t o hav e bee n in -
dividuall y produce d a s the y wer e t o hav e bee n joind y pro -
duced .  However ,  collaborator s ha d a  defmit e preferenc e t o 
reus e self-initiated ,  individuall y produce d ideas ,  bu t  ha d n o 
suc h preferenc e whe n reusin g jointl y produce d ideas .  Thi s 
give s th e jointl y produce d idea s a  specia l  status ,  a s i f  th e 
idea s wer e trul y share d an d owne d b y bot h partners . 
Hig h an d L o w Collaborativ e Pair s 
We hypothesize d tha t  pair s wh o wer e mor e interactiv e 
woul d produc e mor e co-constructe d ideas .  T o tes t  thi s hy -
pothesis ,  w e determine d whethe r  specifi c  pair s wer e mor e o r 
les s collaborativ e base d o n th e numbe r  o f  conversationa l 
turn s take n b y eac h pai r  whil e the y solve d SI M episode s 9 
and 10 .  Hig h an d lo w collaborativ e group s wer e the n 
forme d base d o n a  media n spli t  fMd n =  93 3 turns) ,  an d ex -
clude d tw o pair s extremel y clos e t o th e median .  Th e mea n 
number  o f  turn s fo r  hig h an d lo w group s wa s significand y 
differen t  (1186. 4 vs .  763. 8 turns ,  respectively ;  t  (8 )  =  5.171 , 
E <  .01,) ,  an d ther e wa s n o significan t  differenc e i n th e tota l 
number  o f  idea s produce d overall .  (Not e tha t  fro m thi s poin t 
forwar d hig h an d lo w collaborativ e pair s wil l  b e referre d t o 
as such ,  whil e individua l  member s o f  hig h an d lo w collabo -
rativ e pair s wil l  b e referre d t o a s hig h an d lo w collabora -
tors) . 

Once th e group s wer e established ,  w e compare d th e 
proportio n o f  idea s produce d jointl y versu s individuall y b y 
hig h an d lo w collaborativ e pairs .  Fo r  th e hig h collaborativ e 
pairs ,  th e proportio n o f  idea s tha t  wer e jointl y produce d wa s 
greate r  (27 % vs .  9%;  t  (8 )  =  3.77 ,  p  <  .01) ;  whil e th e pro -
portio n o f  individuall y produce d idea s wa s lowe r  (73 % vs . 
91%,  t  (8 )  =3.82 ,  p  <  .01) .  Additionally ,  th e proportio n o f 
jointl y produce d an d nove l  idea s wa s als o greate r  fo r  hig h 
collaborativ e pair s (17 % vs .  6%) ;  ( t  (8 )  =3.10 ,  p  <  .05) . 

I n sum ,  bein g a  member  o f  a  hig h collaborativ e pai r  re -
sulte d i n a  redistributio n o f  th e type s o f  idea s produce d dur -
in g collaboration .  Tha t  is ,  hig h an d lo w collaborativ e pair s 
produce d equa l  number s o f  idea s overall ,  bu t  hig h collabo -

rativ e pair s produce d mor e idea s jointl y an d fewe r  idea s 
individuall y tha n lo w collaborativ e pairs ;  an d hig h collabo -
rativ e pair s produce d a  greate r  proportio n o f  nove l  co -
constructe d idea s tha n lo w collaborativ e pair s 

Hig h an d L o w Individuals '  Reus e o f  Idea s 
Whil e solvin g th e transfe r  problem s alone ,  individua l  mem-
ber s o f  hig h an d lo w collaborativ e pair s produce d roughl y 
equivalen t  tota l  number s o f  idea s (5 2 vs .  46.5 ,  respectively) , 
as wel l  a s roughl y equivalen t  number s o f  reuse d idea s (1 9 
vs .  13 ;  se e Tabl e 2) .  However ,  th e type s o f  reuse d idea s 
wer e agai n differentiall y  distribute d -  hig h collaborator s 
reuse d mor e jointl y produce d idea s tha n lo w collaborator s 
(18 % vs .  8% ,  8.5/4 7 vs .  1/12 ;  t  (8 )  =  2.434./ ? <  .05) ,  an d 
hig h collaborator s wer e mor e likel y t o reus e jointl y pro -
duce d nove l  idea s tha n lo w collaborator s (20 % vs .  11% , 
5.5/2 8 vs .  1/9) ,  althoug h thi s differenc e wa s no t  significan t 
( p =  0.10) . 

I n sum ,  individua l  member s o f  hig h collaborativ e pair s 
reuse d mor e jointl y produce d ideas ,  an d ha d a  greate r  ten -
denc y t o reus e jointl y produce d nove l  ideas .  Take n togedier , 
thi s patter n o f  result s suggest s tha t  i f  collaborator s engag e i n 
more interactio n the n the y ar e mor e likel y t o produc e co -
constructe d ideas ,  thes e co-constructe d idea s ar e likel y t o b e 
novel ,  an d bot h th e co-constructe d an d nove l  co-constructe d 
idea s ar e likel y t o b e reused .  Hence ,  collaboratio n ha s th e 
advantag e o f  producin g co-constructe d idea s an d co -
constructe d nove l  idea s tha t  ar e reusable . 

Table 2: Number of Ideas Reused by Individuals Who Par-
ticipate d i n Hig h an d L o w Collaborativ e Pair s 

Idea s a t  Transfe r 

Idea s Reuse d 

Individuall y Pro -
duce d 

Jointl y Produce d 

Novel  Idea s 

'  % o f  idea s produce d a 
'  % o f  idea s reuse d a t  t i 

Hig h 

52 

19(36%) ' 

10. 5 (8% )  ̂  

8.5(18%) ^ 

13. 5 (13.5%) ' 

t  transfe r  tha t  wer e reuse d ( e 
'onsfe r  give n th e numbe r  pr o 

Low 

46. 5 

13 (28%) ' 

12(9%) ' 

1 (8%) ' 

7.5(10%) ' 

.g. .  19/5 2 =  36%) . 
duce d durin g collabo -

ratio n (se e Tabl e I) ;  (e.g. .  Reuse d Individuall y Produce d "  lO.S ;  Individu -
all y Produce d durin g collaboratio n -  128 ;  10.5/12 8 -  8 % ) . 

Discussion 
Thes e result s sugges t  tha t  on e advantag e o f  collaboratio n 
may aris e fro m th e co-constructio n o f  nove l  ideas .  Overall , 
we foun d tha t  collaborator s tende d t o produc e mor e idea s 
individuall y tha n jointly ,  confirmin g th e overal l  benefi t  o f 
self-explainin g (Chi ,  e t  al ,  2000) .  However ,  join t  productio n 
di d occu r  clos e t o 2 0 percen t  o f  th e time ,  an d jointl y pro -

659 



duce d idea s wer e jus t  a s likel y t o b e nove l  a s restated .  Over -
all ,  mor e nove l  idea s wer e produce d individuall y tha n 
jointl y (again ,  confirmin g th e benefi t  o f  self-explaining) . 
However ,  individual s reuse d fewe r  nove l  idea s tha t  wer e 
individuall y produce d b y thei r  partne r  tha n wer e jointl y 
produce d wit h thei r  partner ,  suggestin g tha t  listenin g t o 
nove l  idea s produce d b y anothe r  wa s no t  a s effectiv e a s co -
constmctin g nove l  idea s together .  Thes e result s sugges t  tha t 
one doe s no t  assimilat e knowledg e produce d b y a  partne r  a s 
wel l  a s knowledg e co-constructe d b y bot h partners .  Finally , 
th e mor e interactiv e collaborator s reuse d a  greate r  percent -
age o f  jointl y produce d ideas ,  a s wel l  a s a  greate r  percentag e 
of  jointl y produce d nove l  ideas ,  thu s bein g mor e interactiv e 
provide d mor e opportunitie s t o co-construc t  an d reus e nove l 
ideas .  Thus ,  w e ma y conclude ,  (cautiousl y sinc e th e num -
ber s ar e small) ,  tha t  collaboratio n i s a n effectiv e for m o f 
learnin g i n par t  becaus e abou t  1 0 % o f  collaborativ e effort s 
resul t  i n th e productio n o f  co-constructe d nove l  ideas ,  a  por -
tio n o f  whic h individual s tak e ownershi p o f  an d reus e sub -
sequently . 
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Abstrac t 

This study investigated whether children's schema for 
typica l  additio n interfere s wit h thei r  abilit y  t o lear n abou t 
mathematica l  equivalence .  I n a  pretest ,  elementar y 
schoo l  childre n (1 )  solve d a  se t  o f  mat h equivalenc e 
problem s (e.g. ,  3 + 4 +  5  =  3  +  ) ,  (2 )  reconstructe d 
equivalenc e problem s afte r  viewin g the m briefly ,  an d (3 ) 
provide d definition s o f  th e equa l  sign .  Childre n wer e 
categorize d accordin g t o th e numbe r  o f  measure s (ou t  o f 
3)  o n whic h the y exhibite d th e typica l  additio n schema . 
Childre n the n receive d on e o f  fou r  intervention s tha t 
presente d ne w informatio n abou t  equivalenc e problems . 
Finally ,  childre n complete d a  posttes t  simila r  t o th e 
pretest .  Fro m pretes t  t o posttest ,  childre n wh o exhibite d 
th e additio n schem a o n al l  thre e measure s wer e th e leas t 
likel y t o chang e thei r  strateg y fo r  solvin g th e problems , 
followe d b y childre n wh o exhibite d th e schem a o n tw o 
or  on e o f  th e measures .  Al l  o f  th e childre n wh o di d no t 
exhibi t  th e schem a o n an y o f  th e thre e measure s 
changed .  I t  i s  importan t  t o not e tha t  al l  childre n use d 
incorrec t  strategie s a t  pretest ,  s o i t  wa s th e additio n 
schema i n particula r  tha t  wa s associate d wit h chang e 
resistance .  Thus ,  a  stron g schem a ca n interfer e wit h 
learning .  Furthermore ,  children' s additio n schem a ma y 
put  the m a t  ris k fo r  difficultie s i n learnin g higher-leve l 
mathematics . 

Some behaviors and ideas are particularly difficult for 
individual s t o acquire ,  eve n afte r  numerou s attempt s 
hav e bee n mad e b y th e individual s t o lear n the m o r  b y 
instructor s t o teac h them .  Consider ,  fo r  example ,  a 
w o m an w h o ha s alway s counte d o n he r  fingers  w h e n 
solvin g additio n problems .  Sh e doe s no t  wis h t o coun t 
on he r  fingers;  i n fact ,  sh e finds  i t  t o b e a n infiiriatin g 
habit .  However ,  n o matte r  h o w har d sh e trie s t o 
memoriz e th e additio n facts ,  sh e alway s seem s t o resor t 
t o countin g o n he r  fingers.  Conside r  als o a  fathe r  w h o i s 
tryin g t o lear n a  secon d languag e a s a n adult .  Th e fathe r 
i s frustrate d becaus e hi s daughter ,  w h o i s onl y five 
year s old ,  i s  learnin g s o m u c h mor e quickl y tha n h e is . 
W hy i s i t  s o difficul t  fo r  th e w o m a n t o memoriz e th e 
additio n fact s an d fo r  th e fathe r  t o lear n a  secon d 
language ? O n e reaso n m a y hav e t o d o wit h th e 
organizatio n an d strengt h o f  th e behavior s an d idea s 
the y alread y possess .  Th e woman' s knowledg e abou t 

additio n m a y b e organize d int o a  stron g schem a tha t 
interfere s wit h he r  memorizin g o f  th e additio n facts , 
and th e father' s knowledg e abou t  hi s first  languag e m a y 
be organize d int o a  stron g schem a tha t  interfere s wit h 
hi s learnin g o f  th e secon d language . 

A schem a ca n b e define d a s a  higher-leve l  assembl y 
of  knowledg e tha t  i s "unitized "  i n tha t  i t  supersede s it s 
constituen t  part s an d act s a s a  whol e (c f  Smolensky , 
1986 ;  se e als o Hayes-Roth ,  1977 ;  Hebb ,  1949) .  Onc e 
established ,  schemat a ca n serv e a s selectiv e 
mechanism s tha t  determin e h o w environmenta l  stimul i 
ar e encoded ,  interpreted ,  an d store d i n memory .  I n 
general ,  schemat a enabl e fas t  an d efficien t  processin g 
of  environmenta l  stimuli .  However ,  thi s efficienc y ca n 
come wit h a  price ,  especiall y i f  a  particula r  schem a i s 
inaccurat e o r  lackin g i n som e way . 

W h en a  schem a i s strong ,  i t  resist s chang e (e.g. , 
Allport ,  1954 ;  Bartlett ,  1932 ;  Bruner ,  1957 ; 
Schutzwohl ,  1998) .  Individual s w h o hav e a  stron g 
schem a hav e bee n show n t o resis t  learnin g n e w 
informatio n w h e n i t  i s  mor e specifi c  tha n (Adelson , 
1984 ;  T h o m d y k e &  Hayes-Roth ,  1979) ,  no t  applicabl e 
t o (Voss ,  Vesonder ,  &  Spilich ,  1980) ,  o r  discrepan t 
wit h (Marchant ,  Robinson ,  Anderson ,  &  Schadewald , 
1991 ;  Markus ,  1977 )  thei r  curren t  schema .  Indeed , 
individual s w h o hav e a  stron g schem a ofte n activel y 
resis t  chang e b y modifyin g o r  distortin g environmenta l 
inpu t  s o tha t  i t  correspond s t o thei r  schem a (Bartlett , 
1932 ;  Brune r  &  Postman ,  1949 ;  Guion ,  Flege , 
Akahane-Yamada ,  &  Pruitt ,  2000 ;  Hanniga n &  Reinitz , 
2001) .  Importantly ,  th e stronge r  a  schem a is ,  th e mor e 
resistan t  i t  i s t o changin g (se e Luchins ,  1932) . 

Althoug h th e strengt h o f  a  schem a ha s clea r 
behaviora l  consequences ,  i t  i s  no t  alway s obviou s h o w 
t o operationaliz e schem a strengt h apriori .  S o m e 
theorie s sugges t  tha t  strengt h m a y b e determine d b y 
h o w practice d particula r  actio n procedure s ar e 
(Luchins ,  1942) ,  whil e other s sugges t  tha t  i t  m a y b e 
derive d fro m tightl y organize d perceptua l  (Flege ,  Bohn , 
& Jang ,  1997 ;  Intrau b &  Bodamer ,  1993 )  o r  conceptua l 
(Wel lma n &  Ge lman ,  1992 )  information .  Thes e 
account s nee d no t  oppos e on e another ,  though ,  becaus e 
an y give n schem a i s likel y constructe d ou t  o f  variou s 
relate d sub-schemat a (Smolensky ,  1986) .  W e propos e 
tha t  schem a strengt h depend s o n th e relationshi p 
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betwee n th e thre e knowledg e source s (actio n 
procedures ,  perceptua l  information ,  an d conceptua l 
information) .  Accordin g t o thi s view ,  th e stronges t 
schema i s on e i n whic h al l  thre e knowledg e source s 
converge . 

I n th e curren t  study ,  w e focuse d o n a  particula r 
schema tha t  mos t  elementar y schoo l  childre n possess . 
We refe r  t o th e schem a a s th e typica l  additio n schema . 
Thi s schem a include s actio n procedure s fo r  solvin g 
typica l  additio n problem s (e.g. ,  4  +  5 -  , 9 +  2  +  6  = 
_ _ ) ,  suc h a s countin g u p al l  o f  th e number s i n th e 
proble m o r  summin g al l  o f  th e number s b y retrievin g 
additio n fact s fix)m  memory .  I t  als o include s particula r 
perceptua l  patterns ,  suc h a s th e patter n o f  havin g " "  " 
at  th e en d o f  proble m (Barood y &  Ginsburg ,  1983) .  Th e 
schema als o include s a  concepmalizatio n o f  th e equa l 
sig n a s a n operationa l  symbo l  tha t  mean s "th e total " 
(Kieran ,  1981 ;  Rittle-Johnso n &  Alibali ,  1999) .  W h e n 
an additio n proble m i s presented ,  th e typica l  additio n 
schema ca n b e activate d a s a  whole ,  enablin g fas t  an d 
accurat e processin g o f  th e proble m (McNeil ,  2001) . 

Th e typica l  additio n schem a i s adaptiv e becaus e 
childre n nee d t o us e thei r  knowledg e o f  additio n t o 
lea m othe r  mat h concepts ,  suc h a s multiplicatio n an d 
division .  However ,  i t  m a y com e wit h a  price . 
Specifically ,  i t  ma y interfer e wit h children' s abilit y  t o 
lea m abou t  nove l  mathematic s problems ,  suc h a s 
mathematica l  equivalenc e problems ,  whic h ar e 
problem s tha t  hav e addend s o n bot h side s o f  th e equa l 
sig n (e.g. ,  3  +  4  +  5  =  3  + _ ;  Perry ,  Churc h &  Goldin -
Meadow,  1988) . 

Past  wor k ha s show n tha t  som e childre n hav e a n 
especiall y stron g typica l  additio n schem a tha t  lead s 
the m t o distor t  environmenta l  inpu t  abou t  mathematica l 
equivalenc e t o correspon d t o thei r  schema .  Conside r  th e 
proble m 3  +  4  +  5  =  3  +  .I n solvin g thi s problem , 
some childre n ad d u p al l  th e number s an d pu t  1 5 i n th e 
blan k (McNei l  &  Alibali ,  2000) .  I n reconstructin g th e 
proble m afte r  viewin g i t  briefly ,  som e childre n 
reconstruc t  i t  i n term s o f  th e " = a t  end "  perceptua l 
patter n an d writ e " 3 +  4  +  5  +  3  =  _ "  (McNeil ,  2001) . 
I n definin g th e equa l  sig n i n th e problem ,  som e childre n 
say tha t  i t  mean s t o "ad d u p al l  th e numbers "  (McNei l 
& Alibali ,  2002) . 

Once childre n gai n mor e experienc e wit h o r  ar e 
instructe d abou t  mathematica l  equivalenc e problems , 
the y ar e boun d t o generat e ne w way s o f  thinkin g abou t 
th e problems .  However ,  thes e ne w way s o f  thinkin g 
may b e i n conflic t  wit h thei r  alread y establishe d typica l 
additio n schema ,  an d th e tw o m a y compet e fo r 
precedenc e (c f  Siegler ,  1999) .  Accordingly ,  w e 
hypothesiz e tha t  th e strengt h o f  th e typica l  additio n 
schema shoul d b e directl y relate d t o children' s tendenc y 
t o resis t  change s i n thei r  thinkin g afte r  a n interventio n 
tha t  provide s ne w informatio n abou t  equivalenc e 
problems . 

M e t h o d 

Participants 

The sampl e consiste d o f  6 7 third- ,  fourth- ,  an d fifth-
grad e childre n (2 9 boy s an d 3 8 girls) ,  al l  o f  w h o m 
solve d a  se t  o f  mathematica l  equivalenc e problem s o n 
th e experimenta l  pretes t  incorrectly .  Childre n attende d 
publi c o r  parochia l  school s i n th e greate r  Madison , 
Wisconsi n area . 

Measures 

Problem Solving The problem solving measure elicited 
actio n procedure s fo r  solvin g th e problems .  I t  consiste d 
of  thre e mathematica l  equivalenc e problem s o f  th e for m 
a +  b  +  c » a +  .  Fo r  eac h proble m th e experimente r 
place d th e proble m o n a n ease l  an d said ,  "Tr y t o solv e 
th e proble m a s bes t  a s yo u ca n an d the n pu t  you r 
answer  i n th e blank. "  Afte r  childre n wrot e a  solution , 
th e experimente r  said ,  "Ca n yo u tel l  m e ho w yo u go t 
X?"  Afte r  explainin g eac h solution ,  childre n wer e aske d 
t o rat e h o w certai n the y wer e abou t  thei r  "wa y o f 
doing "  th e proble m o n a  7-poin t  scal e tha t  range d from 
"It' s  definitel y wrong "  t o "It' s  definitel y right,"  wit h 
"I' m no t  sur e i f  it' s  wron g o r  right"  a s th e midpoint . 

Problem Reconstruction The problem reconstruction 
measur e elicite d perceptua l  representation s o f  th e 
problems .  T w o task s mad e u p th e measure .  Th e first 
was take n from  Rittle-Johnso n an d Alibal i  (1999) . 
Childre n wer e aske d t o reconstruc t  thre e equivalenc e 
problem s o f  th e for m a  +  b  +  c  =  a  +  afte r  viewin g 
eac h fo r  five  seconds .  Th e secon d tas k als o include d 
thre e problem s an d wa s a  recognitio n versio n o f  A e 
first  task .  Childre n wer e give n a  shee t  o f  pape r  fac e 
down wit h seve n problem s o n it .  On e o f  th e problem s 
was a n equivalenc e proble m i n it s correc t  form .  Th e 
othe r  si x problem s depicte d error s childre n typicall y 
make whe n reconstructin g equivalenc e problems ,  on e 
of  whic h wa s th e typica l  additio n foi l  a  +  b  +  c  +  a  = 

.  Afte r  viewin g a n equivalenc e proble m fo r  five 
seconds ,  childre n wer e instructe d t o tur n th e shee t  o f 
pape r  ove r  an d find  th e proble m tha t  the y jus t  saw . 

Equal Sign Definition The equal sign defmition 
measur e wa s use d t o elici t  conceptua l  understandin g o f 
th e equa l  sign .  T w o task s mad e u p th e measure .  Bot h 
wer e take n fro m Rittle-Johnso n an d Alibal i  (1999) . 
Childre n wer e first  aske d t o defin e th e equa l  sign .  Then , 
the y wer e aske d t o rat e th e smartnes s o f  si x fictitious 
students '  definition s a s no t  s o smart ,  kin d o f  smart ,  o r 
ver y smart .  Th e definition s wer e "th e answe r  t o th e 
problem, "  "repea t  th e numbers, "  "th e en d o f  th e 
problem, "  "somethin g i s equa l  t o anothe r  thing, "  "tw o 
amoimt s ar e th e same, "  an d "th e total. " 
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Procedur e 

Childre n participate d individuall y i n on e experimenta l 
sessio n tha t  wa s videotaped .  I n th e pretest ,  childre n firs t 
complete d th e problem-solvin g measure ,  followe d b y 
th e proble m reconstructio n an d equa l  sig n definitio n 
measure s presente d i n rando m order .  Afte r  th e pretest , 
childre n wer e randoml y assigne d t o interventio n 
condition s i n a  2  (reconstructio n interventio n o r  n o 
reconstructio n intervention )  x  2  (equa l  sig n definitio n 
interventio n o r  n o equa l  sig n definitio n intervention ) 
factoria l  design .  Ehirin g th e intervention ,  childre n i n al l 
fou r  condition s wer e presente d wit h a n equivalenc e 
proble m tha t  ha d th e correc t  solutio n writte n i n th e 
blan k ( 3 +  4  +  5  =  3  +  2) .  I n th e contro l  condition , 
childre n wer e show n th e correctl y solve d proble m an d 
wer e tol d tha t  i t  wa s a  correctl y solve d problem .  The y 
wer e the n encourage d t o thin k abou t  th e proble m fo r 
one minute .  Childre n i n th e othe r  thre e condition s als o 
wer e presente d wit h th e correctl y solve d problem ,  wer e 
tol d tha t  i t  wa s a  correctl y solve d problem ,  an d wer e 
encourage d t o thin k abou t  it .  I n addition ,  childre n w h o 
receive d th e reconstructio n interventio n wer e 
encourage d t o notic e th e equa l  sig n i n th e proble m an d 
wer e aske d t o poin t  t o it .  Childre n w h o receive d th e 
equa l  sig n definitio n interventio n wer e tol d tha t  th e 
equa l  sig n mean s "tha t  th e thing s o n on e sid e o f  i t  hav e 
t o b e th e sam e a s th e thing s o n th e othe r  sid e o f  it "  an d 
wer e aske d t o repea t  th e definition .  Al l  childre n spen t  a 
tota l  o f  on e minut e i n th e intervention .  Afte r  th e 
intervention ,  childre n participate d i n a  posttes t  i n whic h 
the y first  complete d th e proble m reconstructio n an d 
equa l  sig n definitio n measure s i n rando m order , 
followe d b y th e problem-solvin g measure . 

Coding 

Problem Solving Problem-solving strategies were 
code d usin g a  syste m develope d b y Perry ,  Churc h an d 
Goldin-Meado w (1988) .  Strategie s wer e assigne d base d 
on children' s proble m solution s an d verba l 
explanations . 

Problem Reconstruction Each reconstruction was 
examine d fo r  conceptua l  enors .  Conceptua l  error s wer e 
error s tha t  reflecte d inaccurat e reconstruction s o f  th e 
structur e o f  th e equation ,  suc h a s omittin g th e equa l 
sig n o r  on e o f  th e plu s signs .  Error s i n reconstructin g 
th e particula r  number s o r  orde r  o f  th e number s wer e no t 
counte d a s conceptua l  error s (e.g. ,  fo r  th e proble m 3 + 4 
+ 5  =  3  +  _ ,  writin g 4  +  3  +  5  =  3  +  ) .  Eac h 
recognitio n respons e wa s score d a s correc t  o r  incorrec t 
base d o n whethe r  childre n correctl y identifie d th e 
equivalenc e proble m o n th e shee t  provided . 

Equal Sign Deflnition Definitions were coded as 
expressin g th e concep t  o f  equivalenc e o r  not .  Non e o f 
th e childre n gav e a  definitio n tha t  expresse d th e concep t 
of  equivalenc e o n th e pretest .  Children' s rating s o f  eac h 

of  th e fictitious  student' s definition s o f  th e equa l  sig n 
wer e coded .  T w o point s wer e give n fo r  "ver y smart " 
ratings ,  on e poin t  wa s give n fo r  "kin d o f  smart "  ratings , 
and zer o point s wer e give n fo r  "no t  s o smart "  ratings . 
The su m o f  th e rating s fo r  th e tw o defmition s "th e total " 
and "th e answe r  t o th e problem "  wer e subtracte d fro m 
th e su m o f  th e rating s fo r  th e tw o definition s "tw o 
amount s ar e th e same "  an d "somethin g i s equa l  t o 
anothe r  thing "  t o yiel d a  differenc e score .  A  positiv e 
differenc e scor e indicate s tha t  defmition s expressin g th e 
concep t  o f  equivalenc e wer e rate d a s smarte r  tha n 
defmition s suc h a s "th e answer "  an d "th e total. " 

Typical Addition Schema Children were categorized 
accordin g t o whethe r  the y exhibite d th e typica l  additio n 
schema o n th e pretes t  measures .  The y wer e code d a s 
exhibitin g th e schem a o n th e problem-solvin g measur e 
i f  the y (1 )  use d th e "add-all-the-numbers "  strateg y o n a t 
leas t  tw o o f  thre e equivalenc e problem s (a s show n i n 
Tabl e 1 )  an d (2 )  gav e tha t  strateg y a n averag e certaint y 
ratin g greate r  tha n fou r  (o n th e 7-poin t  scale) .  Recal l 
tha t  rating s o f  les s tha n fou r  indicat e childre n thin k 
thei r  strateg y i s incorrect .  Childre n w h o us e th e add-all -
the-number s strateg y bu t  rat e i t  a s incorrec t  ar e likel y 
usin g th e strateg y becaus e the y canno t  c o m e u p wit h 
any alternative s (se e Siegler ,  1983) ,  rathe r  tha n becaus e 
the y ar e operatin g accordin g t o a  stron g schem a pe r  se . 

Childre n wer e code d a s exhibitin g th e schem a o n th e 
proble m reconstructio n measur e i f  the y showe d 
evidenc e o f  convertin g a t  leas t  tw o problem s t o typica l 
additio n problem s (eithe r  o n th e reconstructio n tas k o r 
on th e recognitio n task ,  a s show n i n Tabl e 1) . 

Childre n wer e code d a s exhibitin g th e schem a o n th e 
equa l  sig n definitio n measur e i f  the y showe d evidenc e 
of  thinkin g tha t  th e equa l  sig n mean s "th e siun "  o r  "th e 
total. "  Childre n coul d sho w thi s i n on e o f  tw o ways . 
The y coul d expres s th e ide a o f  addin g o r  totalin g i n th e 
defmitio n the y provide d (a s show n i n Tabl e 1) .  Or ,  the y 
coul d rat e th e definitio n "th e total "  a s "ver y smart. " 

Childre n wer e categorize d accordin g t o th e numbe r 
of  pretes t  measure s (ou t  o f  three )  o n whic h the y 
exhibite d th e typica l  additio n schema .  Thus ,  childre n 
wer e place d int o a n overal l  typica l  additio n schem a 
categor y o f  0 ,  1 ,  2 ,  o r  3 .  Th e numbe r  o f  measure s o n 
whic h th e schem a wa s exhibite d wa s considere d t o b e a 
reflectio n o f  schem a strength . 

Tabl e 1  present s example s o f  schema-base d an d non -
schema-base d response s o n eac h measure .  Notic e tha t 
children' s response s ar e incorrec t  whethe r  the y exhibi t 
th e typica l  additio n schem a o r  not .  Moreover ,  ther e i s 
no reaso n t o believ e tha t  th e thinkin g o f  childre n 
withou t  th e typica l  additio n schem a i s "close r  t o 
correct "  tha n i s th e thinkin g o f  childre n wit h th e 
schema .  Fo r  example ,  definin g th e equa l  sig n a s "th e 
answer "  i s jus t  a s incorrect ,  i f  no t  mor e so ,  tha n 
definin g i t  a s "th e total. "  Thus ,  outsid e o f  th e presen t 
framework ,  ther e i s n o reaso n t o expec t  learnin g 
difference s betwee n childre n w h o d o o r  d o no t  exhibi t 
th e typica l  additio n schema . 
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Tabl e 1 :  Exampl e Schema-base d (SB )  an d Non-schema-base d (NSB )  Response s fo r  th e Proble m 3 + 4 +  5  =  3  +  . 

Strateg y (Solutio n | |  Explanation ) Reconstructio n Equal  Sig n Definitio n 

SB 

NSB 

15 I I  " 1 adde d 3  plu s 4  plu s 5  plu s 3. "  3  +  4  +  5  +  3  =  . 

14II "I added them all up." 3 + 4 + 5 + 3 

4 II "4 comes after 3 in the pattern." 3 + 4 + 5 = 3 = 

24II "3 and 4 and 5, times 2 is 24." 3 + 4 + 5 = + 3. 

"Ad d u p al l  th e number s together. " 

"The total of the problem." 

"Put your answer." 

"It's like where you end the problem." 

Resul t s 

Manipuladon Check 

We examine d pretes t  t o posttes t  change s i n children' s 
performanc e o n th e proble m reconstructio n an d equa l 
sig n definitio n measure s a s a  chec k o n whethe r  ou r 
intervention s provide d childre n wit h n e w way s o f 
thinkin g abou t  th e equivalenc e problems ,  a s the y wer e 
designe d t o do .  A  2  (proble m reconstructio n 
interventio n o r  n o proble m reconstructio n intervention ) 
X 2  (equa l  sig n definitio n interventio n o r  n o equa l  sig n 
definitio n intervention )  A N O V A wa s performe d wit h 
pretes t  t o posttes t  chang e i n numbe r  correc t  o n th e 
reconstructio n measur e (ou t  o f  6 )  a s th e dependen t 
variable .  A s expected ,  th e analysi s reveale d a 
significan t  mai n effec t  fo r  proble m reconstructio n 
intervention ,  F(l ,  63 )  =  4.35 .  Childre n w h o receive d th e 
proble m reconstructio n interventio n improve d thei r 
performanc e o n th e reconstructio n measur e fro m pretes t 
t o posttes t  ( M =  +1.78 ,  S D =  1.31 )  mor e s o tha n di d 
childre n w h o di d no t  receiv e th e interventio n ( M = 
+1.00 ,  S D =  1.65) .  Neithe r  th e mai n effec t  fo r  equa l 
sig n definitio n interventio n no r  th e interactio n wa s 
significan t  (bot h F s <  1) . 

A simila r  2 X 2 A N O V A wa s performe d wit h pretes t 
t o posttes t  chang e i n differenc e scor e o n th e rating s 
portio n o f  th e equa l  sig n defmitio n measur e a s th e 
dependen t  variable .  Recal l  tha t  a  positiv e differenc e 
scor e indicate s tha t  definition s suc h a s "th e sam e as " 
and "equa l  to "  wer e rate d a s smarte r  tha n defmition s 
suc h a s "th e answer "  an d "th e total. "  A s expected ,  th e 
analysi s reveale d a  significan t  mai n effec t  fo r  equa l 
sig n defmitio n intervention ,  F(l ,  63 )  =  25.62 .  Childre n 
w ho receive d th e equa l  sig n defmitio n interventio n 
improve d thei r  differenc e scor e from  pretes t  t o posttes t 
( M =  +1.94 ,  S D =  2.0 )  mor e s o tha n di d childre n w h o 
di d no t  receiv e th e equa l  sig n defmitio n interventio n ( M 
= -.12 ,  S D =  1.23) .  Neithe r  th e mai n effec t  fo r 
reconstructio n interventio n no r  th e interactio n wa s 
significan t  ( F <  1  fo r  both) . 

The precedin g analyse s indicat e tha t  th e intervention s 
provide d n e w informatio n abou t  th e equivalenc e 
problem s an d tha t  childre n were ,  i n general ,  abl e t o tak e 
i n th e presente d informatio n i n it s specifi c  form .  Th e 
mai n questio n a t  han d i s h o w thi s ne w informatio n 

affecte d th e w a y childre n solve d th e equivalenc e 
problems .  Th e intervention s themselve s di d no t  predic t 
pretes t  t o posttes t  change s i n proble m solving ,  x 2 (3 ,  N 
= 67 )  =  3.89 .  Thi s i s no t  surprisin g give n tha t  w e 
predicte d tha t  childre n woul d b e differentiall y  affecte d 
by a n interventio n dependin g o n th e strengt h o f  thei r 
typica l  additio n schema . 

Effects of Addition Schema 

Recal l  tha t  al l  childre n solve d th e problem s incorrectl y 
at  pretest .  Similarly ,  onl y thre e o f  th e childre n 
responde d correctl y t o al l  si x problem s o n th e 
reconstructio n measur e a t  pretest ,  an d non e o f  th e 
childre n provide d a n equa l  sig n definitio n tha t 
expresse d th e concep t  o f  equivalenc e a t  pretest .  I t  i s 
als o importan t  t o not e tha t  children' s pretes t  schem a 
categor y ( 0 t o 3 )  wa s independen t  o f  whethe r  the y 
participate d i n th e contro l  interventio n o r  i n on e o f  th e 
experimenta l  interventions ,  x 2 (3 ,  N = 67 )  =  3.89 .  Ou r 
mai n questio n wa s whethe r  th e strengt h o f  th e typica l 
additio n schem a influence d children' s tendenc y t o resis t 
change s i n th e w a y the y solve d th e equivalenc e 
problem s afte r  a n interventio n tha t  provide d ne w way s 
of  thinkin g abou t  th e problems . 

Table 2: Number of children in each typical addition 
schema categor y w h o change d o r  di d no t  chang e thei r 

problem-solvin g strateg y from  pretes t  t o posttest . 

Number  o f  Pretes t 
Measure s Reflectin g 
Additio n Schem a 

Change N o Chang e 

5 (100% ) 

14 (64% ) 

13 (42% ) 

1 (11% ) 

0 

8 

18 

8 

X2(3 , N =  67)=12.8 8 

Childre n wer e classifie d a s changin g thei r  problem -
solvin g strateg y i f  the y solve d an y o f  th e three ,  posttes t 
problem s usin g a  differen t  strateg y tha n the y use d t o 
solv e th e pretes t  problems .  Tabl e 2  display s th e numbe r 
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of  childre n w h o change d o r  di d no t  chang e (hei r 
strateg y from  pretes t  t o posttes t  i n eac h o f  th e typica l 
additio n schem a categories .  A s show n i n th e table , 
childre n w h o exhibite d th e additio n schem a o n al l  thre e 
measure s wer e highl y unlikel y t o chang e thei r  strateg y 
from  pretes t  t o posttest .  Again ,  al l  childre n use d a n 
incorrec t  strateg y a t  pretest ,  s o i t  wa s th e typica l 
additio n schem a i n particula r  tha t  wa s associate d wit h 
chang e resistance .  Al l  o f  th e childre n w h o di d no t 
exhibi t  th e schem a o n an y o f  th e measure s change d 
thei r  strateg y from  pretes t  t o posttest .  Suc h a  hig h 
proportio n o f  chang e i s surprising ,  give n tha t  th e 
interventio n laste d onl y on e minute . 

Althoug h w e wer e primaril y intereste d i n h o w a 
stron g schem a influence s chang e afte r  a n intervention , 
we wer e als o curiou s abou t  th e correcmes s o f  children' s 
strategie s a t  posttest .  Result s wer e simila r  w h e n 
correctaes s o f  posttes t  strateg y wa s use d i n th e analysi s 
i n plac e o f  pretes t  t o posttes t  strateg y change .  Childre n 
wer e classifie d a s havin g a  correc t  problem-solvin g 
strateg y i f  the y solve d an y o f  th e three ,  posttes t 
problem s usin g a  correc t  strategy .  Fo r  example , 
childre n woul d b e classifie d a s havin g a  correc t  strateg y 
fo r  th e proble m 3  +  4  +  5  =  3 + i f  the y pu t  th e 
solutio n "9 "  i n th e blan k an d sai d tha t  the y adde d 4  plu s 
5 t o ge t  9 .  O f  th e 9  childre n w h o exhibite d th e schem a 
on al l  thre e measures ,  onl y 1  (11% )  use d a  correc t 
strateg y o n th e posttest .  O f  th e 3 1 w h o exhibite d i t  o n 
tw o measures ,  1 0 (32% )  use d a  correc t  strateg y o n th e 
posttest .  O f  th e 2 2 w h o exhibite d i t  o n on e measure ,  8 
(36% )  use d a  correc t  strateg y o n th e posttest .  Al l  5 
(100% )  w h o di d no t  exhibi t  th e schem a o n an y o f  th e 
measure s use d a  correc t  strateg y o n th e posttest .  Th e 
analysi s reveale d a  significan t  relationshi p betwee n th e 
strengt h o f  children' s additio n schem a a t  pretes t  an d 
whethe r  o r  no t  the y use d a  correc t  strateg y o n th e 
posttest ,  x 2 (3 ,  N  =  67 )  =11.52 . 

Discussion 

The result s o f  th e curren t  stud y indicat e tha t  th e 
strengt h o f  th e typica l  additio n schem a ca n interfer e 
wit h children' s abilit y  t o chang e thei r  w a y o f  solvin g 
mathematica l  equivalenc e problem s afte r  a n 
interventio n tha t  provide d ne w way s o f  thinkin g abou t 
th e problems .  Moreover ,  childre n w h o di d no t  exhibi t 
th e typica l  additio n schem a di d no t  merel y chang e thei r 
strateg y fo r  solvin g th e problem s afte r  a n intervention , 
but  actuall y change d t o usin g a  correc t  strategy . 

Thes e result s complemen t  previou s wor k tha t  ha s 
suggeste d tha t  stron g schemat a resis t  chang e (e.g. , 
Allport ,  1954 ;  Bruner ,  1957 ;  Luchins ,  1932 ; 
Schutzwohl ,  1998) .  Th e presen t  stud y indicate s tha t 
individual s w h o hav e a  stron g schem a resis t  change s i n 
thei r  thinkin g eve n afte r  a n interventio n tha t  supplie s 
ne w way s o f  thinking .  Thi s findin g m a y provid e a 
potentia l  avenu e fo r  investigatio n int o individua l 
difference s i n learning .  W h e n a  grou p o f  student s i s 
presente d wit h a  particula r  instruction ,  w h y d o som e 

fai l  t o lear n o r  change ,  whil e other s succeed ? Althoug h 
i t  i s  onl y speculatio n a t  thi s point ,  i t  m a y b e th e cas e 
tha t  individual s w h o hav e difficult y learnin g n e w idea s 
ar e les s flexibl e an d mor e resistan t  t o chang e becaus e 
the y develo p strong ,  inaccurat e schemat a mor e readil y 
tha n d o individual s w h o ar e precociou s learners . 

The presen t  stud y als o extend s previou s researc h 
abou t  schemat a b y introducin g a  n e w w a y o f 
operationalizin g schem a strength .  S o m e account s hav e 
define d schema-lik e structure s accordin g t o well -
practice d actio n pattern s (e.g. ,  Luchins ,  1942) ,  whil e 
other s hav e emphasize d perceptua l  (e.g. ,  Guio n e t  al. , 
2000 )  o r  conceptua l  (e.g. ,  Hanniga n &  Reinitz ,  2001 ) 
information .  I n th e presen t  study ,  childre n exhibite d th e 
typica l  additio n schem a i n thei r  actio n procedure s (i.e. , 
problem-solvin g strategies) ,  perceptua l  encoding s (i.e. , 
proble m reconstructions )  an d conceptua l  knowledg e 
(i.e. ,  equa l  sig n definitions) .  Result s provid e suppor t  fo r 
th e notio n tha t  th e strongest ,  mos t  change-resistan t 
schemat a ar e one s i n whic h al l  thre e o f  th e knowledg e 
source s converg e o n th e sam e idea .  Thus ,  i f  educator s 
wis h t o buil d strong ,  accurat e schemat a i n thei r 
students ,  the y shoul d no t  focu s o n buildin g u p on e 
aspec t  o f  knowledg e a t  th e expens e o f  th e othe r  two . 

The curren t  researc h ha s additiona l  implication s fo r 
educators .  Specifically ,  findings  sugges t  tha t  a  stron g 
typica l  additio n schem a carrie s a  heav y pric e an d m a y 
put  childre n a t  ris k fo r  difficultie s i n late r  year s whe n 
algebrai c equation s becom e th e focu s o f  mathematic s 
instruction .  Thus ,  educator s m a y wan t  t o conside r 
expandin g an d varyin g th e contex t  i n whic h the y 
presen t  th e operatio n o f  additio n an d th e equa l  sig n s o 
tha t  childre n ar e les s likel y t o for m a n inaccurat e 
schema from  thei r  experience .  Mor e generally ,  result s 
sugges t  tha t  children' s existin g knowledg e ca n interfer e 
wit h th e abilit y  t o lear n n e w information .  Thus , 
educator s shoul d b e cautiou s abou t  wha t  the y infe r 
abou t  children' s abilitie s base d o n proficienc y wit h 
today' s topic . 
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Abstrac t 

We constmcted a virtual psychology laboratory (called 
VPL)  o n a  computer .  V P L simulate s tfie  proces s o f  pai r 
subject s collaborativel y solvin g Wason ^  2-4- 6 task , 
whic h ha s bee n traditionall y use d i n th e fiel d o f  th e 
psycholog y o f  discover y science .  Participant s wer e 
require d t o stud y collaborativ e proble m solvin g whil e 
repeatin g experiment s an d hypothesi s revision s usin g 
VPL.  W e conducte d thre e experimenta l  session s usin g 
VPL.  A s a  result ,  w e confinned ,  acros s di e sessions ,  th e 
improvemen t  i n variou s type s o f  participant'performance , 
suc h a s th e organizationa l  constructio n o f  experimenta l 
design ,  th e degre e o f  correctnes s o f  hypothese s th e 
participant s formed ,  an d th e generalit y o f  findings  the y 
discovered . 

1. Introduction 

I t  i s  on e o f  th e mos t  importan t  objective s i n scientifi c 
researc h t o understan d th e behavio r  o f  comple x systems , 
suc h a s physical ,  chemical ,  an d biologica l  systems .  Fo r 
example ,  psychologists ,  regardin g human s a s comple x 
systems ,  tr y t o identif y th e factor s tha t  determin e th e 
behavio r  o f  th e system s (humans )  throug h 
psychologica l  experiments .  Variou s type s o f 
knowledg e ar e neede d t o organiz e psychologica l 
experiments .  Th e abilit y t o contro l  experimenta l 
factors ,  C V S (th e Contro l  o f  Variable s Strategy) ,  i s 
regarde d a s on e o f  th e mos t  importan t  skills .  Klah r  e t  al . 
hav e en îricall y  studie d th e C V S abilit y  o f  variou s 
type s o f  subjects ,  suc h a s elementar y schoo l  students , 
universit y undergraduates ,  an d graduate s majorin g i n 
psychology ,  b y  analyzin g th e discover y proces s fo r 
programmin g gramma r  t o manipulat e a  to y vehicl e 
calle d BigTra k (Klahr ,  2000) .  Moreover ,  the y trie d t o 
appl y th e finding s o n C V S abilit y  obtaine d i n thei r 
laborator y studie s t o a  rea l  educationa l  environmen t 
(Klahr ,  2001) . 

Schun n an d Anderso n constructe d a  simulate d 
psycholog y laboratory ,  calle d S P L ,  o n a  computer . 
Usin g SPL ,  the y conducte d a n experimen t  i n whic h 
universit y student s an d professiona l  psychologist s 
participated ,  an d analyze d thei r  abilitie s fo r  designin g 
and interpretin g experiment s (Schun n &  Anderson , 
1999) .  I n thei r  analysis ,  the y discusse d th e differenc e 
betwee n th e genera l  domain-independen t  an d domain -

dependen t  skill s  use d b y eac h participan t  fo r  plannin g 
psychologica l  experiments . 

Additionall y the y propose d tha t  S P L coul d b e use d a s 
a learnin g environmen t  fo r  tutorin g i n experimenta l 
plannin g skill s  (Schun n &  Anderson ,  2001) .  However , 
i n SPL ,  tw o a d ho c theorie s wer e give n t o th e 
participants ;  an d th e participant s wer e require d t o pla n 
experiment s tha t  determine d whic h o f  thos e tw o 
theorie s wa s valid .  Th e proces s o f  formin g theorie s 
(hypotheses )  wa s ignored .  Additionally ,  S P L di d no t 
actuall y simulat e th e h u m a n cognitiv e process ,  bu t 
simpl y outpu t  subjects '  performances ,  usin g a 
previousl y installe d fimction ,  a s niunera l  value s o f  th e 
parameter s inpu t  b y th e subjects .  Th e proces s throug h 
whic h th e outpu t  wa s obtaine d wa s no t  considered .  I n 
th e presen t  study ,  w e construc t  a  mor e realisti c an d 
comple x experimenta l  environmen t  calle d V P L (Virtua l 
Psycholog y Laboratory) .  Usin g V P L ,  w e le t  universit y 
undergraduate s experienc e conductin g psychologica l 
experiment s tha t  laste d fo r  severa l  hours . 

Schun n an d Anderso n wer e mainl y intereste d i n h o w 
th e participants '  behavio r  change d base d o n thei r  degre e 
of  expertis e i n th e researc h domai n concerned .  Ou r 
interest ,  o n th e othe r  hand ,  i s t o sho w change s i n th e 
participants '  behavior ,  suc h a s i n th e formatio n an d 
verificatio n proces s o f  hypothese s includin g th e stag e o f 
experimenta l  planning ,  a s a  functio n o f  thei r  training . 
We ar e als o intereste d i n th e effec t  o f  V P L a s a 
simulate d psycholog y laborator y o n th e trainin g an d th e 
improvemen t  o f  learner' s experimenta l  behavior . 

2. Experimental environment 

2.1 VPL: Virtual Psycliology Laboratory 

I n V P L ,  tw o productio n system s collaborativel y solv e a 
traditiona l  discover y task :  Wason' s 2-4- 6 tas k (Wason , 
1960) .  Th e missio n give n t o participant s wa s t o stud y 
factor s determinin g th e systems '  performance .  W e ca n 
thin k o f  th e factor s determinin g th e performanc e as ,  fo r 
instance ,  th e degre e o f  differenc e betwee n th e tw o 
systems '  strategies ,  th e interactio n betwee n thos e 
strategie s an d natur e o f  targets ,  an d th e capacitie s o f  th e 
systems '  workin g memory . 

I t  shoul d b e note d tha t  thi s researc h them e bein g use d 
fo r  V P L i s a  highl y reahsti c subjec t  tha t  ha s bee n 
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Figur e 1 :  System' s interface . 

discussed ,  throug h recen t  decades ,  b y psychologist s 
smdyin g huma n collaborativ e discover y i n laborator y 
smdie s (Gorman ,  1992 ;  Lau^lin ,  e t  al. ,  1997) . 
Moreover ,  i t  i s  als o importan t  t o not e tha t  th e 
psychologica l  validit y o f  thi s simulato r  ha s bee n teste d 
by ou r  severa l  experiments .  Th e syste m I s performanc e 
i s determine d accordin g t o a n acma l  simulatio n o f 
solvin g th e task .  W e hav e alread y confirme d tha t  th e 
performanc e o f  thi s simulato r  reflect s tha t  o f  human s 
wel l  (Miwa ,  2001) .  Figur e 1  show s th e interfac e o f 
V P L. 

Th e "Controller "  manage s th e startin g an d endin g o f 
simulation s an d th e appearanc e o f  eac h window .  Th e 
participant s se t  u p experimenta l  factor s i n th e "Inpu t 
Window" .  Th e "Simulatio n Window "  present s a  rea l 
tim e proces s o f  tw o prodiictio n system s solvin g th e 
W a s o n^  2-4- 6 task .  Th e "Resul t  W i n d o w "  show s th e 
fina l  resul t  o f  eac h simulation .  Th e "Summar y 
W i n d o w "  summarize s th e experimenta l  result s obtaine d 
by th e precedin g simulations . 

Tabl e 1  show s th e experimenta l  factor s tha t  th e 
participant s ca n manipulate .  Fiv e o f  th e si x  factor s 
(exchidin g 'Target" )  ar e specifie d i n eac h o f  th e tw o 
productio n systems .  I n th e followin g experiment ,  th e 
value s o f  tw o parameter s ( # o f  activate d instance s an d # 
of  maintaine d hypotheses )  wer e fixed  a t  "all" ;  th e 
participant s coul d manipulat e onl y th e othe r  fou r 
parameters .  Th e performanc e o f  th e simulato r  i s 
determine d b y variou s factors .  Th e fiindamenta l  natur e 
of  it s  behavior ,  suc h a s th e existenc e o f  interactio n 
betwee n th e generalit y o f  th e target s an d th e 
hypothesis-testin g strateg y (Klayma n &  Ha ,  1987 )  an d 
a mai n effec t  o f  th e workin g memor y capacit y ( # o f 
activate d instance s an d #  o f  maintaine d hypotheses) ,  i s 
thoroughl y consisten t  wit h th e finding s tha t  severa l 
psychologist s hav e reporte d i n rea l  psychologica l 
experiments . 

2. 2 Exper imen t 

Participants :  Twent y undergraduat e students ,  no t 
majorin g i n psychology ,  participate d i n th e experimen t 
a s a  par t  o f  a  universit y class . 
B a c k g r o u n d k n o w l e d g e :  Prio r  t o th e e x p e r i m e n t ,  th e 
participant s learne d th e expe r imen ta l  p r o c e d u r e o f 
W a s o n l s 2-4- 6 task ,  a n d als o th e researc h objective s a n d 
m o t i v a t i o n s o f  laborator y studie s us in g thi s k i n d o f 
s i m p l e task .  I n a  p re l im inar y class ,  th e participant s rea d 
a researc h p a p e r ,  w h i c h w a s exper imen ta l  materia l 
p r e p a r e d b y th e authors .  T h e p a p e r  indicate d th e 
e x p e r i m e n t a l  resul t  w h e n a  singl e subjec t  so lve d th e 
task .  T h e resul t  s h o w e d tha t  ther e w a s interactio n 
b e t w e e n th e hypothesis-testin g strateg y a n d th e natur e 

Table 1: Factors determining the simulator's 
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of  th e targets .  Th e participant s too k par i  i n th e 
experimen t  afte r  understandin g thi s finding. 
Procedure .  Thre e experimenta l  session s wer e conducte d 
at  interval s o f  a  week .  Eac h sessio n laste d fo r  on e hou r 
and a  hal f  A t  th e en d o f  eac h session ,  th e participant s 
wer e require d t o repor t  th e fmding s the y ha d obtaine d 
fro m a  serie s o f  experiment s i n th e session . 

Th e participants '  behavio r  i n eac h experimenta l 
sessio n basicall y repeate d th e followin g procedures . 
First ,  tiie  participant s entered ,  i n th e experimenta l  sheet , 
(1 )  th e objective s o f  th e experimen t  the y woul d perfor m 
(wha t  ar e the y investigating?) ,  (2 )  th e predictio n o f  th e 
experimenta l  result ,  an d (3 )  th e experimenta l  plannin g 
use d fo r  controllin g e}q)erimenta l  factor s (whic h factor s 
ar e focuse d o n an d whic h level s o f  eac h facto r  ar e 
searched?) ;  the n the y performe d th e serie s o f 
experiment s planne d i n th e experimenta l  sheet ,  b y 
manipulatin g th e simulator .  Afte r  obtainin g th e 
experimenta l  result ,  the y entere d (4 )  th e interpretatio n 
of  th e experimenta l  result .  Th e participant s repeate d 
thi s serie s o f  procedure s unti l  th e en d o f  th e session . 
Pre -  an d Post -  tests :  Befor e an d afte r  th e thre e 
experimenta l  sessions ,  pre -  an d post -  test s wer e 
conducte d t o measur e th e subjects '  fundamenta l  abilit y 
t o contro l  experimenta l  factors . 

3. Experimental results 

3.1 Chunking behavior 

We defm e a  se t  o f  organize d ejqieriment s a s a  chunk . 
Thus ,  w e thin k o f  a  mor e sophisticate d constructio n o f 
experimenta l  plannin g a s a  proces s o f  constructin g 
highe r  chunk s (Miwa ,  2000) . 

Th e participant s conducte d thei r  experiment s b y 
searchin g th e e)q)erimenta l  spac e a s depicte d i n Figur e 
2.  A s mentione d before ,  tw o factors ,  #  o f  activate d 
instance s an d #  o f  maintaine d hypotheses ,  wer e fixe d a t 
th e valu e "all" .  Th e participant s manipulate d th e 
simulato r  an d obtaine d experimenta l  result s afte r  fillin g 

Facto r  1  Facto r  2  Facto r  3  Facto r  4  Facto r  5  Facto r  6 
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i n th e exper imenta l  shee t  A  se t  o f  exper iment s p l a n n e d 
i n a  piec e o f  th e exper imenta l  shee t  i s regarde d a s a  uni t 
o f  exper iments .  A l m o s t  al l  exper imenta l  p lann in g 
(abou t  9 6 % )  entere d i n a  piec e o f  th e exper imenta l 
shee t  w a s constructe d base d o n th e factoria l  expe r imen t 
design .  So ,  fo r  example ,  w h e n p  level s an d q  level s i n 
eac h o f  tw o factor s wer e searched ,  a  tota l  o f  p  x  q 
experiment s wa s completel y performe d accordin g t o th e 
experimenta l  planning .  W e excluded ,  fro m th e 
followin g analysis ,  unit s o f  experiment s ( 4 % )  whic h 
violate d thi s factoria l  experimen t  design . 

We regar d thi s se t  o f  ejqjeriment s planne d i n a  piec e 
o f  th e experimenta l  shee t  a s th e mos t  basi c chunk .  W e 
cal l  thi s basi c chun k a  "Unit" .  T h e participant s 
combin e multipl e Unit s t o construc t  a  highe r  chunk . 
We propos e th e followin g tw o type s o f  chunking .  Typ e 
A an d Typ e B ,  a s method s fo r  constructin g a  h i ^e r 
chunk . 

See Figur e 3  i n whic h a  Uni t  i s  constructe d b y th e se t 
o f  experiment s wher e s o m e level s o f  Facto r  n  an d 
Facto r  m ar e searched .  T h e firs t  typ e o f  chunkin g i s 
Typ e A  (Figur e 3(a) )  wher e th e searche r  shift s a 
searchin g leve l  o f  Facto r  k  on e b y one ,  whil e 
maintainin g th e searc h o f  Facto r  n  an d Facto r  m .  T h e 
set  o f  thes e experiment s ca n b e groupe d a s a  chun k o f 
experiment s i n whic h thre e factors .  Facto r  n .  Facto r  m , 
an d Facto r  k ,  ar e simultaneousl y controlled .  T h e 
importan t  poin t  i s  tha t  factor s othe r  tha n th e controlle d 
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Figure 3: Two types of chunking behavior. 
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thre e factor s ar e fixe d a t  a n identica l  level . 
Th e secon d typ e o f  chunking ,  Typ e B  (Figur e 3(b)) , 

occur s whe n i t  i s  impossibl e tha t  al l  level s involve d i n 
th e focuse d factors ,  suc h a s Facto r  n  an d Facto r  m ,  ca n 
be searche d a t  th e sam e time ;  th e searc h i s divide d int o 
multipl e Units .  I n thi s case ,  th e se t  o f  multipl e Unit s 
ca n als o b e see n a s a  chunk .  Th e poin t  i s  tha t  factor s 
othe r  tha n Facto r  m an d n  ar e fixed . 

By usin g thes e tw o type s o f  chunking ,  bigge r  chunk s 
ca n b e constructe d fh> m multipl e basi c Units .  W e cal l 
thes e highe r  chunk s "Blocks" .  Her e w e defin e th e 
compressio n rati o o f  chunkin g base d o n th e numbe r  o f 
individua l  experiment s constructin g a  singl e Block .  Fo r 
example ,  i n Figur e 3  (a) ,  on e Bloc k i s constructe d fro m 
4 8 experiment s [ = 6  (Facto r  n )  x  4  (Facto r  m )  x  2 
(Facto r  k)] ;  s o th e compressio n rati o o f  chunkin g i s 
0.02 1 ( -  1/48) .  O n th e othe r  hand ,  i n Figur e 3(b) ,  a s 3 0 
experiment s ( = 6 x 4 +  3 x 2 )  construc t  a  Block ,  th e 
compr«sio n rati o o f  chunkin g i s 0.03 3 ( = 1/30) .  Th e 
smalle r  rati o o f  chunkin g mean s tha t  th e participant s ar e 
abl e t o construc t  a  bigge r  chim k i n thei r  experimenta l 
behavior .  Consequently ,  th e compressio n rati o o f 
chunkin g reflect s th e degre e o f  participants ' 
organizationa l  experimenta l  behavior . 

Figur e 4  shows ,  fo r  eac h o f  th e thre e experimenta l 
sessions ,  th e averag e compressio n rati o o f  chunkin g o f 
th e 1 6 ou t  o f  2 0 participants ,  w h o participate d i n al l  o f 
th e thre e experimenta l  sessions .  (Similarl y analyse s o f 
thes e 1 6 subjects'result s ar e show n i n section s 3.2 ,  3.3 , 
and 3.4. )  A s th e experimenta l  session s proceeded ,  th e 
compressio n rati o o f  chunkin g decreased .  A s a  resul t  o f 
A N O V A,  a  mai n effec t  o f  th e experimenta l  session s 
was significanc e ( p <  .01) .  Thi s resul t  confirm s tha t  th e 
participant s learne d t o construc t  bigge r  chunks ,  i.e. , 
exhibite d mor e organizationa l  behavior ,  throug h 
repeatin g experimenta l  activities . 

3.2 Controlled factors 

We ca n als o confim i  th e proces s o f  constructin g bigge r 
chunk s b y analyzin g th e transitio n o f  th e numbe r  o f 
controlle d factor s b y di e participant s acros s th e thre e 

025 

experimenta l  sessions .  Figur e 5  show s th e averag e 
ratio s o f  th e numbe r  o f  Blocks ,  i n whic h one ,  two ,  an d 
thre e o r  mor e factor s wer e controlled ,  t o th e numbe r  o f 
al l  Blocks .  A s th e experimenta l  session s proceeded ,  th e 
rati o o f  Block s manipulatin g mor e tha n thre e factor s 
increased ,  wherea s th e rati o o f  Block s manipulatin g on e 
facto r  decreased .  A s a  resu h o f  A N O V A,  tha e wa s 
interactio n betwee n th e experimenta l  session s an d th e 
number  o f  controlle d factor s ( p <  .05) .  A  simpl e mai n 
effec t  o f  th e experimenta l  session s a t  eac h o f  th e tw o 
singl e levels ,  on e an d mor e tha n three ,  i n th e numbe r  o f 
controlle d factor s wa s significanc e ( p <  .O S an d p  <  .0 1 
respectively) .  Th e resul t  abov e show s tha t  th e 
participant s learned ,  durin g th e progres s o f  th e 
experimenta l  sessions ,  t o conduc t  experiment s i n whic h 
a greate r  numbe r  o f  variou s factor s wer e manipulated . 

3.3 Hypotheses 

We als o focuse d o n th e hypothese s forme d b y th e 
participants . 

The participant s entere d thei r  predictio n o f  th e 
experimenta l  result s i n th e experimenta l  shee t  befor e 
executin g a  serie s o f  experiments .  A t  tha t  time ,  the y 
als o estimate d th e degre e o f  confidenc e i n th e 
predictio n o n a  1  t o 5  scale .  Additionally ,  afte r 
executin g th e experiment s wit h th e simulator ,  the y 
entere d thei r  interpretatio n o f  th e experimenta l  results . 
At  tha t  time ,  the y als o estimate d th e degre e o f 
correctnes s o f  tiieir  predictio n o n a  1  t o 5  scale . 

Figur e 6  show s th e averag e degre e o f  confidenc e 
estimate d befor e executin g experiment s an d th e averag e 
degre e o f  correctnes s estimate d afte r  th e experiments . 
Th e figure  indicate s tha t  th e degre e o f  correctnes s wa s 
improve d from  th e first  t o thir d session s whil e th e 
degre e o f  confidenc e wa s almos t  constan t  A s a  resul t 
of  A N O V A,  ther e wa s interactio n betwee n th e 
experimenta l  session s an d th e tw o kind s o f  participants ' 
estimatio n (th e degre e o f  confidenc e an d correctness )  ( p 
< 0.01) .  A  simpl e mai n effec t  o f  th e experimenta l 
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Figur e 6 :  Transitio n o f  th e degre e o f 
confidence/correctnes s o f  hypotheses . 

sessions at the degree of correctness revealed 
significanc e ( p <  0.05 )  wiierea s a n effec t  a t  th e degre e 
of  confidenc e di d not . 

Th e degre e o f  correctnes s reflect s th e objectiv e 
vahdit y o f  th e participants '  hypothese s wherea s th e 
degre e o f  confidenc e reflect s th e participants '  subjectiv e 
estimatio n o f  th e probabiht y o f  thei r  hypotheses .  Th e 
invarian t  o f  th e degre e o f  confidenc e implie s tha t  th e 
chang e i n th e con^lexit y o f  th e participants '  hypothese s 
was no t  s o marke d betwee n th e forme r  an d latte r  part s 
of  th e experimenta l  sessions .  O n th e othe r  hand ,  th e 
improvemen t  i n th e degre e o f  correctnes s confirm s tha t 
th e participant s learne d t o for m mor e accurat e 
hypothese s durin g th e progres s o f  thei r  experiment s 
eve n thoug h th e complexit y o f  th e hypothese s wa s 
almos t  constant . 

3.4 Findings 

Next  w e m o v e t o a n analysi s o f  th e finding s tha t  th e 
participant s discovered .  A s mentione d before ,  th e 
participant s wer e require d t o repor t  thei r  finding s a t  th e 
end o f  eac h experimenta l  session . 

We categoriz e th e finding s from  th e viewpoin t  o f 
thei r  generahty .  W e defin e participants '  genera l 
conclusion s mentionin g th e relatio n betwee n a n 
experimenta l  facto r  (o r  factors )  an d th e system' s 
performanc e a s genera l  findings .  Fo r  example ,  th e 
conclusion ,  "positiv e testin g i s effectiv e i n findin g th e 
specifi c  target s wherea s negativ e testin g i s effectiv e i n 
fmdin g th e genera l  targets" ,  i s  a n exampl e o f  a  genera l 
fmdin g becaus e th e participant s mentio n th e relatio n 
betwee n th e tw o factors ,  th e natur e o f  target s an d th e 
hypodiesis-testin g strategies ,  an d th e system' s 
performance .  O n th e othe r  hand ,  w e defin e restricte d 
conclusion s mentionin g a  facto r  (o r  factors ) 
determinin g th e system' s performanc e onl y i n a  specifi c 
situatio n a s specifi c  findings.  Fo r  example ,  th e 
conclusion ,  "i n term s o f  targe t  #27 ,  negativ e testin g i s 

-• — Genera l  finding s 

-B — Specifi c  finding s 

Firs t  Thir d 

Experimenta l  session s 

Figure 7: Transition of the number of 
specific/genera l  findings. 

effective ", is an example of a specific finding because 
thi s conclusio n mention s a  restricte d findin g fo r  a 
specifi c  case :  targe t  #27 . 

Figur e 7  show s th e averag e numbe r  o f  specifi c  an d 
genera l  differen t  findings  i n th e firs t  an d thir d 
experimenta l  sessions .  Th e figure  show s tha t  th e 
number  o f  genera l  findings  increase d acros s th e 
session s wliil e th e numbe r  o f  specifi c  findings 
decreased .  A s a  resul t  o f  A N O V A,  ther e wa s 
interactio n betwee n th e experimenta l  session s an d th e 
natur e o f  findings  (specifi c  an d general )  ( p <  0.01) . 
Simpl e mai n effect s o f  th e experimenta l  session s a t 
bot h level s o f  specifi c  an d genera l  i n th e natur e o f 
findings  revealed  significanc e ( p <  .0 1 an d p  <  .0 5 
respectively) .  Thi s confirm s tha t  th e participant s 
graduall y cam e t o discove r  genera l  finding s durin g th e 
progres s o f  th e experimenta l  sessions . 

3.5 Improvement from Pre test to Post test 

Lastly ,  w e discus s whethe r  th e participant s learne d 
genera l  procedura l  knowledg e o n experimenta l 
plannin g b y analyzin g th e pre -  an d post -  test s tha t  wer e 
carrie d ou t  befor e an d afte r  al l  o f  th e experimenta l 
sessions . 

I n th e pretest ,  th e participant s wer e require d t o pla n a n 
experimen t  tha t  identifie d th e factor s (temperatur e 
and/o r  humidity )  responsibl e fo r  th e growt h o f  bacteria . 
I n th e posttest ,  a n isomorp h o f  th e proble m i n th e 
pretes t  wa s use d wher e th e participant s wer e require d t o 
identif y th e factor s causin g th e growt h o f  plankton . 
Th e participants '  solution s i n eac h tes t  wer e categorize d 
int o tw o types :  (1 )  fo r  identifyin g th e factor s 
determinin g th e growt h o f  bacteri a o r  plankton ,  first 
varyin g on e facto r  whil e fixin g th e othe r  facto r  the n 
manipulatin g tha t  othe r  facto r  (tha t  is ,  firs t  varyin g 
humidit y whil e fixing  temperatur e the n varyin g 
ten^eratur e whil e fixin g humidity) ;  an d (2 ) 
simultaneousl y controllin g bot h tw o factors .  W e cal l 
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one ticto r 
1 w o ftcto n 

Figur e 8 :  T h e compariso n o f  experimenta l 
plannin g i n th e pretes t  an d th e posttest . 

the former planning a "combined one factor 
experiment" ,  an d th e latte r  a  " tw o factor s experiment" . 
T h e latte r  plannin g i s m o r e sophisticate d becaus e i t  ca n 
detec t  interactio n betwee n th e t w o factors ,  bu t  th e 
fonne r  canno t  Figur e 8  s h o w s th e compariso n o f  th e 
solution s o f  1 9 participant s i n th e pretes t  an d i n th e 
posttes t  O n e o f  th e 2 0 participant s w a s exclude d f ro m 
A e analysi s becaus e th e subjec t  indicate d a  confusin g 
answer .  Fisher ^  exac t  analysi s supporte d a  tendenc y i n 
th e increas e o f  th e t w o factor s experimen t  i n th e 
posttes t  compa re d t o i n th e pretes t  ( p < .  1) . 

T h e abov e resul t  confirm s tha t  s o m e o f  th e 
participant s successfull y acquire d genera l  procedura l 
know ledg e o n conductin g appropriat e experimenta l 
plannin g fiuvugh  repeatedl y performin g experiment s 
usin g V P L . 

4. Discussions and conclusions 

I n thi s experiment ,  th e participant s wer e no t  give n an y 
instructio n from a  tutor .  Th e participant s experience d 
th e thre e experimenta l  session s receivin g th e feedbac k 
fro m th e simulato r  whil e repeatedl y performin g thei r 
experiment s b y Aemselve s withou t  an y instructio n 
fro m others .  However ,  th e variou s type s o f  participants ' 
performance ,  suc h a s organizationa l  designin g o f 
experiments ,  th e degre e o f  correctnes s o f  forme d 
hypotheses ,  an d th e generalit y o f  findings ,  wer e 
remarkabl y improved .  Thi s imphe s tha t  thi s kin d o f 
exercis e usin g a  simulate d researc h environment ,  suc h 
as V P L ,  coul d b e effectiv e fo r  providin g tutorin g i n 
psychologica l  activitie s t o student s wh o begi n t o lea m 
experimenta l  psychology . 

We understan d tha t  i t  wa s stil l  no t  clea r  tha t  thes e 
improvement s wer e brough t  abou t  b y th e learnin g o f 
genera l  experimenta l  skill s  suc h a s C V S o r  simpl y b y 
tiie  increas e o f  informatio n o n th e proble m spac e 
searche d durin g th e progres s o f  th e experiments . 
However ,  w e believ e tha t  th e improvemen t  o f  th e 
score s from  th e pretes t  t o th e posttes t  confirm s tha t 
some o f  th e participant s ha d learne d somethin g relate d 
t o genera l  skill s  o n experimenta l  plannin g becaus e th e 
content s o f  thos e test s wer e independen t  from  thos e 
deal t  witf i  i n th e exercis e usin g V P L .  A t  an y rate ,  th e 

experimenta l  result s suppor t  th e possibilit y  o f  achievin g 
"learnin g b y doing "  withou t  instruction s throug h thi s 
sor t  o f  relativel y short-ter m exercis e b y usin g a  VPL -
lik e learnin g environmen t  (Anzai ,  1979) . 

I n ou r  futur e work ,  w e wil l  examin e th e usag e o f  V P L 
as a n experimenta l  microworld .  W e coul d clarify ,  fo r 
instance ,  th e differenc e betwee n Novices '  an d Experts ' 
experimenta l  processe s an d th e effect s o f  backgroun d 
knowledg e o n th e processes .  W e wil l  als o furthe r 
discus s o n th e possibilit y  o f  usin g V P L a s a  tutorin g 
system .  Fo r  example ,  i t  migh t  b e possibl e t o activat e 
th e participants '  learnin g proces s b y givin g informativ e 
feedbac k t o learner s base d o n th e ide a o f  constructin g 
highe r  chunks . 
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Abstrac t 

Evaluating complex propositions requires evaluating truth-
value s an d assignin g moda l  operators .  Previou s researc h 
suggeste d tha t  evaluatin g truth-value s ma y b e th e ke y t o 
assignin g moda l  operators .  Thi s stud y place d 11 1 thir d an d 
fift h grad e childre n i n on e o f  thre e trainin g conditions :  n o 
training ,  trainin g truth-valu e assignment ,  an d trainin g truth -
valu e an d moda l  operato r  assignment .  Th e result s indicat e 
tha t  truth-valu e assignmen t  trainin g i s  sufficien t  t o 
significantl y inq>rov e children' s evaluation s o f  comple x 
propositions . 

Reasoning with complex propositions (statements using 
A N D,  O R ,  N O T ,  IF )  form s th e basi s o f  m u c h higher-orde r 
thinking .  Ther e ar e thre e reasonin g classe s associate d wit h 
processin g propositions :  evaluatin g a  propositio n a s tru e o r 
fals e (truth-values) ,  evaluatin g whethe r  a  conclusio n follow s 
fro m th e premise s (validity) ,  an d judgment s abou t 
possibilit y  an d necessit y (moda l  operators) .  Whil e m u c h 
researc h ha s focuse d o n judgment s abou t  validit y (fo r  a 
recen t  revie w se e Markovit s &  Barrouillet ,  2002) ,  w e wil l 
focu s o n a  less-researche d area :  evaluatin g truth-value s an d 
assignin g moda l  operators . 

The assignmen t  o f  truth-value s entail s determinin g th e 
trut h o r  falsit y o f  a  statemen t  (Johnson-Laird ,  1983) .  Th e 
complexit y o f  assignin g truth-value s depend s o n th e numbe r 
of  element s bein g evaluate d (i.e. ,  h o w m a n y item s nee d t o 
be evaluated )  an d th e numbe r  o f  state s unde r  evaluatio n (th e 
number  o f  combination s an d thei r  associate d truth-values) . 
T o bette r  illustrat e thi s poin t  w e wil l  provid e example s o f 
tw o representativ e tasks .  T h e fu^ t  i s  sentenc e verification . 
I n a  sentenc e verificatio n task ,  subject s typicall y ar e give n a 
simpl e propositio n (e.g. ,  th e sta r  i s white )  t o evaluat e eithe r 
wit h thei r  existin g knowledg e o r  wit h som e referenc e 
material s (e.g. ,  pictur e o f  a  whit e star) .  Ther e ar e tw o 
possibl e value s fo r  eac h proposition :  tru e o r  false .  Becaus e 
ther e i s  onl y on e elemen t  unde r  consideration ,  th e 
evaluatio n i s base d o n semanti c propertie s (Roberts ,  W o o d , 
& Gihnor e 1994) .  Th e secon d typ e o f  task ,  evaluatin g 
comple x proposition s suc h a s conjunction s an d disjunctions , 
i s  mor e complicate d tha n sentenc e verificatio n becaus e i t 
require s th e evaluatio n o f  tw o element s an d fou r  possibl e 
states .  Fo r  example ,  w h e n evaluatin g a  conjunctio n (e.g. ,  th e 
sta r  i s whit e an d th e circl e i s  blue) ,  eac h singl e propositio n 

has it s  o w n truth-valu e (whit e star ;  blu e circle) . 
Additionally ,  th e statemen t  a s a  whol e i s onl y tru e i f  bofl i 
singl e propositioit s ar e true ,  thu s ther e i s onl y on e o f  th e 
fou r  possibl e resultin g combination s tha t  result s i n a n 
assignmen t  o f  "true "  fo r  th e entir e statement . 

Assignin g moda l  operator s i s  determinin g w h e n a 
statemen t  i s possibl e o r  necessar y (Johnson-Laird ,  1983) . 
Lik e th e assignmen t  o f  truth-values ,  th e assignmen t  o f 
modal  operator s differ s i n complexit y dependin g o n th e 
natur e o f  th e task .  Moda l  operator s ca n b e assigne d o n 
statement s suc h a s " A brothe r  i s  a  boy "  i n whic h b y 
definitio n th e statemen t  i s necessaril y  tru e (Miller ,  Custer , 
& Nassau ,  2000) .  I n thi s tas k th e assigmnen t  i s base d o n 
purel y semanti c factors .  A  mor e difficul t  tas k i s assignin g 
modal  operator s fo r  comple x proposition s suc h a s 
contradiction s an d tautologies .  T o determin e tha t  a 
tautolog y i s alway s tru e (possible )  an d tha t  a  contradictio n i s 
alway s fals e (impossible )  require s evaluatin g th e semantic s 
and synta x o f  th e statement .  Tha t  is ,  on e mus t  conside r  th e 
truth-valu e o f  th e connectiv e an d whethe r  th e semanti c 
element s matc h an y o f  th e possibl e truth-values .  Thus ,  a 
contradictio n wil l  alway s b e fals e becaus e on e o f  th e tw o 
proposition s wil l  alway s b e fals e an d a n A N D statemen t 
require s bot h element s t o b e tru e fo r  th e entir e statemen t  t o 
be true . 

Development of Truth-values and Modal Operators 

Very little attention has been given to how children 
coordinat e assignin g truth-value s an d assignin g moda l 
operators .  Tha t  is ,  ar e thes e processe s relate d an d i f  so , 
h o w? Perhap s gain s o n on e phas e d o no t  correspon d t o gain s 
on th e other ,  thu s w e wil l  cal l  thi s possibilit y  th e separat e 
phas e hypothesis .  M u c h previou s researc h o n eithe r  proces s 
has focuse d o n a  singl e proces s withou t  examinin g th e othe r 
typicall y reportin g performanc e i n on e withou t  respec t  t o 
change s i n th e othe r  (Rufftnan ,  1998 ;  Brain e &  Rumain , 
1981 ;  Osherso n &  M a r k m a n ,  1976 ;  Paris ,  1974) .  Thus , 
perhap s th e tw o ar e no t  related . 

Th e onl y theoretica l  positio n tha t  ha s examine d bot h 
processes ,  menta l  logic ,  state s tha t  th e tw o processe s ar e 
par t  o f  a  singl e inferentia l  schem a tha t  i s acquire d wit h 
languag e (Brain e &  O'Brien ,  1997) .  Onc e activated ,  thes e 
schema s fire  a  serie s o f  inferentia l  rule s tha t  produc e a 
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correc t  conclusio n fo r  al l  type s o f  inference s (truth-value s 
an d moda l  operators) .  Thu s thi s positio n suggest s tha t 
childre n shoul d eithe r  er r  o n assignin g truth-value s o r  moda l 
operator s o r  produc e correc t  evaluation s fo r  both ,  bu t  ther e 
shoul d b e n o inconsistency .  W e wil l  cal l  thi s approac h th e 
compile d phas e hypothesis .  Previou s research  demonstrate s 
difference s i n youn g children' s abilit y t o assig n truth-value s 
an d moda l  operator s (Morri s &  Sloutsky ,  2002 ;  Miller , 
Custer ,  &  Nassau ,  2000 ;  Brain e &  Rumain ,  1981 ;  Osherso n 
& Markman ,  1976) ,  however ,  mos t  o f  thi s research  di d no t 
loo k a t  th e consistenc y o f  responses  withi n individua l 
children .  T w o studie s tha t  examine d within-participan t 
consistenc y (Morri s &  Sloutsky ,  2002 ;  Morri s &  Klahr ,  i n 
review)  foun d larg e difference s i n children' s performanc e 
specifically ,  tha t  childre n produce d correc t  response s o n 
assignin g truth-value s befor e moda l  operators .  Thes e 
difference s m a y sugges t  tha t  suc h coordinatio n i n thes e 
type s o f  inference s m a y occu r  lat e i n developmen t  (se e 
Morri s &  Sloutsky ,  2002 ,  fo r  a  discussion) . 

I t  i s  als o possibl e dia t  th e tw o type s o f  inference s ar e 
related  an d tha t  knowledg e abou t  on e i s related  t o th e 
developmen t  o f  th e other .  W e wil l  cal l  thi s th e dependen t 
phas e hypothesis .  Morri s &  Sloutsk y (2002 )  an d Morri s an d 
KJah r  (i n review)  examine d children' s assignmen t  o f  truth -
value s an d moda l  o{>erator s an d observe d tha t  m a n y childre n 
erre d o n on e whil e givin g correc t  responses  o n th e other , 
providin g evidenc e agains t  th e compile d phas e hypothesis . 
Further ,  i n eac h case ,  childre n w h o correctl y assigne d moda l 
operator s als o assigne d correc t  truth-value s whil e th e 
convers e wa s no t  tru e suggestin g tha t  th e abilit y t o assig n 
correc t  truth-value s precede d th e abilit y t o assig n correc t 
modal  operators .  Th e dependen t  phas e hypothesi s suggest s 
tha t  childre n mus t  firs t  lea m t o assig n correc t  truth-value s 
befor e the y ca n assig n moda l  operator s becaus e th e 
mapping s tha t  allo w truth-valu e provid e sufficien t 
informatio n t o infe r  moda l  operators . 

Th e presen t  stud y wa s designe d t o compar e th e thre e 
approache s an d t o tes t  th e dependent-phas e hypotheses .  A 
trainin g stud y wa s conducte d i n whic h childre n wer e give n 
instructio n o n assignin g truth-value s an d moda l  operators . 
Childre n wer e randoml y assigne d t o on e o f  thre e conditions . 
Th e firs t  instructiona l  conditio n ("mapping" )  provide d 
explici t  instructio n o n evidenc e evaluatio n only .  Th e secon d 
instructiona l  conditio n ("necessity" )  gav e childre n explici t 
instructio n o n evidenc e evaluatio n an d evidenc e requests . 
Th e thir d conditio n ("control" )  gav e childre n n o instruction . 

Our  first  predictio n i s  tha t  mer e exposur e t o logica l 
statement s i s  insufficien t  t o improv e performanc e o n an y 
processin g phase .  I f  al l  condition s sho w equa l  improvemen t 
on flie  post-test ,  the n thi s support s th e compile d phas e 
hypothesi s becaus e learnin g wa s no t  required ,  onl y 
familiarit y wit h th e typ e o f  problem .  Th e secon d predictio n 
i s tha t  trainin g i s  necessar y fo r  improvement s i n 
performance .  I f  th e mappin g an d necessit y condition s sho w 
significan t  improvemen t  fro m pre -  t o post-tes t  an d 
children' s performanc e i n thes e condition s ar e significantl y 
bette r  tha n th e performanc e o f  childre n i n th e contro l 

condition ,  thi s provide s evidenc e agains t  th e compile d phas e 
hypothesi s (becaus e trainin g wa s require d t o improv e 
performance )  an d support s th e separat e an d relate d phase s 
hypotheses .  Th e thir d predictio n i s  tha t  improvemen t  i s 
specifi c t o th e phase s o n whic h trainin g ha s bee n given .  I f 
childre n i n th e mappin g an d necessit y conditio n ar e no t  b e 
significantl y differen t  i n thei r  post-tes t  performanc e level s 
the n thi s support s th e dependen t  phas e hypothesis ,  however , 
i f  th e mappin g an d necessit y condition s ar e differen t  o n th e 
post-test ,  the n thi s support s th e separat e phas e hypothesis . 

Metho d 

Participants 
Th e participant s wer e 11 1 children :  6 0 thir d (mea n ag e 

8,8 ;  2 9 boys ,  3 1 giris )  an d 5 1 fifth  (mea n ag e 10,8 ;  2 5 boys , 
26 girls )  grader s enrolle d i n tw o publi c o r  tw o privat e 
school s locate d i n Pittsburgh ,  Pennsylvania .  Participant s 
wer e chose n o n th e basi s o f  returnin g a  parenta l  consen t 
form .  Thir d an d fifth  grad e childre n wer e selecte d becaus e 
cross-sectiona l  studie s (e.g. ,  Morri s &  Sloutsky ,  2002 )  hav e 
demonstrate d significan t  improvement s i n logica l  reasonin g 
betwee n thes e ages .  Childre n i n eac h grad e wer e randoml y 
assigne d t o on e o f  th e thre e conditions . 

Design 
We use d a  3  (condition )  x  2  (grade )  x  4  (session )  desig n 

wit h sessio n a s within-participant s measure .  Th e thre e 
condition s (control ,  mapping ,  necessity )  differe d i n th e 
amount  o f  explici t  instructio n o n h o w t o evaluat e differen t 
type s o f  logica l  statements .  Th e contro l  grou p wa s give n a 
serie s o f  1 2 problem s formall y identica l  t o thos e i n th e 
pretes t  i n bot h trainin g session s withou t  an y instruction . 
Childre n i n th e mappin g conditio n wer e give n explici t 
instructio n abou t  rule s use d t o evaluat e evidenc e i n logica l 
statements .  Childre n i n th e necessit y conditio n wer e give n 
th e sam e evaluatio n rule s a s thos e i n th e mappin g conditio n 
and wer e give n explici t  instructio n abou t  whe n evidenc e 
was necessar y an d unnecessary . 

Eac h chil d participate d i n fou r  sessions :  a  pre-test , 
trainin g 1 ,  trainin g 2 ,  an d a  post-test .  I n th e pre-test , 
childre n wer e aske d t o evaluat e th e truth-statu s o f  a  serie s o f 
16 statements .  I n th e secon d an d thir d session s childre n 
wer e give n on e o f  th e thre e trainin g conditions .  I n th e fourt h 
sessio n eac h chil d wa s give n a  post-tes t  formall y identica l  t o 
th e pre-test . 

Procedure 
Th e procedur e wa s divide d int o fou r  session s ove r  fou r 

days :  (1 )  Da y 1 -  Pre-test ,  (2 )  Da y 2 -  Trainin g 1 ,  (3 )  Da y 3 -
Trainin g 2 ,  (4 )  D a y 4 -  Post-test .  Eac h sessio n wa s separate d 
by approximatel y on e wee k ( M = 8. 2 days) .  Eac h chil d wa s 
interviewe d individuall y i n a  quie t  locatio n i n hi s o r  he r 
school .  Th e interviewe r  recorde d eac h child' s response s fo r 
al l  fou r  sessions . 
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Sessio n 1 -  Pre-tes t 
Al l  instruction s fo r  th e experimenta l  segmen t  wer e rea d t o 

eac h participan t  an d repeate d i f  requested .  Th e pre-tes t 
consisten t  o f  4  warm-u p statement s an d 1 6 actua l 
statements .  T w o card s wer e place d i n front  o f  eac h child :  a 
statemen t  car d (fac e up )  an d a n evidenc e car d (fac e down) . 
The orde r  o f  presentatio n o f  statemen t  an d evidenc e pair s 
was counterbalance d acros s participants .  Eac h chil d wa s 
presente d a  tota l  o f  1 6 statement s correspondin g t o 4  o f  eac h 
of  th e followin g types :  conjunctions ,  disjunctions , 
tautologies ,  an d contradictions .  Th e chil d the n rea d th e 
statemen t  car d aloud .  Afte r  th e chil d rea d th e statement , 
Questio n phas e 1  ( a prior i  evaluation )  wa s the n aske d ("I s 
th e sentenc e true ,  no t  true ,  o r  can' t  yo u tell?") .  Afte r  th e 
answer  wa s recorded .  Questio n phas e 2  wa s aske d (evidenc e 
request :  " D o yo u nee d t o se e th e pictur e t o fin d out?") .  I f 
evidenc e wa s requested ,  th e evidenc e car d w a s turne d ove r 
(al l  wer e pictures )  an d place d i n front  o f  th e participant . 
Questio n phas e 3  wa s the n aske d (evidenc e evaluation )  i n 
whic h th e chil d wa s aske d t o evaluat e th e initia l  statemen t 
usin g th e evidenc e requeste d ("No w tha t  yo u hav e see n th e 
picture ,  wa s th e sentenc e true ,  no t  true ,  o r  can' t  yo u tell?" ; 
Aske d onl y i f  evidenc e wa s requested) .  Th e tas k too k 
^proximatel y 1 5 minutes . 

Session 2- Training 1 

Control Condition. The procedure used in the control 
conditio n wa s identica l  t o th e procedur e use d i n th e pre-test . 
Childre n i n th e contro l  conditio n wer e give n a  se t  o f  1 2 
statement s structurall y identica l  t o thos e i n di e pre-tes t  bu t 
wit h altere d content .  A s i n th e pre-tes t  childre n wer e aske d 
up t o thre e question s fo r  eac h statemen t  correspondin g t o 
th e thre e processin g phases .  Childre n wer e give n n o 
feedbac k o r  instruction s afte r  thei r  responses .  Thi s 
procedur e laste d 1 0 minutes . 

Training Warm-up Segment. Note the training warm-up 
was use d onl y wit h th e mappin g an d necessit y conditions . 
The trainin g warm-u p segmen t  wa s a  brie f  sessio n i n whic h 
childre n wer e give n basi c rule s fo r  evaluatin g evidenc e wit h 
th e connective s A N D o r  O R .  Th e trainin g consiste d o f  thre e 
parts :  (1 )  explanatio n o f  sentenc e parts ,  (2 )  explanatio n o f 
evaluatio n rules ,  an d (3 )  rul e use/feedback .  Childre n wer e 
firs t  give n a n explanatio n o f  th e "parts "  o f  eac h sentenc e i n 
th e task .  Eac h sentenc e wa s divide d int o tw o part s (clause s 
separate d b y th e connective )  an d a n "importan t  word "  (th e 
logica l  connective) .  Childre n wer e tol d tha t  th e importan t 
wor d indicate d whic h rul e wa s use d t o evaluat e eac h typ e o f 
statement . 

Childre n wer e the n aske d t o demonstrat e th e part s an d 
importan t  word s o n a  ne w sentenc e wit h feedbac k provide d 
fo r  errors .  Next ,  childre n wer e give n brie f  instructio n o n 
h o w t o evaluat e evidenc e wit h eac h typ e o f  importan t  word . 
Childre n wer e give n simpl e rule s fo r  eac h connective . 
Childre n wer e tol d tha t  th e evidenc e ha d t o matc h bot h part s 
fo r  a n A N D sentenc e t o b e true ,  otherwis e i t  i s  false . 
Childre n wer e tol d tha t  evidenc e ha d t o matc h onl y on e par t 
of  th e statemen t  fo r  a n O R t o b e tru e otherwis e th e 

statemen t  i s false .  Th e decisio n t o explai n a n O R a s a n 
exclusiv e O R wa s mad e t o m a k e a  clea n conceptua l 
distinctio n betwee n O R an d A N D . 

Once th e rule s fo r  importan t  word s wer e explained , 
childre n wer e give n a  statemen t  an d a  serie s o f  evidenc e 
cards ,  presente d on e a t  a  time ,  an d aske d t o identif y th e 
part s an d importan t  wor d the n t o evaluat e th e statemen t  a s a 
whole .  I n total ,  tw o statement s ( 1 O R ,  1  A N D )  an d fou r 
evidenc e card s ( 1 true ,  1  fals e fo r  eac h statemen t  type )  wer e 
give n ove r  th e trainin g warm-up .  Feedbac k wa s provide d fo r 
incorrec t  response s givin g th e correc t  answe r  an d re -
explainin g th e evaluatio n rule .  Thi s procedur e too k 5 
minutes .  Th e warm-u p wa s onl y give n befor e Trainin g 1 . 

Mapping Condition. The mapping condition provided 
explici t  instructio n abou t  evaluatin g evidenc e wit h 
statements .  Eac h chil d wa s give n fou r  statement s (on e o f 
eac h type )  an d thre e differen t  piece s o f  evidenc e fo r  eac h 
statement .  Th e mappin g conditio n provide d instructio n fo r 
eac h statemen t  i n thre e stage s ove r  whic h th e scaffoldin g 
provide d b y th e interviewe r  wa s graduall y reduced :  (1 ) 
explici t  instruction ,  interviewer-le d solution ,  (2 )  prob e 
questions ,  scaffolde d solutio n an d (3 )  prob e questions , 
child-le d solution . 

I n th e first  stag e o f  th e instruction ,  th e interviewe r  place d 
a statemen t  car d o n th e tabl e an d aske d th e chil d t o evaluat e 
th e statemen t  a s true ,  no t  true ,  o r  can' t  tell .  Th e interviewe r 
the n place d th e first  evidenc e car d o n th e tabl e an d aske d th e 
chil d t o evaluat e th e statemen t  base d o n th e evidenc e card . 
The interviewe r  the n provide d explici t  instructio n abou t  th e 
part s an d importan t  word s o f  eac h statemen t  an d th e correc t 
conclusio n regardles s o f  th e child' s response .  Th e secon d 
evidenc e car d wa s the n place d o n th e ts l̂ e besid e th e first 
evidenc e card .  Th e interviewe r  aske d th e chil d t o repea t  th e 
rul e fo r  th e importan t  word ,  matc h evidenc e t o eac h par t  o f 
th e sentence ,  an d the n t o evaluat e th e sentenc e a s a  whole .  I f 
any evaluatio n wa s incorrect ,  childre n wer e give n 
immediat e feedback .  Th e thir d evidenc e car d wa s place d o n 
th e tabl e besid e th e first  tw o cards .  Th e interviewe r  the n 
aske d th e chil d evaluat e eac h par t  o f  th e sentenc e an d 
evaluat e th e sentenc e a s a  whole .  Feedbac k wa s provide d 
onl y i f  th e chil d answere d incorrectly .  Thi s procedur e wa s 
repeate d fo r  eac h statemen t  typ e an d too k approximatel y 1 0 
minute s pe r  child . 

Necessity Condition. The procedure in the necessity 
conditio n wa s identica l  t o th e mappin g conditio n wit h th e 
additio n o f  tw o prob e segment s afte r  evaluatin g th e secon d 
and thir d evidenc e cards .  Afte r  th e secon d evidenc e card , 
th e tw o evidenc e card s (an d th e truth-value s associate d wit h 
them )  wer e reviewe d t o determin e i f  thei r  content s change d 
th e truth-value s o f  th e statemen t  a s a  whole .  Afte r  th e thir d 
evidenc e card ,  al l  card s wer e reviewed .  Th e chil d wa s the n 
aske d whethe r  th e evidenc e change d th e statement' s truth -
value .  I f  th e evidenc e wa s necessary ,  the n th e chil d wa s tol d 
tha t  i t  wa s necessar y t o first  se e evidenc e befor e evaluatin g 
"thi s typ e "  o f  statement .  I f  evidenc e wa s unnecessary ,  the n 
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th e chil d wa s tol d tha t  n o evidenc e woul d chang e th e truth -
valu e o f  "̂ ihi s type "  o f  statemen t  because ,  fo r  example ,  th e 
tw o clause s i n a  contradictio n ca n neve r  matc h th e sam e 
evidenc e (i n thi s cas e th e sam e picture) . 

Session 3: Training 2 
Th e trainin g 2  wa s identica l  t o tha t  use d i n Trainin g 1 . 

Session 4: Post-test 
Th e post-tes t  procedur e wa s identica l  t o th e pre-test . 

Materials 

Pre- and Post-Test Materials. Pre- and post-test materials 
wer e logicall y identica l  bu t  ha d slightl y differen t  content . 
Eac h sessio n require d th e evaluatio n o f  fou r  statemen t 
types :  tautology ,  contradiction ,  disjunction ,  an d 
conjunction .  Eac h chil d sa w fou r  instance s o f  eac h 
statemen t  type .  Th e material s consiste d o f  1 6 unline d 3  x  9 " 
card s wit h on e sUtemen t  an d 1 6 3  x  5 "  card s wit h a 
correspondin g piec e o f  evidence .  A n additiona l  si x card s ( 3 
statement ,  3  evidence )  wer e use d a s material s fo r  th e warm -
up items . 

Control Condition.Two sets of materials (one for each 
trainin g session )  wer e create d fo r  th e contro l  condition . 
Eac h se t  containe d 1 2 statement s ( 3 o f  eac h type )  printe d o n 
3 X  9 "  card s an d 1 2 3  x  5 "  evidenc e cards .  Eac h se t  als o 
include d thre e statemen t  card s an d thre e evidenc e card s fo r 
th e warm-u p segment . 

Training Warm-up Condition. The training warm-up (for 
mappin g an d necessit y condition s only )  include d tw o 
statemen t  card s use d t o demonstrat e th e part s o f  th e 
sentence ,  plu s tw o statemen t  card s an d fou r  evidenc e card s 
fo r  articulatin g th e A N D an d O R rules . 

Mapping and Necessity Conditions. The mapping 
conditio n require d tw o set s o f  materials ,  on e fo r  eac h 
trainin g session .  Eac h se t  o f  material s include d fou r 
statemen t  card s (on e o f  eac h statemen t  type )  an d twelv e 
evidenc e cards ,  thre e evidenc e card s correspondin g t o eac h 
statemen t  card . 

Results 

The results will be presented in two sections: (1) 
aggregate d analyse s o f  th e effect s o f  trainin g acros s eac h 
processin g phas e separatel y an d (2 )  individua l  strateg y 
analyse s comparin g change s i n th e consistenc y o f  respons e 
pattern s acros s processin g phases .  Th e first  se t  o f  analyse s 
wil l  separatel y examine s trainin g effect s o n a  prior i 
evaluations ,  evidenc e requests ,  an d evidenc e evaluations . 
Th e secon d analysi s examine s change s i n inter-phas e 
consistenc y befor e an d afte r  training . 

Aggregate d analyse s 

Question Phase 1: A Priori Evaluations (AP). For all a 
prior i  evaluatio n phases ,  possibl e response s wer e "true, " 
"no t  true, "  o r  "can' t  tell. "  Correc t  response s wer e code d a s 
follows :  contradictions -  no t  true ;  tautologies-true ; 
conjunction s an d disjunctions-can' t  tell .  Correc t  response s 
wer e score d a s 1  whil e incorrec t  response s wer e code d a s 0 . 

T o determin e th e effectivenes s o f  trainin g o n th e numbe r 
of  correc t  a  prior i  evaluations ,  a  3  (condition )  x  2  (age )  x  2 
(pre-tes t  vs .  post-test )  A N O V A wa s performe d wit h sessio n 
as a  within-subject s variable .  Th e analysi s reveal s a  mai n 
effec t  fo r  condition ,  F  (2 ,  110 )  -  6.1, p <.003 ,  an d ag e F( l , 
110 )  =  8.9 ,  p  <.00 3 an d n o interactio n betwee n conditio n 
and ag e F  (2 ,  110 )  =  .42 ,  p  >.65 .  Childre n i n th e mappin g 
and necessit y condition s gav e significantl y mor e correc t 
response s i n th e post-tes t  tha n i n th e pre-test .  Th e 
performanc e o f  childre n i n th e contro l  conditio n di d no t 
diffe r  significantl y fro m pre-t o post-test .  Fift h grader s gav e 
significand y mor e correc t  request s i n th e post-tes t  tha n thir d 
graders . 

Question Phase 2: Evidence Requests (ER). For the 
evidenc e reques t  phase ,  possibl e response s wer e "yes "  o r 
"no. "  Correc t  response s wer e code d a s follows : 
contradictions-an d tautologies-No ;  conjunction s an d 
disjunctions-Yes .  Correc t  response s wer e score d a s 1  whil e 
incorrec t  response s wer e code d a s 0 . 

T o determin e th e effectivenes s o f  trainin g o n th e numbe r 
of  correc t  evidenc e requests ,  a  3  (condition )  x  2  (age )  s  2 
(pre-tes t  vs .  post-test )  A N O V A wa s performe d wit h sessio n 
as a  within-subject s variable .  Th e analysi s reveal s a  mai n 
effec t  fo r  condition ,  F  (2 ,  110 )  =  3.9 ,  p  <.01 ,  an d ag e F  (1 , 
110 )  =  10.6 ,  p  <.00 1 an d n o interactio n betwee n conditio n 
and ag e F  (2 ,  110 )  =  .42 ,  p  >.65 .  Childre n i n th e mappin g 
and necessit y condition s gav e significand y mor e correc t 
response s i n th e post-tes t  tha n i n th e pre-test .  Th e 
performanc e o f  childre n i n th e contro l  conditio n di d no t 
diffe r  significantl y from  pre-t o post-test .  Fift h grader s gav e 
significantl y mor e correc t  request s i n th e post-tes t  tha n tfiird 
graders . 

Question Phase 3: Evidence Evaluations (EE). For the 
evidenc e evaluatio n phase ,  possibl e response s wer e "true, " 
"no t  true, "  o r  "can' t  tell. "  Correc t  response s wer e code d a s 
follows :  contradictions-no t  true ;  tautologies-true ; 
conjunction s ( 2 true ,  2  false )  an d disjunction s ( 2 true ,  2 
false) .  Correc t  response s wer e score d a s 1  an d incorrec t 
response s wer e code d a s 0 . 

T o determin e th e effectivenes s o f  trainin g o n th e numbe r 
of  correc t  evidenc e evaluations ,  a  3  (condition )  x  2  (age )  x  2 
(pre-tes t  vs .  post-test )  A N O V A wa s performe d wit h sessio n 
as a  within-subject s variable .  Th e analysi s reveal s a  mai n 
effec t  fo r  condition ,  F  (2 ,  110 )  =  20.8 ,  p  <.001 ,  an d ag e F 
(1 ,  110 )  =  9.2, p <.00 3 an d n o interactio n betwee n conditio n 
and ag e F  (2 ,  110 )  =  .25 ,  p  >.77 .  Childre n i n th e mappin g 
and necessit y condition s gav e significantl y mor e correc t 
response s i n th e post-tes t  tha n i n th e pre-tes t  whil e childre n 
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i n th e contro l  conditio n di d no t  diffe r  significantl y fro m prc -
t o post-test .  A s i n previou s conditions ,  fifth  grader s gav e 
significantl y mor e correc t  request s i n th e post-tes t  tha n thir d 
graders . 

The aggregate d analysi s denionstrate d tha t  experienc e 
wit h statement s wa s no t  sufficien t  t o improv e performance , 
at  leas t  no t  i n th e limite d exposur e provide d durin g th e 
trainin g period .  Trainin g effectivel y improve d performanc e 
fo r  childre n i n th e mappin g an d necessit y conditions .  Th e 
nex t  serie s o f  analyse s wdl l  examin e th e structur e o f  change . 

Individual Analysis 

The individua l  analysi s examine d th e consistenc y o f  a 
child' s correc t  respons e pattern s withi n eac h processin g 
phas e an d acros s al l  processin g phases .  Fo r  example , 
althoug h th e aggregate d dat a demonstrate s tha t  fifth  grader s 
generall y outperforme d thir d graders ,  thes e dat a d o no t 
indicat e th e exten t  t o whic h a n individua l  fifth  grade r 
produce d correc t  answer s fo r  th e evidenc e reques t  phas e o r 
fo r  al l  questio n phases .  W e considere d a  patter n i n whic h 
7 5 % o f  response s wer e correc t  a s consistentl y correct .  A 
patter n belo w 7 5 % wa s considere d inconsistent .  Table s 1 
and 2  displa y th e numbe r  o f  childre n code d a s consistentl y 
producin g correc t  response s fo r  eac h processin g phas e i n th e 
pre -  an d post-tests . 

Table 1- Percentage of Third Grade Children Giving 
Consistent .  Correc t  Response s Withi n Eac h Processin g 
Phase b y Conditio n 

Conditio n 
Contro l 
Mappin g 
Necessit y 

AP 
0(10 ) 
5(30 ) 
5(37 ) 

ER 
0(19 ) 
8(40 ) 
5(63 ) 

EE 
19(19 ) 
5(85 ) 
11(79 ) 

Note .  Posttes t  score s ar e presente d i n parentheses . 

Table 2- Percentage of Fifth Grade Children Giving 
Consisten t  Correc t  Response s Withi n Eac h Processin g 
Phase b y Conditio n 

Conditio n 
Contro l 
Mappin g 
Necessit y 

AP 
10(14 ) 
15 (59 ) 
26 (62 ) 

ER 
19(29 ) 
10 (60 ) 
37 (79 ) 

EE 
14(10 ) 
25 (80 ) 
26 (95 ) 

Note .  Posttes t  score s ar e presente d i n parentheses . 

There was a significant difference between the number of 
consistent ,  correc t  response s i n pretest s an d i n th e post-test s 
fo r  thir d an d fifth  graders .  Thir d grader s produce d 
significantl y mor e consisten t  evidenc e evaluation s x 2 (2 , 
40.8 ,  p  <.001 )  i n th e post-tes t  tha n th e pre-test .  Fift h grader s 
produce d significantl y mor e evidenc e request s x 2 (2 ,  10.5 ,  p 
<.003 )  an d significantl y mor e consisten t  evidenc e 
evaluation s x 2 (2 ,  14.5 ,  p  <.001 )  i n th e post-tes t  tha n th e 
pre-test . 

Thes e dat a wer e use d t o cod e th e child' s overal l  respons e 
patter n (i.e. ,  consistenc y measur e o n eac h o f  th e thre e 

processin g phases )  a s eithe r  consistentl y correc t  (consistent , 
correc t  response s o n al l  phases )  o r  mixe d (inconsisten t  o n 
on e o r  mor e phases) .  Th e result s ar e displaye d i n Tabl e 3 . 
Childre n i n bot h trainin g condition s produce d significantl y 
mor e consisten t  correc t  response s tha n childre n i n th e 
contro l  condition ,  thir d grader s x 2 (2 ,  4.2 ,  p  <.03) ,  fifth 
gradersx2(2 ,  15.1,p<.001) . 

Tabl e 3 -  Percentag e o f  Childre n Givin g Consisten t  Correc t 
Response s b y Grad e an d Conditio n 

Conditio n 

Contro l 

Mappin g 

Necessit y 

3"" 

Pre 

0 

0 

0 

Post 

9.5 

20 

37 

5 

Pre 

13 

0 

11 

th 

Post 

13 

59 

61 

Discussio n 

The results support the dependent phase hypothesis in 
whic h change s i n performanc e ar e du e t o gain s o n 
knowledg e o f  assignin g truth-values ,  whic h the n lea d t o 
improvement s i n assignin g moda l  operators .  W e teste d thre e 
prediction s wit h a  trainin g stud y i n whic h childre n wer e 
give n varyin g level s o f  instmction .  Thes e dat a indicat e tha t 
(1 )  contr a th e compile d phas e hypothesis ,  a  smal l  amoun t  o f 
experienc e wit h logica l  statement s i s no t  effectiv e fo r 
improvin g performance .  Exposur e t o th e contro l  conditio n 
was no t  relate d t o increase s i n performance .  Trainin g wa s 
relate d t o significan t  increase s i n performance .  Specifically , 
(2 )  bot h trainin g condition s wer e effectiv e i n improvin g 
performanc e bu t  (3 )  trainin g o n assignin g truth-value s wa s 
sufficien t  t o produc e consistent ,  correc t  response s a t  level s 
roughl y equa l  t o thos e o f  th e necessit y conditio n (i n whic h 
bot h truth-value s an d moda l  operator s wer e trained) . 

Morri s an d Klah r  (i n review )  examine d th e orde r  i n whic h 
childre n m a k e consisten t  correc t  response s o n eac h 
processin g phase .  I n al l  cases ,  correc t  evidenc e evaluatio n 
alway s precede d correc t  evidenc e request s an d a  prior i 
evaluations .  Th e author s suggeste d tha t  correctl y evaluatin g 
evidenc e provide d sufficien t  knowledg e fro m whic h 
childre n coul d mak e furthe r  inference s abou t  proble m 
classes . 

Th e result s ca n b e explaine d b y extendin g menta l  model s 
theory .  I n Menta l  Model s theor y (Johnson-Laird ,  1983) ,  fo r 
eac h problem ,  model s ar e create d an d searche d fo r  possibl e 
solutions .  Thus ,  t o deriv e a  vali d conclusion ,  a  se t  o f  token s 
i s create d an d searche d fo r  possibl e an d impossibl e solutio n 
states .  Thi s constitute s a  solutio n fo r  a  singl e instance .  A s 
currentl y formulated .  Menta l  Model s make s n o provision s 
fo r  within-subjec t  chang e i n processin g du e t o learnin g (e.g. , 
a child' s performanc e o n tria l  10 0 shoul d b e differen t  tha n 
thei r  performanc e o n tria l  1) .  Th e dependen t  phas e 
hypothesi s suggest s tha t  thi s typ e o f  chang e shoul d b e 
demonstrate d b y improvement s o n eac h phas e an d i n th e 
structur e o f  chang e betwee n processin g phases .  A s currentl y 
formulated ,  menta l  model s suggest s tha t  developmenta l 
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chang e i s a  functio n o f  increase s i n workin g memory . 
Althoug h thi s i s likel y important ,  suc h a  facto r  woul d no t 
explai n improvemen t  derive d from  experience . 

We sugges t  tw o possibl e mechanism s tha t  ma y facilitat e 
change s i n performance ;  discriminatio n an d compilation . 
Afte r  seein g a  sufficien t  numbe r  o f  instances ,  a  reasone r 
shoul d for m expectation s abou t  a  clas s o f  simila r  type s (e.g. , 
determinat e statements) .  I n thi s way ,  a  reasone r  doe s no t 
approac h eac h instanc e a s a  ne w proble m type .  Rather , 
increase d reasonin g efficienc y result s fro m (1 )  eliminatin g 
redundan t  o r  unnecessar y step s (Crowley ,  Shrager ,  & 
Siegler ,  1997 )  and  (2 )  makin g additiona l  inference s abou t 
th e clas s o f  simila r  proble m type s (Eisenstad t  &  Simon , 
1997 ;  Morri s &  KJahr ,  i n review) .  Fo r  example ,  whe n 
reasonin g abou t  tw o propositiona l  classes :  indeterminat e 
and determinat e forma l  types ,  childre n initiall y  confus e th e 
two ,  treatin g bot h a s indeterminat e (Fa y &  Klahr ,  1996 ; 
Morri s &  Sloutsky ,  2002) .  B y sixt h grade ,  childre n begi n t o 
distinguis h th e tw o forms ,  bu t  ofte n fai l  t o correctl y 
determin e whe n evidenc e i s necessar y an d whe n 
unnecessar y (Morri s &  Sloutsky ,  2002) . 

On first  exposur e t o a  forma l  type ,  a  reasone r  ma y mak e 
error s a t  al l  phases .  I n evaluatin g a  contradiction ,  fo r 
example ,  a  reasone r  m a y asser t  tha t  the y canno t  assig n a 
truth-valu e t o th e statemen t  a  priori ,  m a y reques t  evidenc e 
and the n fai l  t o evaluat e thi s evidenc e correctly .  Onc e 
evidenc e i s correctl y evaluate d an d afte r  severa l  correc t 
conclusion s hav e bee n drawn ,  ou r  hypothetica l  reasone r 
may the n b e abl e t o infe r  tha t  n o evidenc e wil l  chang e th e 
tiuth-valu e o f  thi s particula r  statement .  Onc e thi s inferenc e 
i s drawn ,  th e reasone r  m a y the n als o asser t  tha t  th e 
statemen t  i s fals e a  priori .  Th e processe s describe d ma y 
illustrat e (1 )  compilation ,  o r  eliminatin g a  redundan t 
processin g ste p (evidenc e request) ,  an d (2 )  discrimination , 
or  creatin g a  ne w conceptua l  categor y fo r  "statement s tha t 
do no t  requir e evidence. "  Onc e thi s inferenc e i s mad e abou t 
one statement ,  th e reasone r  m a y generaliz e thi s t o othe r 
proposition s o f  thi s type ;  a  statemen t  o f  th e for m ( A &  ~ A ) 
i s false . 
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Abstrac t 
We propos e a  conceptua l  framework  fo r  explainin g logica l 
reasonin g i n term s o f  competin g strategies .  Contrar y t o 
previou s approache s i n whic h a  singl e theor y i s suggeste d t o 
explai n al l  logica l  reasoning ,  thi s fr'amework  suggest s tha t  th e 
cor e element s o f  existin g theorie s constitut e strategies ,  eac h 
of  whic h hav e uniqu e processin g demands .  A  strateg y i s mor e 
likel y t o b e use d whe n it s processin g demand s matc h a 
problem' s tas k demands .  Th e framework  specifie s ho w eac h 
strateg y ma y b e distinguishe d theoreticall y an d empirically . 

Overview 

The study of logical reasoning has typically proceeded as 
follows :  researcher s (1 )  discove r  a  respons e patter n tha t  i s 
eithe r  unexplaine d o r  provide s evidenc e agains t  a n 
establishe d ^eory ,  (2 )  creat e a  mode l  tha t  explain s thi s 
respons e pattern ,  the n (3 )  expan d thi s mode l  t o includ e a 
large r  rang e o f  reasonin g situations .  Fo r  example , 
researcher s typicall y investigat e a  specifi c  typ e o f  reasonin g 
(e.g. ,  deduction )  usin g a  particula r  varian t  o n a n 
experimenta l  tas k (e.g. ,  th e Waso n selectio n task) .  Th e 
experiment s uncove r  a  specifi c  reasonin g pattern ,  fo r 
example ,  tha t  peopl e ten d t o matc h term s betwee n th e 
premise s an d conclusion s rathe r  tha n deriv e vali d 
conclusion s (Evans ,  1972) .  Onc e a  reasonabl e explanatio n i s 
provide d fo r  thi s respons e pattern ,  researcher s typicall y 
attemp t  t o expan d thi s explanatio n t o encompas s relate d 
phenomena ,  suc h as ,  th e rol e o f  'bias '  i n othe r  reasonin g 
situation s suc h a s weathe r  forecastin g (Evans ,  1989) . 
Eventually ,  thi s explanatio n ma y b e use d t o explai n al l 
performanc e o n a n entir e clas s o f  reasonin g phenomen a 
(e.g .  deduction )  regardles s o f  task ,  experience ,  o r  age .  W e 
ter m thi s th e unifie d approach . 

Unifie d approache s hav e traditionall y suggeste d tha t 
logica l  reasonin g i s eithe r  rule-base d (applicatio n o f 
transformatio n rule s tha t  dra w vali d conclusion s onc e fired ; 
Rips ,  1994 )  o r  model-base d (creatin g an d searchin g 
veridica l  representation s o f  premise s an d possibl e 
conclusions ;  Johnson-Laird ,  1999) .  I t  seem s possible , 
however ,  give n th e rang e o f  proble m types ,  tas k demands , 
experience ,  an d cognitiv e resource s o f  th e reasoner ,  tha t 
ther e ma y b e mor e tha n on e approac h t o solvin g a  clas s o f 
reasonin g phenomena . 

Logica l  reasonin g task s ar e quit e varied ,  rangin g fro m 
simpl e task s suc h a s statemen t  evaluatio n (e.g. ,  "I s m y ca t 
black?" )  t o comple x task s suc h a s predicat e syllogism s (e.g. . 
Some A  ar e no t  B ,  Som e B  ar e C ,  Som e C  ar e no t  D ,  Ar e 

some D  A?) .  Ther e i s n o evidenc e tha t  logica l  reasonin g 
occupie s a  particula r  regio n o f  th e brai n (cite) ,  tha t  i t  i s  a 
coheren t  proces s distinc t  fro m th e res t  o f  cognitio n 
(Johnson-Laird ,  1999) ,  o r  tha t  i t  involve s th e sam e cognitiv e 
processe s acros s differen t  tasks .  Moreover ,  cognitiv e 
psycholog y ha s identifie d a  variet y o f  genera l  cognitiv e 
processe s tha t  ar e use d t o solv e a  wid e variet y o f  task s (e.g. , 
analogy ,  retrieval ,  guessing) .  Thus ,  i t  shoul d no t  b e 
controversia l  t o sugges t  a  multipl e strateg y approach -  tha t 
several ,  genera l  processe s migh t  b e use d t o solv e logica l 
reasonin g problenn s i n a t  leas t  som e situations ,  eve n i f  ther e 
ar e specia l  logica l  reasonin g processes . 

We propos e a n alternativ e t o th e unifie d approac h i n 
whic h a  serie s o f  simpl e strategie s ma y b e use d rathe r  tha n a 
singl e comple x theory .  Thus ,  w e propos e a  ne w framewor k 
fo r  explainin g logica l  reasonin g performanc e b y 
incorporatin g simplifie d version s o f  existin g approache s a s 
possibl e strategie s fo r  solvin g logi c problems .  W e lis t  a 
variet y o f  alternative s tha t  see m highl y likel y t o b e use d i n 
at  leas t  som e logica l  reasonin g situations .  I t  i s no t  crucia l  t o 
th e argumen t  her e tha t  al l  strategie s ar e actuall y used .  W e 
wil l  propos e condition s unde r  whic h variou s strategie s ma y 
be used ,  thu s proposin g a  framewor k throug h whic h 
strategie s ca n b e distinguishe d theoreticall y an d empirically . 

The multipl e strateg y approac h ha s bee n suggeste d i n th e 
domain s o f  judgmen t  an d decision-makin g (se e Bettman , 
Johnson ,  Luce ,  &  Payne ,  1993 ,  an d Tod d &  Gigeranzer , 
1999) .  Lik e th e logica l  strateg y model ,  thes e approache s 
sugges t  competitio n betwee n variou s strategie s i n whic h 
selectio n i s accomplished ,  i n part ,  fro m a n evaluatio n o f 
effort-accurac y tradeoffs .  However ,  th e logica l  strateg y 
model  differ s fro m thes e approache s i n thei r  functio n an d 
goals :  (a )  th e flmctio n o f  th e L S M i s th e creatio n an d 
evaluatio n o f  knowledg e (inference )  rathe r  tha n selectio n 
and evaluatio n o f  knowledg e fo r  decisio n makin g 
(judgment) ,  an d (b )  th e goa l  o f  L S M i s t o establis h (eithe r 
throug h productio n o r  evaluation )  vali d inference s whil e th e 
goal  o f  othe r  approache s i s t o retur n th e mos t  adaptiv e 
decisio n (Tod d &  Gigeranzer ,  1999) . 

The Strategy Approach to Logical Reasoning 

What does it mean to think in terms of strategies? A 
glanc e a t  th e existin g literatur e suggest s tha t  unifie d 
approache s hav e difficult y accountin g fo r  difference s i n 
performanc e betwee n individual s an d acros s task s (fo r  a 
revie w se e Rips ,  1994 ;  Johnson-Laird ,  1999) .  W e sugges t 
tha t  difference s i n performanc e acros s individual s an d 
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situation s ar e du e t o th e selectio n o f  a  strateg y an d tha t 
strateg y selectio n i s a  functio n o f  th e histor y o f  succes s wit h 
eac h strateg y an d th e matc h betwee n processin g demand s o f 
th e strateg y an d th e tas k demand s o f  th e problem .  W e wil l 
describ e thi s matc h betwee n th e processin g demand s an d 
histor y o f  succes s o f  th e strateg y an d th e situation/tas k 
demands a s th e situationa l  niche . 

As state d earlier ,  unifie d approache s hav e suggeste d tha t  a 
singl e theor y ca n accoun t  fo r  th e rang e o f  h u m a n 
performance .  W e sugges t  tha t  th e strateg y selectio n 
approac h m a y explai n th e sam e phenomen a b y proposin g a 
serie s o f  specifie d ̂ proaches ,  eac h relegate d t o explainin g 
a subse t  o f  th e tota l  rang e o f  h u m a n deductiv e performance . 

W h at  d o w e gai n fTX> m thi s approach ? Th e strateg y 
approac h allow s establishe d explanation s t o b e incorporate d 
int o a  singl e mode l  i n whic h al l  ar e possibl e explanation s o f 
behavio r  differin g onl y i n th e exten t  t o whic h di e particula r 
strateg y ha s bee n use d i n simila r  situation s an d matche s th e 
tas k demands .  Th e matc h betwee n a  particula r  strateg y an d 
it s situationa l  nich e m a y no t  b e rational ,  bu t  m a y hel p 
explai n individua l  an d situationa l  difference s betwee n 
theories .  Fo r  example ,  i t  i s  wel l  establishe d tha t  familia r 
conten t  tend s t o improv e perfonnanc e o n th e W a s o n 
selectio n tas k (Waso n &  Johnson-Laird ,  1972) .  Hundred s o f 
experiment s hav e investigate d thi s phenomeno n an d hav e 
le d t o th e introductio n o f  a  variet y o f  explanation s (e.g. , 
matchin g rules) ,  whic h diffe r  widel y i n th e rang e o f  thei r 
applicability .  Tha t  is ,  som e ar e specifi c  t o a  particula r  se t  o f 
material s whil e other s see k t o explai n a  large r  rang e o f 
reasonin g behavior .  W h a t  ha s rarel y bee n investigate d i s th e 
influenc e o f  di e situationa l  nich e o n performance ,  or ,  mor e 
specificall y h o w i s th e tas k itsel f  contributin g t o th e 
respons e pattern?  Fo r  example ,  tak e tw o contrastin g 
approaches :  i n one ,  specifi c  knowledg e i s require d t o solv e 
a problem ,  an d i n th e other ,  abstrac t  rule s (excludin g th e 
influenc e o f  knowledge )  ar e use d t o solv e problems . 
Proble m A  i s give n i n whic h a  substantia l  amoun t  o f  conten t 
knowledg e i s give n tha t  i s relevan t  t o a  solution .  I n thi s 
case ,  w e woul d expec t  th e knowledge-base d approac h t o b e 
bette r  suite d t o solvin g thi s problem .  I f  howeve r  a  differen t 
proble m wer e give n i n whic h n o backgroun d informatio n i s 
proved ,  the n w e woul d predic t  tha t  th e secon d solutio n i s 
mor e likel y t o b e used .  W e sugges t  tha t  a  strateg y approac h 
allow s flexibilit y  i n explanatio n b y allowin g fo r  a n 
individua l  t o displa y a  rang e o f  possibl e approache s t o a 
proble m set . 

Th e logica l  strateg y approac h i s i n star k contras t  t o 
unifie d approache s i n whic h explanation s fo r  processin g 
logica l  statement s ar e confine d t o on e approach .  A  possibl e 
criticis m a t  thi s poin t  i s  tha t  tha t  a  unifie d approac h i s mor e 
parsimoniou s tha n a  strateg y approach .  Tha t  is ,  w h y sugges t 
a serie s o f  competin g strategies ,  eac h o f  whic h demand s 
cognitiv e resources ,  w h e n on e approac h woul d suffice ? W e 
provid e tw o responses .  First ,  curren t  unifie d approache s 
hav e bee n unabl e t o accoun t  fo r  a  rang e o f  performanc e 
withou t  m a n y a d ho c additions .  Fo r  example .  Menta l  Logi c 
theor y suggest s tha t  logica l  inference s ar e derive d nearl y 

automaticall y b y a  se t  o f  content-fre e inferentia l  rule s (Rips , 
1994 ;  Brain e &  O'Brien ,  1998) .  I n orde r  t o explai n th e 
effec t  o f  familia r  content .  Menta l  Logi c theor y incorporate d 
an additiona l  ste p i n th e reasonin g process ,  a  pragmati c 
filter,  whic h determine s i f  a  statemen t  i s t o b e considere d 
logica l  o r  conversational .  I n th e former ,  logica l  inferentia l 
rule s ar e applied ,  whil e i n th e latte r  cas e les s forma l 
conversationa l  inferentia l  rule s ar e applied .  Th e resul t  i s tha t 
th e theor y postulate s a n approac h t o reasonin g tha t 
undermine s it s o w n primar y thesis ,  tha t  logica l  inferenc e i s 
a se t  o f  content-fre e rule s applie d a s automaticall y a s 
syntax . 

Second ,  th e strateg y selectio n approac h doe s no t  requir e a 
serie s o f  additiona l  resource s bu t  ca n b e accounte d fo r  b y a 
smal l  se t  o f  general-purpos e cognitiv e mechanisms .  Withi n 
th e strateg y selectio n framewor k a  serie s o f  strategie s ca n b e 
derive d withi n minima l  effor t  o n th e par t  o f  th e cognitiv e 
syste m fro m th e experience s wit h th e environment .  Fo r  a n 
example ,  le t  u s retur n t o th e exampl e give n above .  T o 
accoun t  fo r  reasonin g i n situation s i n whic h statement s ar e 
presente d withou t  familia r  conten t  an d reasonin g wit h 
statement s presente d wit h familia r  content ,  a  strateg y 
selectio n framewor k coul d accoun t  fo r  empirica l  fmding s b y 
th e us e o f  tw o strategies .  Th e first  doe s no t  us e forma l  rule s 
but  use s th e conten t  t o deriv e a  plausibl e conclusio n relate d 
t o th e specifi c  content .  I n th e secon d (withou t  th e presenc e 
of  familia r  knowledge) ,  inferentia l  rule s ar e use d becaus e 
th e mos t  salien t  propert y o f  th e proble m i s th e relation s 
betwee n elements ,  no t  th e conten t  o f  elements .  Th e us e o f 
eac h i s specifi c  t o th e situatio n i n whic h bot h ar e presented . 

I n th e section s tha t  follo w w e wil l  firs t  outlin e seve n 
strategie s an d thei r  correspondin g tas k demands .  W e wil l 
the n examin e th e influenc e o f  tas k demand s o n thei r 
selection .  W e first  stat e tha t  th e followin g i s a n incomplet e 
model .  Ther e ar e m a n y possibl e strategie s an d w e ar e 
suggestin g a  smal l  numbe r  i n thi s paper .  Second ,  th e 
descriptio n o f  eac h i s limite d b y space ,  thu s doe s no t  cove r 
th e ful l  rang e o f  possibl e applications .  Give n th e natur e o f 
thes e limitations ,  th e mode l  i s reasonabl y articulate d fo r  th e 
purpose s o f  th e paper . 

Token Based (Mental Models) 

Overview. The token based reasoning strategy has the 
followin g characteristics :  1 )  informatio n i s represente d a s 
token s derive d fro m natura l  languag e whic h correspon d t o 
perceptua l  o r  verba l  instantiation s o f  possibl e state s an d 2 ) 
"logical "  reasonin g i s achieved  no t  throug h th e ̂ plicatio n 
of  forma l  rule s bu t  b y th e creation ,  inspection ,  an d 
manipulatio n o f  token s (Johnson-Laird ,  1983 ;  Johnson -
Laird ,  Byrne ,  an d Schaeken ,  1992) . 

Outline of Processing/Processing Demands. Logical 
inference s ar e derive d fro m manipulation s o f  model s rathe r 
tha n b y usin g inferentia l  rules .  Ther e ar e thre e step s i n 
processin g token-base d propositions :  propositiona l  analysis , 
model s generation ,  an d mode l  use .  Propositiona l  analysi s 
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refer s t o languag e processin g an d i s largel y analogou s t u 
representin g th e surfac e structur e o f  a  statemen t  an d 
require s sufficien t  verbal/spatia l  workin g m e m o r y t o encod e 
and pars e language .  M o d e l  generatio n refer s t o th e creatio n 
of  token s derive d from  th e propositiona l  analysi s an d 
relevan t  informatio n i n th e existin g knowledg e bas e an d i n 
th e environmen t  Generatio n require s verbal/spatia l  workin g 
m e m o ry spac e t o creat e an d hol d tokens .  M o d e l  Us e i s th e 
proces s o f  searchin g an d evaluatin g th e se t  o f  model s 
create d b y th e procedure s outline d abov e an d require s a 
sufficien t  processin g capacit y t o creat e veridica l  model s o f 
th e necessar y information ,  creatio n an d searc h fo r 
counterexamples ,  an d evaluation s o f  truth-values .  Th e 
primar y limitatio n o n processin g i s th e workin g m e m o r y 
spac e require d t o creat e an d searc h model s fo r  a  solution . 

The token-base d strateg y seem s particularl y usefu l  i n th e 
solutio n o f  problem s i n whic h ther e ar e spatia l  relation s 
becaus e token-base d representation s ca n encod e suc h 
relation s mor e easil y tha n propositiona l  representation s 
(Johnson-Laird ,  1983 ,  1999) .  Fo r  example ,  i n th e transitiv e 
proble m "Bil l  i s  t o th e right  o f  Fred ,  Fre d i s t o th e right  o f 
Sam,  I s S a m t o th e right  o f  Bill?" )  A  toke n based -
representatio n woul d easil y encod e th e relevan t  dimension s 
as follows : 

[Sam] [Fred ] [Bill ] 

A n obviou s limitatio n o f  thi s strateg y i s tha t  th e numbe r  o f 
model s need s t o remai n withi n th e curren t  workin g m e m o r y 
limitation s o f  th e reasoner . 

Verbal (Mental Logic) 

Overview Verbal logic approaches explain logical 
reasonin g a s th e resul t  o f  content-free ,  logica l 
transformatio n rule s applie d t o linguisticall y derive d menta l 
structure s (Rips ,  1994 ;  Brain e &  O'Brien .  1998) . 

Outline of Processing in Verbal Theories The core 
element s o f  verba l  theorie s shar e basi c processin g 
characteristics .  Inpu t  i s represente d an d processe d i n a 
verba l  for m (e.g. ,  predicate-argumen t  structures ;  Brain e & 
Rumain ,  1983) .  Sufficien t  verba l  workin g memor y i s 
require d t o extrac t  th e forma l  element s an d hol d th e 
representatio n i n a  predicat e argumen t  structure . 
Applicatio n o f  Transformatio n Rule s ar e content-fî e 
rule s represente d a s eithe r  condition-actio n pair s (Rips , 
1994 )  o r  a s inferentia l  schema s (Brain e &  O'Brien ,  1997) . 
Once verba l  inpu t  i s represented ,  th e conten t  matche s a 
serie s o f  transformationa l  rule s tha t  produc e a n outpu t  tha t  i s 
eithe r  i n th e for m o f  a  conclusion ,  a  statemen t  tha t  wil l  b e 
operate d upo n b y additiona l  rules ,  o r  a  statemen t  tha t  doe s 
not  matc h additiona l  rules .  Error s i n processin g ar e 
attribute d t o a  failur e i n applyin g th e appropriat e rul e t o th e 
statement . 

The verba l  strateg y i s mos t  usefii l  i n solvin g abstrac t 
statement s i n whic h th e focu s i s o n relationship s betwee n 

elements .  Fo r  example ,  i n a  versio n o f  th e W a s o n selectio n 
tas k th e car d conten t  i s relate d onl y b y forma l  structure ,  no t 
by conten t  (e.g. .  I f  ther e i s a  vowe l  o n on e side ,  ther e i s a n 
odd numbe r  o n th e othe r  side) . 

Knowledge Based Heuristics (KBH) 
Heuristic s ar e rule s tha t  d o no t  utiliz e logica l  algorithms . 

Such a  strateg y doe s no t  generat e a  vali d conclusio n bu t 
m ay generat e "logic-like "  performanc e (Chen g &  Holyoak , 
1985) .  K B H ar e easil y implemente d processin g rule s tha t 
us e conten t  a s th e basi s fo r  derivin g a  conclusion .  Unlik e 
algorithmi c approache s (e.g .  verba l  strategy) ,  thes e 
conclusion s ar e no t  necessaril y  vali d (ofte n violatin g logica l 
inferenc e rules) ,  ye t  ar e ofte n pragmaticall y supported .  A n 
exampl e i s Pragmati c Reasonin g Schema s (PRS ;  Chen g & 
Holyoak ,  1985 )  i n whic h socia l  (permissio n rules )  an d 
physica l  (causality )  regularitie s for m th e basi s o f  a  serie s o f 
inference s schemas . 

Outline of Processing in KBH 
Ther e ar e thre e processin g step s i n K B H :  parsin g 

sentence ,  detectio n o f  relations ,  an d solutio n output . 
Sentenc e parsin g refer s t o sentenc e comprehensio n an d 
include s verba l  an d nonverba l  information .  Th e detectio n o f 
relation s occur s whe n th e presen t  conten t  i s simila r  t o 
conten t  fo r  whic h ther e ar e establishe d rules .  Fo r  example , 
i n permissio n relations ,  ther e ar e establishe d rule s (typicall y 
phrase d a s conditionals )  tha t  sugges t  appropriat e responses . 
Matchin g conten t  allow s rule s t o b e accessed .  Onc e rule s 
ar e accessed ,  the y ar e applie d t o th e specifi c  situatio n an d a 
solutio n outpu t  i s  produced . 

The detectio n o f  specifi c  relation s determine s i f  a 
statemen t  matche s a n existin g schema .  Cue s suc h a s 
tempora l  sequenc e sugges t  obligator y o r  causa l  relation s 
betwee n elements .  Fo r  example ,  i n th e statemen t  " M o w th e 
law n an d I  wil l  giv e yo u fiv e dollars "  th e conditio n i s se t  i n 
th e fu^ t  claus e whil e th e consequen t  i s se t  i n th e secon d 
clause .  Previou s knowledg e o f  othe r  exchange s (i n whic h 
transaction s ar e mad e o n th e basi s o f  obligations )  form s th e 
basi s o f  thes e inferences . 

Matching Heuristics 

Overview- Matching heuristics are selective processing 
strategie s i n whic h solution s ar e derive d base d o n 
superficia l  element s suc h a s term s o r  c o m m o n element s 
(rathe r  tha n o n conten t  a s i n K B H ) .  T w o well-know n 
example s o f  matchin g heuristic s ar e Matchin g biase s an d 
Atmospher e effect s (Evans ,  1989 ;  Woodswort h &  Sells , 
1935) . 

Outline of Processing in Matching Heuristics 
Matchin g heuristic s specif y rule s o f  selectiv e processin g 

diffe r  from  al l  previou s strategie s i n tha t  n o specifi c 
inferentia l  conten t  i s accessed .  Thes e rule s follo w a  basi c 
processin g mode l  a s follows :  1 )  encod e surfac e structure , 
2)  fin d ke y elements ,  an d 3 )  matc h ke y elements .  Fo r 
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example ,  i n th e W a s o n selectio n task ,  subject s prefe r  t o 
choos e card s name d i n th e rule s rathe r  tha n card s tha t  ar e 
not  name d i n th e rule s (Evans ,  1972) .  I n th e firs t  processin g 
step ,  th e subjec t  encode s th e surfac e structur e focusin g o n 
th e element s i n th e rule .  Mos t  likel y thi s involve s encodin g 
an IF- > T H E N rule .  T h e ke y element s ar e identified .  Fo r 
example ,  give n "I f  a n od d numbe r  o n on e side ,  the n a  vowe l 
on th e othe r  side "  th e subjec t  m a y focu s o n "od d number " 
an d "vowel "  a s ke y elements .  Then ,  whe n searchin g 
possibl e solutio n states ,  th e subjec t  wil l  atten d t o thos e 
solutio n state s tha t  contai n th e ke y elements .  Continuin g 
wit h th e exampl e above ,  th e subjec t  m a y b e mor e likel y t o 
selec t  a  car d wit h a n od d numbe r  an d a  car d wit h a  vowe l 
becaus e the y matc h element s i n th e rule .  Thi s genera l 
processin g mode l  als o applie s t o atmospher e effects . 

Task-Specific Procedures 

Overview- Like heuristic strategies. Task-specific 
procedure s ar e non-logica l  procedure s tha t  achiev e correc t 
solution s o n logica l  task s withou t  th e us e o f  forma l 
inferentia l  r\iles .  Task-specifi c  procedure s ar e reasonin g 
"short-cuts "  tha t  produc e procedura l  solution s withou t 
declarativ e understanding .  Th e limitatio n o f  T S P procedure s 
i s tha t  the y d o no t  generaliz e beyon d th e specifi c  typ e o f 
reasonin g forma t  i n whic h the y wer e induced .  Logica l 
trainin g (educatio n an d trainin g studies )  m a y produc e thes e 
(M-ocedure s leadin g t o a n understandin g o f  logica l  reasonin g 
analogou s t o di e understandin g o f  Chines e attribute d t o th e 
occupan t  o f  th e Chines e roo m (Searle ,  1990) . 

Outline of Processing in Tasl(-Specific Procedures 
Th e processin g demand s i n tas k specifi c  procedure s ca n 

be define d a s tw o steps :  (1)  encodin g th e relevan t  proble m 
feature s an d (2 )  implementin g th e appropriat e algorithm . 
For  example ,  i n a  syllogis m evaluatio n subject s conclude d 
tha t  an y syllogis m wit h tw o "somes "  i n th e premise s wa s 
invali d (Gallotti ,  Baron ,  &  Sabini ,  1986) .  Implementin g a 
solutio n algorith m require s sufficien t  workin g m e m o r y t o 
hol d th e encode d premise s an d t o fire  th e appropriat e 
algorithm . 

Pragmatic Acquiescence 

Overview- Pragmatic acquiescence (PA) refers to response 
pattern s tha t  ar e attempt s t o matc h th e expectation s o f  th e 
questioner .  I n a  situatio n i n whic h someon e ha s littl e prio r 
knowledge ,  die y m a y b e incline d t o see k socia l  cue s from 
th e questione r  a s t o h o w t o respon d t o a  nove l  situation . 
Rathe r  tha n matchin g th e conceptua l  feature s o f  th e proble m 
as i n matchin g heuristics ,  PA-base d solution s ar e base d o n 
th e pragmatic s o f  th e problem/testin g situation . 
Outlin e o f  Processin g P A -  Th e P A strateg y i s use d w h e n 
(1 )  th e pragmati c cue s ar e mos t  salien t  o r  (2 )  othe r  strategie s 
fai l  t o produc e a  definitiv e solution . 

Th e first  ste p i s encodin g relevan t  cues .  W e sugges t  a t 
leas t  fou r  suc h cues :  a )  speake r  status ,  b )  languag e cues ,  c ) 

intonatio n cues ,  an d d )  gestur e cues .  Speake r  statu s shoul d 
influenc e acquiescenc e i n th e followin g ways :  th e validit y 
of  th e respons e shoul d increas e a s th e authorit y o f  th e 
speake r  increases .  Thi s als o suggest s a n informa l  metri c fo r 
calculatin g th e statu s o f  sel f  an d speaker .  Languag e cue s 
m ay b e th e mos t  obviou s an d sugges t  th e typ e o f  respons e 
tha t  i s  expecte d (e.g. ,  "don' t  yo u agree") .  Th e secon d ste p i s 
inferrin g possibl e solution s base d o n relevan t  cues . 
Selectin g th e P A strateg y shoul d occu r  whe n othe r  strategie s 
fai l  t o matc h o r  w h e n th e pragmati c cue s ar e mos t  salient .  I n 
bot h cases ,  thi s suggest s tha t  th e reasone r  lack s th e 
knowledg e necessar y t o solv e th e proble m a t  hand . 

Th e fma l  ste p i s producin g a  solution .  I n thi s case ,  th e 
reasone r  ha s encode d relevan t  cue s an d determine d th e cue d 
response .  Thi s respons e i s give n unde r  an y o f  th e followin g 
conditions :  1 )  i f  n o othe r  strateg y matches ,  2 )  i f  a  strateg y 
produce s a  solutio n tha t  i s  i n conflic t  wit h th e cue d respons e 
and fail s t o overrid e thi s solution ,  o r  3 )  i f  th e cue d respons e 
i s s o highl y activate d tha t  i t  override s al l  othe r  strategies . 

Retrieval 

Overview- Retrieval is accessing a previous solution from 
long-ter m memory .  Retrieva l  differ s from  al l  othe r  propose d 
strategie s i n tha t  i t  i s  th e onl y strateg y tha t  doe s no t  creat e 
an on-lin e solution .  W e includ e thi s strateg y becaus e 
solutions ,  onc e discovered ,  ca n b e accesse d from  memor y 
rathe r  tha n creatin g a  n e w solutio n eac h tim e th e sam e 
proble m i s presented .  Acces s t o solution s wil l  var y b y th e 
tim e interva l  betwee n discover y an d acces s (recency) ,  th e 
number  o f  time s th e solutio n i s accesse d (frequency) ,  an d 
th e degre e t o whic h th e curren t  proble m stat e i s simila r  t o 
th e proble m stat e associate d wit h th e solutio n (fit) .  Guessin g 
i s a  loosel y constraine d for m o f  retrieva l  i n whic h a 
respons e i s produce d o n th e basi s o f  inaccurat e o r  irrelevan t 
information . 

Outline of Processing in Retrieval- As suggested above, 
retrieva l  o f  previou s solution s depend s o n a  variet y o f 
factors .  Th e mos t  crucia l  i s  th e numbe r  o f  possibl e matche s 
t o th e curren t  problem .  I F ther e i s onl y on e match ,  the n 
retrieva l  i s  simple .  Becaus e ther e ar e ofte n severa l  possibl e 
solution s t o a  particula r  problem ,  i n orde r  t o retriev e a 
solution ,  ther e mus t  b e a  mechanis m t o determin e whic h o f 
thes e possibl e solution s wil l  b e accesse d a t  an y give n time , 
or  conflic t  resolution .  W e sugges t  thre e mechanisms .  Th e 
first  i s  recency ,  o r  th e tim e betwee n whe n a  solutio n ha s 
bee n discovere d an d th e tim e i t  i s  accesse d (Anderso n & 
Lebiere ,  1998) .  Th e secon d facto r  i s th e frequenc y o f 
access .  Th e numbe r  o f  time s a  solutio n i s accesse d increase s 
th e bas e activatio n leve l  o f  th e solution .  Th e highe r  th e bas e 
leve l  o f  activation ,  th e mor e likel y i t  i s  tha t  a  particula r 
solutio n wil l  b e accessed .  Th e thir d facto r  i s th e degre e t o 
whic h th e proble m stat e linke d t o a  solutio n stat e i s simila r 
t o th e curren t  proble m state ,  o r  fit.  Th e degre e o f  fit  wil l 
determin e whic h o f  a  se t  o f  possibl e solution s i s mos t 
simila r  t o th e curren t  proble m state . 
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T a s k Character is t ic s a n d Si tuat iona l  N i c h e s 

The previous section outlined the processing steps for 
eac h strategy .  A s state d i n th e introductio n t o th e paper ,  th e 
probabilit y  o f  a  particula r  strateg y bein g use d i s a  ftinction 
of  th e processin g demand s o f  th e strateg y an d th e situationa l 
niche .  Th e followin g sectio n wil l  outlin e possibl e tas k 
demands ,  processin g demand s an d h o w thes e factor s m a y b e 
relate d t o th e applicatio n o f  specifi c  strategies . 

The situationa l  nich e i s simila r  t o Tod d &  Gigeranzer' s 
(1999 )  notio n o f  ecologica l  rationality .  Bot h approache s ar e 
derive d from  Simon' s (1957 )  concep t  o f  bounde d rationalit y 
i n whic h reasonin g proceed s o n th e basi s o f  limite d 
informatio n an d bot h ar e content-sensitive ,  i n tha t  th e typ e 
of  reasonin g respons e i s a  functio n o f  th e tas k demands . 
Whil e ecologica l  rationalit y seek s th e mos t  adaptiv e 
decision/judgmen t  withi n a n ope n syste m (i.e. ,  on e i n whic h 
a correc t  decisio n i s indeterminate) ,  a  situationa l  nich e 
represent s th e curren t  contex t  i n whic h reasonin g i s 
occurrin g an d i s a  matc h betwee n th e processin g demand s o f 
th e syste m an d th e tas k demand s o f  th e proble m wdthi n a 
close d reasonin g system .  Thu s i n a  situationa l  nich e a 
correc t  solutio n i s possible . 

The degre e t o whic h a  proble m i s familia r  wil l  influenc e 
th e us e o f  a  particula r  strategy .  Familiarit y i s contraste d o n 
tw o dimensions ,  th e familiarit y o f  th e conten t  an d 
experienc e wit h a  particula r  proble m type .  Th e degre e t o 
whic h conten t  i s familia r  shoul d increas e th e probabilit y  o f 
knowledge-base d strategies .  Fo r  example ,  i t  i s  a  well -
documente d findin g tha t  a n invali d syllogis m wit h a 
believabl e conclusio n i s mor e likel y t o b e accepte d a s tru e 
tha n a  vali d syllogis m wit h a n unbelievabl e conclusio n 
(Evans ,  Barston ,  &  Pollard ,  1983) .  I n thi s cas e th e 
familiarit y o f  th e conclusio n m a y b e th e mos t  salien t 
element ,  thu s th e elemen t  mos t  likel y t o elici t  a  strateg y 
match .  I n th e cas e o f  les s familia r  materials ,  fo r  exampl e a 
syllogis m wit h tw o "somes "  i n th e premise ,  a  reasone r  m a y 
rel y o n a  task-specifi c  heuristi c t o deriv e a  conclusio n 
(Gallotti ,  Baron ,  &  Sabini ,  1986) .  W h e n give n a  serie s o f 
unfamiliar ,  abstrac t  material s a  reasone r  m a y rel y strictl y o n 
th e forma l  element s o f  inference .  Fo r  exampl e give n th e 
abstrac t  versio n o f  th e W a s o n task ,  a  reasone r  m a y b e 
unabl e t o deriv e a  serie s o f  vali d conclusion s (e.g .  m o d u s 
tollens )  bu t  onl y abl e t o infe r  modu s ponen s (Waso n & 
Johnson-Laird ,  1972) .  I n eac h o f  thes e case s th e familiarit y 
of  conten t  m a y chang e th e problem' s situationa l  niche , 
resultin g i n differen t  probabilitie s o f  matchin g a  give n 
strategy . 

I n th e secon d sens e o f  familiarity ,  strateg y selectio n m a y 
als o depen d o n th e degre e o f  experienc e a  reasone r  ha s wit h 
th e specifi c  proble m type .  I f  a  reasone r  ha s a  grea t  dea l  o f 
experienc e wit h th e specifi c  proble m type ,  the y ar e mor e 
likel y t o retriev e a  solutio n o r  us e th e sam e strateg y a s use d 
on previou s trials .  A s experienc e decreases ,  strateg y 
selectio n i s mor e likel y t o b e a  functio n o f  othe r  factor s i n 
th e situationa l  nich e (e.g. ,  presentatio n format) .  Strateg y 

selectio n wil l  b e influence d b y previou s experience s wit h 
th e proble m typ e an d th e natur e o f  thei r  outcom e associate d 
wit h th e us e o f  prior i  strategies . 

Th e presentatio n forma t  als o m a y influenc e th e strateg y 
selecte d fo r  a  particula r  problem .  Presentatio n format s m a y 
be verbal ,  written ,  o r  visual .  T h e typ e o f  representatio n m a y 
illustrat e o r  obscur e proble m characteristic s crucia l  t o a 
correc t  solutio n (Larki n &  Simon ,  1987) .  Perhap s 
difference s i n solution s diffe r  a s a  functio n o f  bot h th e 
situationa l  nich e an d th e strateg y tha t  matche s thi s niche . 

I n orde r  t o illustrat e possibl e link s betwee n strateg y 
selectio n an d situationa l  niche ,  w e presen t  th e followin g 
example .  Imagin e a  transitivit y proble m i n whic h th e basi c 
instruction s ar e give n a s follows : 

"ou r  peopl e ar e waitin g i n lin e a t  a  movi e theate r  wit h s 
le w seatin g policy .  Th e ne w polic y state s tha t  i n orde r  t c 
illo w everyon e t o se e th e screen ,  al l  patron s hav e t o b « 
seate d b y height .  Tha t  is ,  shorte r  patron s ar e seate d nea i 
th e front  whil e talle r  patron s ar e seate d nea r  th e bac k 
Fiv e people .  Homer ,  Marge ,  Bart ,  Lisa ,  an d Maggi e ar e 
goin g t o th e theater .  Base d o n thei r  relativ e heigh i 
includin g hair \  plac e the m i n proximit y t o th e screen . 

Knowledg e o f  th e sourc e materia l  m a y influenc e th e typ e 
of  strateg y used .  A  reasone r  wit h a  grea t  dea l  o f  knowledg e 
of  th e sourc e materia l  (Th e Simpsons® )  m a y simpl y retriev e 
a solutio n (hig h conten t  familiarity) .  O n e w h o caimo t 
simpl y retriev e a  solutio n m a y us e thei r  knowledg e t o matc h 
th e tas k constraint s a s i n a  knowledge-base d heuristic .  I n 
thi s case ,  th e reasone r  m a y b e abl e t o plac e a  fe w member s 
o f  th e famil y i n orde r  withou t  a  transitiv e inference . 

Thos e wit h n o knowledg e o f  th e televisio n sho w m a y 
nee d t o solv e th e proble m usin g differen t  strategie s tha t  m a y 
depen d o n th e presentatio n format .  I f  presente d pictorially , 
th e representationa l  forma t  reduce s th e amoun t  o f 
informatio n i n workin g m e m o r y an d allow s a  solutio n t o b e 
derive d from  scaimin g th e relativ e height s from  th e visua l 
arra y (se e Figur e 1) . 

Figur e 1 
I f  presente d verbally ,  th e tas k ca n b e simplifie d b y 

orderin g th e informatio n t o alig n wit h tas k demands .  Fo r 
example ,  i f  presente d i n a n ordere d forma t  (a s i n Exampl e 
2) ,  a  simpl e sca n o f  relation s m a y allo w a  solutio n t o b e 
derived .  I n thi s case ,  a  matchin g heuristi c m a y b e devise d i n 
whic h th e talles t  perso n i s onl y o n th e lef t  sid e o f  th e text . 
F r o m her e relation s ar e structure d afte r  th e talles t  ha s bee n 
identified . 

Exampl e 2 
Homer  i s talle r  tha n Lisa . 
Marg e i s talle r  tha n Bart . 
Homer  i s talle r  tha n Bart . 
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Bar t  i s  talle r  tha n Lisa . 
Lis a i s talle r  tha n Maggie . 
Marg e i s talle r  tha n Home r 

When terms are randomly distributed in text (i.e., 
orderin g i s no t  aligne d wit h tas k demands )  the n eac h 
elemen t  mus t  b e encode d an d compare d t o al l  othe r 
component s requirin g greate r  workin g m e m o r y resource s 
(se e Exampl e 3) .  Suc h a  presentatio n forma t  m a y bes t  matc h 
a token-base d strategy ,  i n whic h picture s ar e easil y 
represented  spatiall y  a s a  serie s o f  tokens . 

Example 3 
Homer  i s talle r  tha n Lisa .  Bar t  i s  talle r  tha n Lisa .  Marg e 
i s talle r  tha n Bart .  Home r  i s talle r  tha n Bart .  Lis a i s talle r 

tha n Maggie .  Marg e i s talle r  tha n Homer 

The previous examples suggest a link between task 
demands an d processin g resources .  Bu t  h o w d o tas k 
demands an d processin g denund s produc e strateg y 
selection ? Difference s i n processin g demand s an d tas k 
demands wil l  lea d t o difference s i n th e salienc e o f  proble m 
elements .  Previou s strateg y us e influence s th e probabilit y 
tha t  a  give n strateg y wil l  b e used .  Usin g thi s framework,  w e 
m ay b e abl e t o explai n bot h inter -  an d intra-individua l 
change .  Fo r  informatio n abou t  competitio n betwee n existin g 
strategies ,  w e wil l  examin e dat a on e exampl e o f  error s i n 
logica l  reasoning :  performanc e difference s base d o n th e 
presenc e o f  familia r  content .  I n verba l  strategies ,  error s i n 
processin g ar e attribute d t o a  failur e i n applyin g th e 
appropriat e rul e t o th e statement .  Ther e ar e a t  leas t  tw o 
condition s unde r  whic h a  rul e i s unavailabl e fo r  processing . 
Failur e t o retriev e a  rul e suggest s tha t  althoug h th e rul e i s 
presen t  i n long-ter m memory ,  i t  i s  no t  retrieve d fo r 
processin g di e cunen t  information .  Failur e t o matc h a  rul e 
i s typicall y explaine d b y th e presenc e o f  conten t  effect s 
(Brain e &  O'Brien ,  1998) .  Tha t  is ,  whe n th e conten t  i s 
eithe r  familia r  o r  support s a n inferenc e beyon d tha t  o f  th e 
statement' s form ,  the n rul e matchin g i s eithe r  suppresse d o r 
m ay matc h a  differen t  rul e (Rips ,  1994) .  Althoug h failur e t o 
matc h ha s bee n cite d a s a  conditio n unde r  whic h abstrac t 
rule s fai l  t o apply ,  i t  i s  plausibl e tha t  unde r  thes e condition s 
knowledge-base d heuristic s ar e mor e likel y t o b e applied , 
resultin g i n slightl y differen t  conclusions .  Conversely , 
knowledge-base d heiuistic s rule s ofte n fai l  t o fire  w h e n 
give n abstrac t  element s (e.g. ,  I f  A ,  the n B )  an d ar e restricte d 
t o induce d relation s (i.e. ,  obligatio n an d {permission )  (Chen g 
& Holyoak ,  1985 ;  Rips ,  1994) .  I n bot h cases ,  ther e ar e 
range s o f  result s tha t  canno t  b e explaine d b y eac h unifie d 
theory ,  however ,  viewin g eac h a s a  strateg y allow s th e 
inclusio n o f  th e seemingl y conflictin g empirica l  fmding s 
int o a  singl e model . 

Th e strateg y approac h maintain s th e explanator y powe r  o f 
eac h theor y whil e increasin g th e scop e o f  explanation .  Th e 
strateg y approac h account s fo r  a  rang e o f  result s b y 
suggestin g tha t  eac h strateg y possesse s distinc t  processin g 
demands tha t  ar e likel y t o matc h th e tas k demand s o f 
specifi c  problem .  B y allowin g multipl e approache s withi n 

individual s acros s tim e th e strateg y approac h i s maximall y 
flexible  allowin g th e possibilit y  o f  explainin g difference s 
acros s task s an d individuals . 
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Abstrac t 

This  paper evaluates four featural models of stim-
ulu s similarit y usin g dat a collecte d fo r  a  se t  o f  1 6 
nations .  Algorithm s ar e develope d fo r  findin g stim -
ulu s representations ,  an d th e importan t  issu e o f 
balancin g datâ fi t  agains t  mode l  complexit y i s ad -
dresse d b y usin g th e Geometri c Complexit y Crite -
rion .  Althoug h th e dat a clearl y incorporat e bot h 
common an d distinctiv e features ,  Tversky' s (1977 ) 
Contras t  Mode l  seem s unabl e t o expres s thes e reg -
ularitie s i n a n appropriat e manner .  However ,  w e 
sho w tha t  a  ne w versio n o f  th e Contras t  Mode l  tha t 
treat s eac h featur e a s eithe r  bein g commo n o r  dis -
tinctiv e i s bette r  abl e t o captur e th e essentia l  as -
pect s o f  th e similarit y judgments . F e a t u r a l  R e p r e s e n t a t i o n 

A fundamenta l  issu e i n psycholog y regard s th e ap -
propriat e manne r  i n whic h t o represen t  stimul i  i n 
a mode l  o f  h u m a n cognition .  A s argue d b y Brook s 
(1991) ,  i t  i s  importan t  t o constrai n representation s 
t o thos e justifie d b y empirica l  data ,  an d avoi d th e 
questionabl e practic e o f  specifyin g representation s 
"b y hand "  .  O n e well-establishe d techniqu e fo r  pin -
nin g dow n menta l  representatio n involve s measur -
in g th e similarit y betwee n pair s o f  stimuli .  T h e as -
sumptio n underlyin g thi s approac h i s tha t  th e deci -
sio n proces s involve d i n judgin g similarit y i s a  sim -
pl e one ,  an d thu s th e dat a ca n b e considere d t o re -
flect  th e underlyin g menta l  representatio n t o a  larg e 
extent .  Whil e thi s i s no t  withou t  theoretica l  dif -
ficulties  (e.g. ,  G o o d m a n ,  1972 ;  Goldstone ,  Medin , 
& Halberstadt ,  1997) ,  i t  i s  substantiall y  superio r  t o 
th e alternativ e approac h o f  hand-tunin g representa -
tions ,  whic h m a y no t  reflec t  h u m a n representationa l 
structure s i n an y regard .  Goldstone' s (1999 )  recen t 
revie w identifie s fou r  mai n approache s t o similarit y 
modeUng:  geometric ,  featm-al ,  ahgnment-base d an d 
transformational .  I n thi s articl e w e discus s curren t 
approache s t o featura l  representation ,  an d provide 
experimenta l  evidenc e t o suppor t  a  n e w approac h 
fo r  modelin g featura l  similarity . 

Th e featura l  approac h t o menta l  representatio n 
describe s a n objec t  i n term s o f  th e attribute s i t  pos -
sesses .  Feature s m a y b e eithe r  perceptua l  o r  concep -
tua l  i n nature :  fo r  example ,  a  tige r  migh t  posses s th e 
feature s "fou r  legged" ,  "orange" ,  an d "predatory" . 

T h e tas k o f  derivin g featura l  representation s fro m 
similarit y dat a ca n b e state d a s follows :  i f  n  denote s 
th e numbe r  o f  stimu h i n th e domain ,  the n give n a n 
n x n matri x o f  similarit y judgment s S ,  find  a  se t  o f 
m feature s tha t  explai n thes e judgments .  W e ca n de -
not e thi s se t  o f  feature s b y th e n x m featur e matri x 
F =  [fik] ,  wher e fi k  i s 1  i f  th e it h stimulu s possesse s 
th e fcth  feature ,  an d 0  i f  i t  doe s not . 

Four Models of Featural Similarity 

One well-established approach for extracting feat-
ura l  representation s fro m similarit y dat a involve s us -
in g additiv e clusterin g algorithm s (e.g ,  Shepar d & 
Arabic ,  1979 ;  Tenenbaum ,  1996) .  T h e similarit y be -
twee n tw o stimu h i s estimate d a s th e s u m o f  th e 
weight s o f  thei r  c o m m o n feature s (i.e. ,  thos e tha t 
they  bot h possess) .  Tha t  is , 

ay =  2 2 ̂ I'fti'fji '  +  '̂ < (1 ) 

wher e Wk denote s th e salienc y weigh t  o f  th e A:t h 
feature ,  an d c  i s a  positive-value d constan t  adde d 
t o al l  similarit y estimates .  Thu s a n Tn-featur e 
conmio n feature s representatio n consist s o f  th e fea -
tur e matri x F ,  th e vecto r  o f  salienc y weight s w  = 
{wi,W2,---,v}Tn ]  an d th e additiv e constant .  A s 
note d above ,  additiv e clusterin g relie s o n a  purel y 
c o m m on feature s model .  Thi s mean s tha t  th e stim -
u h becom e mor e simila r  onl y t o th e exten t  tha t  the y 
shar e features . 

A n alternativ e featura l  mode l  i s th e distinctiv e 
feature s model ,  unde r  whic h similarit y i s measure d 
accordin g t o th e difference s betwee n th e feature s 
tha t  stimu h have .  Thi s mean s tha t  i f  on e stimu -
lu s ha s a  featur e an d anothe r  doe s not ,  they  becom e 
les s similar .  Thi s ca n b e writte n a s 

k k 
(2 ) 

whic h i s identica l  t o th e symmetri c distanc e met -
ri c propose d b y Restl e (1959) ,  an d closel y relate d 
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t o discret e multidimensiona l  scalin g (Clous e &  Cot -
trell ,  1996 ;  Rohde ,  i n press) . 

A genera l  framework  tha t  interpolate s betwee n 
thes e tw o model s i s Navarr o an d Lee' s (2001 )  adap -
tatio n o f  Tversky' s (1977 ;  Gat i  &  Tversky ,  1984 ) 
Contras t  Mode l  ( T C M ) ,  consistin g o f  a  weighte d 
su m o f  th e c o m m o n feature s similarit y (Eq .  1 )  an d 
th e distinctiv e feature s similarit y (Eq .  2) .  I f  w e le t 
0 <  p  <  1  denot e th e weightin g give n t o th e c o m m o n 
feature s component ,  the n thi s mode l  i s  give n b y 

ai j  =  P X )  ̂ >'Mi> '  2 ^  Y l  '̂*-̂" '  ( ^  ~  •''•'* ) 
k 

52" ' *  (1-A*)/»*+<= • (3 ) 

Th e c o m m o n feature s mode l  correspond s t o th e ex -
trem e cas e p = l ,  an d th e distinctiv e feature s mode l 
t o th e othe r  extrem e cas e p  =  0 . 

However ,  thi s mode l  i s  no t  th e onl y wa y o f  strikin g 
a balanc e betwee n c o m m o n an d distinctiv e features . 
Alternatively ,  w e propos e a  ne w featura l  similarit y 
model  i n whic h eac h individua l  featur e i s declare d 
t o b e eithe r  a  c o m m o n featur e (whic h increase s th e 
similarit y o f  pair s o f  stimu U tha t  shar e it )  o r  a  dis -
tinctiv e featur e (whic h decrease s th e similarit y o f  a 
pai r  o f  stimu h i f  on e ha s i t  an d th e othe r  doe s not) . 
Thi s Modifie d Contras t  Mode l  ( M C M )  i s thus : 

«<i  =  5 1 ""=/«*/) *  ~  2  ̂  '"*-̂* *  ̂ ^  ~  •̂̂* ^ 
lt€C F 

1 
2 

k^DF 

~ 2 X I  '̂ fc(l-/*fc)/<*+c . (4 ) 
k^DF 

wher e k  €  C F implie s tha t  th e su m i s take n ove r 
c o m m on features ,  an d k  €  D F mean s tha t  onl y dis -
tinctiv e feature s ar e considered . 

Psychologicall y speaking ,  th e airgiunen t  i s tha t 
a featur e embodie s som e kin d o f  regularit y abou t 
th e world ,  whic h m a y b e tha t  a  se t  o f  stimul i  al l 
hav e somethin g i n common ,  o r  alternatively ,  tha t 
tw o group s o f  stimul i  ar e i n som e wa y differen t  from 
eac h other .  A  c o m m o n featur e instzintiate s th e ide a 
of  "similarit y within" ,  wherea s a  distinctiv e featur e 
represent s th e notio n o f  "differenc e between" .  Whil e 
i t  m a y b e th e cas e tha t  th e salienc y o f  a  featur e 
ca n change ,  a  commonaht y doe s no t  suddenl y be -
come a  distinction ,  no r  vic e versa .  I n th e MClA ,  th e 
overal l  balanc e betwee n commonalit y an d distinc -
tivenes s emerge s a s a  functio n o f  th e relativ e num -
ber  an d saUenc y o f  c o m m o n an d distinctiv e features , 
rathe r  tha n bein g specifie d b y th e paramete r  p ,  a s 
i t  i s  i n th e T C M .  Tha t  is ,  wher e th e T C M assume s 

tha t  commo n an d distinctiv e feature s ar e weighte d 
durin g th e decisio n process ,  th e M C M consider s th e 
commonaht y o r  distinctivenes s o f  a  featur e t o b e a 
regularit y inheren t  i n th e environment ,  an d s o em -
beds i t  i n th e representatio n itself .  I n thi s way ,  th e 
M CM assume s tha t  featura l  regularitie s ca n b e ei -
the r  commonalitie s o r  distinctions ,  bu t  neve r  a  bi t  o f 
both .  W h e n a  grou p o f  stimu U hav e bot h commo n 
and distinctiv e aspects ,  th e M C M model s thes e tw o 
aspect s a s tw o distinc t  featura l  regularities . 

Model Fitting 

I t  i s  usefu l  t o distinguis h betwee n th e psychologica l 
proble m o f  modelin g featura l  similarit y an d th e nu -
merica l  proble m o f  finding  feature s (Shepar d &  Ara r 
bie ,  1979) .  Th e psychologica l  proble m is :  give n a  se t 
of  feature s F ,  ho w shoul d similaritie s b e estimated ? 
Thi s i s th e questio n addresse d b y th e fou r  featura l 
model s discusse d i n th e previou s section .  Th e nu -
merica l  proble m i s a  dat a fitting  problem :  give n a  se t 
of  similarit y dat a S ,  an d assumin g a  particula r  psy -
chologica l  model ,  wha t  se t  o f  feature s F  mos t  prob -
abl y gav e ris e t o th e data ? A  variet y o f  approache s 
hav e bee n adopte d i n fitting  th e additiv e cluster -
in g model ,  rangin g from  mathematica l  programmin g 
(Arabl e &  Carroll ,  1980 )  t o expectatio n maximiza ^ 
tio n (Tenenbaum ,  1996 )  an d stochasti c hillclimbin g 
(Lee ,  i n press) .  Th e proces s b y whic h suc h algo -
rithm s operat e i s relevan t  t o th e psychologica l  prob -
le m o f  similarit y modehn g onl y inasmuc h a s w e re -
quir e tha t  the y deriv e goo d answer s t o th e numerica l 
problem .  Whil e non e o f  th e abov e method s i s per -
fect ,  i t  i s  fai r  t o sa y tha t  eac h approac h perform s 
wel l  enoug h t o allo w interpretatio n an d discussio n 
of  th e derive d representations .  Th e representation s 
derive d her e use d a  stochasti c hillclimbin g approac h 
t o fit  th e featurs J model s simila r  t o tha t  adopte d b y 
Lee (i n press )  an d Navarr o an d Le e (2001) . 

The fitting  procedur e adopte d th e Geometri c 
Complexit y Criterio n (GCC :  Myung ,  Balasubra r 
manian ,  &  Pitt ,  2000 )  a s th e measur e t o b e min -
imize d b y th e successfu l  representation .  A s ha s 
bee n remarke d upo n previousl y (e.g. ,  Myung ,  2000 ; 
Robert s k  Pashler ,  2000) ,  achievin g a  goo d datâ fi t 
i s  no t  th e sol e criterio n o f  a  goo d model .  Othe r  con -
sideration s suc h a s generalizabihty ,  simplicit y an d 
interpretabiht y mus t  b e take n int o account .  Fro m a 
quantitativ e standpoint ,  on e ca n operationaliz e th e 
trade-of f  betwee n fit  an d complexit y i n a  kin d o f  for -
mal  versio n o f  Ockham' s razor .  Th e G C C i s base d 
on th e notio n tha t  th e complexit y o f  a  mode l  i s  give n 
by th e numbe r  o f  distinguishabl e parametri c distri -
bution s indexe d b y th e model .  Informally ,  thi s ca n 
be though t  o f  a s a  measur e o f  ho w man y differen t 
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similarit y matrice s coul d b e produce d b y a  give n fea -
tur e structur e unde r  al l  possibl e choice s o f  salienc y 
weights .  Th e mor e distribution s a  mode l  indexes , 
th e mor e comple x i t  is .  Thi s measur e i s superio r  t o 
th e Akaik e Informatio n Criterio n (Akaike ,  1977 )  o r 
th e Bayesia n Informatio n Criterio n (Schwarz ,  1978) , 
whic h estimat e mode l  complexit y b y countin g th e 
number  o f  fre e parameters .  A s Le e (2001 )  ha s 
pointe d out ,  th e numbe r  o f  parameter s i s no t  a  goo d 
indicato r  o f  th e complexit y o f  featiu-a l  representa -
tions ,  sinc e th e wa y i n whic h feature s ar e assigne d 
t o stimul i  ha s a  considerabl e influenc e o n mode l  com -
plexity .  Furthermore ,  Navarr o an d Le e (2001 )  hav e 
demonstrate d tha t  conmio n feature s representation s 
ar e mor e comple x o n averag e tha n distinctiv e fea -
ture s representations .  Thes e systemati c difference s 
i n wha t  Myun g an d Pit t  (1997 )  cal l  th e functions J 
for m complexit y o f  a  mode l  requir e a  mor e discrim -
inatin g measur e suc h a s th e G C C.  Th e derivatio n 
of  G C C measure s fo r  th e fou r  featura l  model s i s 
straightforward ,  an d follow s th e approac h outline d 
by Navarr o an d Le e (2001) . 

Experiment 

I n orde r  t o provid e a n empirica l  tes t  o f  th e fou r  feat -
ura l  similarit y models ,  similarit y dat a wer e collecte d 
fo r  a  se t  o f  1 6 nation s identifie d b y name .  Th e na -
tur e o f  thi s domai n mad e i t  les s tha n satisfactor y t o 
presen t  peopl e wit h a  pai r  o f  countrie s an d as k the m 
t o rat e thei r  similarity .  I t  seem s likel y tha t  thi s tas k 
woul d b e ambiguous ,  i n tha t  th e initia l  reactio n o f 
participant s ma y b e t o ask ,  "Compare d t o what? " 
Even whe n th e similarit y betwee n a  pai r  o f  nation s 
does no t  nee d a  context ,  participant s ar e unlikel y 
t o brin g t o thi s tas k a  pre-existin g numerica l  scal e 
of  nation-similarit y upo n whic h t o rat e it .  A n al -
ternativ e approac h i s t o provid e participant s wit h a 
contex t  i n whic h t o mak e judgments .  Th e tas k w e 
used wa s t o presen t  peopl e wit h a  lis t  o f  fou r  coun -
tries ,  an d as k the m t o selec t  from  th e lis t  th e pai r  o f 
nation s mos t  simila r  t o on e another . 

Method 

Participant s Participant s i n th e stud y wer e 1 6 
universit y student s ( 4 male ,  1 2 female )  age d 1 7 t o 
36,  wit h a  media n ag e o f  24 ,  wh o too k par t  i n th e 
experimen t  fo r  cours e credit . 

Material s Th e lis t  o f  nation s use d was :  China , 
Cuba,  Germany ,  Indonesia ,  Iraq ,  Italy ,  Jamaica , 
Japan ,  Libya ,  Nigeria ,  th e PhiUppines ,  Russia , 
Spain ,  Unite d States ,  Vietnam ,  an d Zimbabwe . 
They wer e chose n t o sugges t  a  variet y o f  possibl e 
classificatio n scheme s (e.g. ,  politica l  syste m v s geo -
graphica l  location) ,  an d involv e a  variabilit y  i n over -

al l  salienc y (e.g. ,  Ital y an d German y wer e bette r 
know n t o mos t  o f  ou r  participant s tha n Zimbabw e 
and Nigeria) . 

Procedure On each trial a list of four coimtries 
was displaye d (vi a computer )  t o th e participant ,  wh o 
was aske d t o pic k ou t  th e tw o countrie s mos t  simi -
la r  t o eac h other .  Th e 1 6 nation s yiel d (̂^ )  =  12 0 
distinc t  pair s o f  nations ,  an d a  tota l  o f  {̂ ^ )  =  182 0 
possibl e list s o f  four .  Give n tha t  th e similarit y  rat -
ing s ar e sensitiv e t o al l  fou r  presente d stimuli ,  i t  wa s 
importan t  t o exhaus t  exactl y th e se t  o f  182 0 quadru -
ples .  T o tha t  end ,  th e 182 0 item s wer e partitione d 
int o 2 0 subset s o f  9 1 quadruples .  Mos t  participant s 
provide d response s t o on e o f  thes e subsets ,  thoug h a 
fe w o f  th e participant s provide d response s t o multi -
pl e subsets .  Sinc e eac h quadrupl e involve s th e pre -
sentatio n o f  6  o f  th e 12 0 nation-pairs ,  eac h pai r  ap -
peare d a  tota l  o f  ̂ ^̂ ° Q ̂  = 9 1 time s acros s th e entir e 
dat a set . 

Results 

Calculatin g th e mea n empirica l  similarit y involve d 
operationalizin g th e similarit y o f  a  pai r  o f  countrie s 
as th e expecte d probabilit y  o f  selectin g tha t  pai r  i n 
an arbitrar y tria l  containin g bot h stimuli .  Usin g a 
standar d resul t  i n Bayesia n statistic s (Gehnan ,  Car -
hn ,  Stem ,  &  Rubin ,  1995 ,  p .  31) ,  i f  a  particula r  pai r 
i s chose n k  time s ou t  o f  n  ( n bein g 91) ,  the n th e em -
pirica l  similarit y  i s give n b y Si j  =  ^^ .  I n usin g th e 
G CC t o contro l  mode l  complexity ,  i t  i s importan t  t o 
kno w th e precisio n o f  th e similarit y value s (Lee ,  i n 
press) ,  whic h i s basicall y a  measur e o f  th e exten t  t o 
whic h participant s agree d i n thei r  judgments .  Preci -
sio n i s importan t  becaus e mor e precis e dat a justif y 
mor e comple x models .  W e estimate d th e precisio n 
t o b e moderate ,  b y usin g th e ful l  distributio n o f  th e 
similarit y judgments .  Detail s o f  thi s estimatio n pro -
cedure ,  a s wel l  a s tha t  use d t o calculat e similarit y 
values ,  ar e give n b y Navarr o (2002) . 

Usin g ou r  stochasti c hillclimbin g algorithms ,  rep -
resentation s o f  th e nation s similarit y dat a tha t  min -
imize d th e G C C wer e foun d fo r  eac h o f  th e fou r  sim -
ileirit y  models .  O f  thes e fou r  representations ,  th e 
G CC value s fo r  th e c o m m o n features ,  distinctiv e fea r 
tures ,  an d M C M representation s ar e virtuall y indis -
tinguishable ,  wit h th e T C M performin g slightl y bet -
ter .  However ,  th e qualitativ e characteristic s o f  thes e 
representation s ar e importan t  i n term s o f  mode l  in -
terpretability ,  an d w e discus s eac h i n turn . 

Th e bes t  c o m m o n feature s representatio n i s show n 
i n Figur e 1 ,  an d contain s seve n feature s tha t  explai n 
78.1 % o f  th e varianc e i n th e data .  Th e feature s ar e 
highl y interpretable ,  containin g feature s fo r  west -
er n Europea n nations ,  Caribbea n nations ,  south -
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Figure 1: Common features representation of the 
nation s similarit y data ,  accountin g fo r  78 .1 % o f  th e 
varismc e ( G C C = 4 1 . 2 ) .  C o n u n o n feature s ar e de -
picte d b y rectangle s tha t  encompas s th e nation s tha t 
posses s them . 
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Figure 2: Distinctive features representation of the 
nation s similarit y data ,  accountin g fo r  71 .0 % o f  th e 
varianc e { G C C = 4 1 . 5 ) .  Distinctiv e feature s ar e de -
picte d b y Une s tha t  partitio n th e stimulu s set . 

e m Africa n nation s an d Asia n nations .  I t  seem s 
probabl e tha t  th e featur e containin g onl y th e PhiUp -
pine s an d Indonesi a reflect s perceive d cultura l  an d 
geographica l  similarities ,  an d tha t  th e Iraq-Liby a 
feature  reflects  th e fac t  tha t  bot h ar e Arabi c na -
tion s an d tha t  bot h hav e bee n considere d "rogu e 
states "  T h e final  featur e consist s o f  Germany ,  Rus -
sia ,  Unite d States ,  Chin a an d Japan ,  an d coul d b e 
sai d t o denot e th e "worl d powers "  a m o n g th e stim -
ulu s set . 

T h e bes t  distinctiv e feature s representatio n i s 
show n i n Figur e 2 ,  an d contain s five  feature s tha t  ex -
plai n 7 1 . 0 % o f  th e varianc e i n th e data .  Thre e o f  th e 
five  feature s hav e a  natura l  interpretation :  on e fea -
tur e separate s th e Africa n an d Middle-Easter n na -
tion s from  th e res t  o f  th e world ,  an d anothe r  sepa r 
rate s th e Asia n nation s from  th e others .  T h e top> -
weighte d featur e i n Figtur e 2  make s a n intuitivel y 
plausibl e distinctio n tha t  migh t  b e labele d "devel -
ope d V B imdeveloped" .  I t  i s  interestin g t o not e tha t 
th e placemen t  o f  Chin a withi n th e develope d na r 
tion s i s equivocal ,  sinc e th e G C C increase s onl y mar -
ginall y w h e n Chin a i s place d i n th e othe r  category . 
Thi s make s sense ,  give n China' s statu s a s a  quickl y 
developin g nation .  Significantly ,  however ,  th e re -
mainin g tw o feature s d o no t  appea r  t o reflec t  an y 
kin d o f  interpretabl e structure .  F r o m a  psycholog -
ica l  standpoint ,  thi s i s highl y undesirable ,  sinc e a 
centra l  ai m o f  representationa l  m o d e h n g i s t o find 
interpretabl e structure s i n th e data . 

Tabl e 1  display s th e si x featur e representatio n de -
rived  usin g th e T C M wit h p  =  0.7 ,  whic h expledn s 
8 0 . 8 % o f  th e variance .  Sinc e th e T C M specifie s a 

balanc e o f  c o m m o n an d distinctiv e features ,  ther e i s 
n o simpl e wa y o f  depictin g thi s representatio n graph -
ically .  T h e hig h p  valu e indicate s tha t  commonah -
tie s ar e weighte d mor e heavil y tha n differences .  Al l 
of  th e cluster s i n Tabl e 1  appea r  i n eithe r  th e com -
m on feature s o r  distinctiv e feature s representations, 
whic h i s no t  surprising .  T h e feature s themselve s 
m a ke sense ,  althoug h i t  i s  no t  eas y t o se e exactl y 
what  p  =  0. 7 mean s w h e n providin g a n overal l  inter -
pretation .  I t  i s  noteworth y tha t  th e distinctiv e fea -
tur e tha t  separate d th e developin g from  develope d 
worl d i n Figtir e 2  doe s no t  appea r  i n thi s representa -
tion ,  despit e bein g th e mos t  heavil y weighte d o f  th e 
distinctiv e features .  T h e reaso n fo r  thi s m a y b e tha t 
th e featur e doe s no t  m a k e sens e a s anythin g othe r 
tha n a  purel y distinctiv e feature ,  sinc e an y c o m m o n 
featiu-e s componen t  make s on e hal f  (eithe r  develope d 
or  developing )  mor e salien t  tha n th e other . 

T h e seve n featvu- e M C M representatio n show n i n 
Figur e 3  expleiin s 81 .2 % o f  th e variance ,  an d pick s 
ou t  a  numbe r  o f  feature s from  th e c o m m o n feature s 
representation :  th e wester n Europe ,  Caribbean , 
souther n Afric a an d Asia n feature s ar e al l  present , 
as i s th e "worl d powers "  feature .  T h e featur e con -
tainin g Cuba ,  Ira q an d Liby a i s interesting ,  i n tha t 
th e inclusio n o f  C u b a i s a  margina l  cas e a s judge d 
by th e G C C .  Wi t h C u b a included ,  th e featur e ha s a 
"rogu e states "  interpretation ,  wherea s withou t  C u b a 
i t  woul d reflect  th e Arabi c nations .  Finally ,  th e 
model  als o include s th e "develope d v s developing " 
regularity  fro m th e distinctiv e feature s representa r 
tion .  T h e compariso n betwee n thi s distinctiv e fea r 
tur e an d th e "worl d powers "  c o m m o n featur e i s als o 
wort h making .  T h e fac t  tha t  thes e tw o related  bu t 
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Tabl e 1 :  T C M representatio n o f  th e nation s aim -
ilarit y data ,  employin g a  commo n feature s bia s 
( p =  0.7) ,  accoimtin g fo r  80.8 % o f  th e varianc e 
(GCC=36.9) . 

Stimul i  i n Cluste r Weigh t 
Germany ,  Italy ,  Spain .  0.68 2 
Nigeria ,  Z imbabwe .  0.49 5 
China ,  Indonesia ,  Japan ,  Philippines ,  0.45 3 

Vietnam . 
Indonesia ,  Philippines .  0.37 4 
China ,  Ge rmany ,  Japan ,  Russia ,  0.31 6 

Unite d States . 
Iraq ,  Libya ,  Nigeria ,  Z imbabwe .  0.28 8 

additiv e constan t  0.23 6 
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Figur e 3 :  M C M representatio n o f  th e similarity -
conditio n countrie s data ,  accoimtin g fo r  8 1 . 2 % o f  th e 
varianc e ( G C C = 4 1 . 0 ) 

differen t  feature s emerg e i n thes e differen t  frame -
work s sugges t  tha t  peopl e m a k e a  distinctio n be -
twee n th e develope d nation s an d th e undevelope d 
nations ,  bu t  tha t  ther e i s  als o somethin g share d b y 
th e worl d power s o f  th e stimulu s set .  No t  al l  devel -
ope d nation s shar e thi s status ,  s o i t  i s  appropriat e 
tha t  bot h feature s emerge .  Moreover ,  th e fac t  tha t 
tw o nation s ar e develope d doe s no t  necessaril y im -
pl y tha t  the y ar e alike ,  bu t  i f  on e i s develope d an d 
th e othe r  developing ,  i t  doe s m a k e t h e m different , 
so th e "develope d vs .  developing "  featur e shoul d b e 
a distinctiv e feature .  Correspondingly ,  tw o nation s 
ar e aUk e i f  the y ar e majo r  worl d powers ,  bu t  thi s 
doe s no t  sa y anythin g abou t  thei r  similarit y i f  the y 
ar e not . 

Discvission 

As previousl y noted ,  a  majo r  a i m o f  featura l  similar -
it y modelin g i s t o captur e simple ,  interpretabl e reg -

ularitie s presen t  i n th e data .  I n thi s case ,  th e com -
m on feature s representatio n i s easil y interpreted ,  ye t 
th e distinctiv e feature s representatio n i s  not .  Fur -
thermore ,  bot h th e T C M an d M C M representation s 
evidenc e a  bia s toward s commonalities .  Overall , 
therefore ,  i t  appear s tha t  th e participants '  judge -
ment s wer e m o r e heavil y influence d b y c o m m o n fea -
ture s tha n distinctiv e features .  Nonetheless ,  bot h 
th e T C M an d M C M representation s includ e a  dis -
tinctiv e feature s componen t ,  suggestin g tha t  distinc -
tiv e feature s ar e no t  irrelevan t  i n th e data . 

I t  i s  wort h notin g tha t  th e "develope d v s devel -
oping "  featur e include d i n th e distinctiv e feature s 
an d M C M representation s i s th e singl e mos t  promi -
nen t  regularit y i n th e dat a set :  w h e n restricte d t o 
a singl e feature ,  al l  featura l  model s excep t  th e com -
m on feature s mode l  (whic h i s  incapabl e o f  express -
in g thi s feature )  yiel d thi s feature .  I t  account s fo r 
m o r e varianc e an d ha s a  substantiall y  lowe r  G C C 
tha n an y othe r  singl e feature .  T h o u g h w e d o no t 
wis h t o d ra w overl y stron g conclusion s fro m a  singl e 
experiment ,  th e prominenc e o f  thi s regularit y call s 
int o questio n a  centra l  assumptio n o f  th e T C M .  A s 
argue d i n th e result s section ,  thi s "develope d v s de -
veloping "  featur e onl y m a k e s sens e a s a  purel y dis -
tinctiv e feature .  T h e T C M coul d onl y incorporat e 
i t  b y settin g p  =  0 .  However ,  a s observe d above , 
c o m m on feature s ar e m o r e prominen t  tha n distinc -
tiv e feature s i n th e data ,  an d thu s a  hig h p  valu e i s 
preferred .  I n doin g so ,  th e T C M i s  abl e t o giv e a 
goo d accoun t  fo r  th e dat a i n a  quantitativ e sense , 
bu t  onl y b y discardin g thi s quaUtativel y importan t 
regularity .  Notably ,  sinc e th e T C M assume s tha t  al l 
feature s ar e subjec t  t o th e singl e decisio n variabl e p , 
i t  canno t  simultaneousl y a c c o m m o d a t e a  c o m m o n -
aUt y an d a  distinctio n unde r  an y parameterization . 
I n comparison ,  th e M C M i s no t  merel y capabl e o f 
accommodat in g thi s p h e n o m e n o n ;  i t  i s  typica l  be -
havio r  fo r  th e model . 

Future Work 

As note d above ,  a  singl e dat a se t  provide s onl y mil d 
evidence :  i t  i s  importan t  t o demonstrat e tha t  simila r 
effect s m a y b e observe d i n othe r  dat a sets .  T h o u g h 
spac e doe s no t  permi t  furthe r  analyse s here ,  wor k 
currentl y underwa y i n thi s are a seek s t o generaliz e 
thes e findings  i n precisel y thi s way .  Furthe r  researc h 
coul d als o exten d th e M C M i n orde r  t o allo w othe r 
type s o f  distinctions .  A  distinctiv e featur e i n th e 
curren t  mode l  partition s th e stimulu s se t  int o tw o 
groups ,  suc h a s "male "  an d "female" .  I t  coul d b e 
argue d tha t  ther e ar e regularitie s tha t  hav e th e hall -
mark s o f  a  distinctio n (i n tha t  differences-betwee n 
matter ,  bu t  similarities-withi n d o not )  bu t  involv e 
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more tha n tw o groups .  Fo r  example ,  th e notio n tha t 
a thin g i s "animal" ,  "mineral "  o r  "vegetable "  coul d 
be considere d t o b e distinctiv e featur e tha t  parti -
tion s th e stimul i  int o thre e groups .  Moreover ,  ther e 
i s a  cas e t o b e mad e fo r  representationa l  formalism s 
tha t  involv e bot h discret e aspect s (suc h a s features ) 
and continuou s aspect s (suc h a s spatic d dimensions) . 
Accordingly ,  anothe r  avenu e fo r  researc h woul d b e t o 
pursu e hybri d model s tha t  involv e spatia l  a s wel l  a s 
featura l  components . 
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Abstrac t 

This aiticle explores the concept of epistemic actions in 
th e Towe r  o f  Hano i  (ToH )  problem .  Epistemi c action s 
(Kirs h &  Maglio ,  1994 )  ar e action s tha t  d o no t  travers e 
Ae proble m spac e towar d th e goa l  bu t  facilitat e subse -
quent  proble m solvin g b y changin g th e actor' s cogni -
tiv e state .  W e repor t  a n experimen t  i n whic h peopl e re -
peatedl y solv e To H tasks .  A n instructiona l  manipulatio n 
aske d participant s t o minimiz e move s eithe r  tria l  b y tria l 
or  onl y o n th e las t  thre e o f  si x trials .  Thi s manipulatio n 
di d no t  hav e th e predicte d effec t  o n th e trial-by-tna l  mov e 
counts .  A  second ,  devic e manipulatio n provide d som e 
participant s wit h a n "explorator y mode "  m whic h mov e 
sequence s coul d b e trie d the n undon e withou t  affectin g 
th e criterio n mov e count .  Participant s effectivel y use d 
thi s mod e t o reduc e move s o n eac h trial ,  bu t  ther e wa s n o 
clea r  evidenc e tha t  the y use d i t  t o lear n abou t  th e proble m 
acros s trials .  W e conclud e tha t  ther e i s stron g evidenc e 
fo r  on e sub-^p e o f  epistemi c actio n (acting-to-plan )  bu t 
no evidenc e fo r  a  secon d sub-typ e (acting-to-leam) . 

I n t roduc t i o n 

H o w d o w e lear n t o solv e a  problem ? Th e mos t  popu -
la r  vie w withi n th e Cognitiv e Scienc e communit y i s tha t 
we d o s o b y solvin g th e problem .  Anza i  an d Simon' s 
(1979 )  theor y o f  'learnin g b y doing '  mark s a  majo r 
breakthroug h i n researc h o n learnin g throug h proble m 
solving .  The y propose d a n adaptiv e productio n syste m 
whic h mirrore d th e strateg y transformation s o f  a  h u m a n 
participan t  a s sh e solve d th e Towe r  o f  Hano i  (ToH )  prob -
lem ,  an d i n s o doin g provide d th e impetu s fo r  m a n y sub -
sequen t  theorie s o f  th e mechanism s b y whic h proble m 
solvin g lead s t o learnin g (e.g .  Klahr ,  Langle y &  Neches , 
1987) . 

Al l  leaming-by-doin g account s shar e th e assumptio n 
tha t  learnin g abou t  a  particula r  proble m occur s a s a n au -
tomati c by-produc t  o f  proble m solvin g activity .  H o w -
ever ,  i n m a n y proble m solvin g situation s learnin g m a y b e 
mor e deliberat e tha n th e leaming-by-doin g accoim t  im -
plies .  W e sugges t  tha t  proble m solver s m a y sometime s 
orien t  themselve s t o learnin g goal s rathe r  tha n solutio n 
goal s (O'Har a &  Payne ,  1998 ;  Trude l  &  Payne ,  1995) . 

I n relatio n t o th e T o H task ,  thi s positio n i s encourage d 
by VanLehn' s (1991 )  re-analysi s o f  th e origina l  Anza i  & 
Simo n (1979 )  protocol ,  i n whic h h e note s tha t  th e partic -
ipan t  wa s "actin g lik e a  scientist "  (p .  16 )  an d repeatedl y 
suspende d he r  proble m solvin g activit y t o acquir e n e w 
strategi c knowledge . 

Furthe r  genera l  suppor t  fo r  a  deliberat e learnin g m o d e 
neste d withi n proble m solvin g activit y ca n b e derive d 
fro m th e wor k o f  Kirs h an d colleague s (1995 ,  Kirs h 
& Maglio ,  1994) ,  w h o hav e explore d a  distinctio n be -
twee n goal-directe d ;7ra^an' c action s an d epistemi c ac -
tion s whos e primar y purpos e i s t o improv e cognitio n b y 
changin g a n agent' s computationa l  state .  Althoug h epis -
temi c action s ar e no t  immediatel y goal-directed ,  ttiey 
m ay improv e subsequen t  performanc e throug h thei r  cog -
nitiv e effects . 

Th e primar y goa l  o f  thi s articl e i s t o see k experimen -
ta l  evidenc e fo r  th e us e o f  epistemi c action s i n proble m 
solvin g wit h th e T o H puzzle .  Identifyin g epistemi c ac -
tion s i n ordinar y proble m solvin g activit y i s  difficult ,  be -
caus e the y ar e onl y distinguishe d b y thei r  cognitiv e moti -
vation s an d consequence s rathe r  tha n directl y observabl e 
characteristic s (an d no t  al l  action s tha t  d o no t  success -
full y m o v e towar d th e goa l  ar e epistemic!) .  W e us e tw o 
manipulation s tha t  m a y allo w participant s t o utilis e epis -
temi c actions ,  an d a t  th e sam e tim e ̂ cilitat e thei r  detec -
tion .  Th e firs t  manipulatio n i s instructional :  participant s 
wer e aske d eithe r  t o optimiz e thei r  performanc e o n ever y 
proble m solvin g trial ,  o r  o n trial s 4, 5 an d 6  o f  a  serie s o f 
si x repeate d problems .  W e hypothesiz e tha t  delayin g th e 
enforcemen t  o f  th e performanc e criterio n wil l  encour -
age a  learnin g orientation ,  an d th e us e o f  epistemi c ac -
tions ,  durin g th e earl y firs t  trials .  Th e secon d manipula -
tio n i s t o provid e devic e suppor t  tha t  enable s participant s 
t o separat e pragmati c fro m epistemi c actions .  Thus ,  ou r 
computer-base d versio n o f  T o H allowe d participant s t o 
switc h int o a n "explorator y m o d e "  i n whic h the y coul d 
m a ke m o v e sequence s tha t  wer e late r  undon e an d wer e 
not  counte d toward s th e performanc e criterion . 

Thes e twi n manipulation s allo w u s t o refin e Kirsh' s 
formulatio n o f  pragmati c an d epistemi c action s b y dis -
tinguishin g betwee n tw o kind s o f  epistemi c action :  thos e 
tha t  hav e onl y immediat e within-proble m effect s (acting -
to-plan )  an d thos e tha t  hav e longer-ter m cognitiv e con -
sequence s (acting-to-leam) .  I f  th e explorator y m o d e i s 
use d merel y a s a n externa l  suppor t  fo r  look-ahea d o r 
planning,  motivate d b y question s suc h a s 'I s  thi s a  goo d 
sequenc e o f  moves? ;  w e woul d regar d suc h usag e a s 
acting-to-plan .  O n th e othe r  hand ,  i f  additiona l  action s 
on earlie r  trial s ar e show n t o lea d t o bette r  proble m solv -
in g o n late r  trial s w e woul d hav e evidenc e fo r  acting-to -
leam . 
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To anticipat e ou r  conclusions ,  w e find  stron g suppor t 
fo r  acting-to-plan ,  bu t  n o decisiv e suppor t  fo r  acting-to -
Icam . 

M e t h o d 

Participants 

Forty-four  Psychology undergraduates (with a mean age 
of  20. 7 years )  too k par t  i n th e experimen t  t o receiv e 
cours e credit .  Participatio n wa s restricte d t o first  yea r 
undergraduat e student s wh o reporte d n o prio r  exposur e 
t o th e task .  Al l  participant s wer e familia r  wit h graphica l 
use r  interface s an d di d no t  suffe r  fro m an y perceptua l  o r 
cognitiv e impairments . 

Apparatus 

The experimen t  use d a  graphica l  softwar e versio n o f  th e 
T o H proble m whic h wa s programme d i n Visua l  Basi c 6 
and displaye d o n a  17 "  screen .  A  dis k coul d b e trans -
ferre d betwee n tower s b y indicatin g it s sourc e an d tar -
get  location s usin g a  drag-and-dro p procedure .  I n cas e 
of  a n illega l  mov e ther e wa s a n auditor y warnin g signa l 
and th e selecte d dis k sli d bac k t o it s origina l  position .  A 
counte r  showin g th e curren t  numbe r  o f  pragmati c move s 
was di^laye d i n th e to p right  han d come r  o f  th e screen . 

Materiab 

Participants had to solve a sequence of S-disk ToH puz-
zle s i n th e standar d tower-to-towe r  version .  T o preven t 
improvement s du e t o superficia l  rot e memorizatio n w e 
use d si x simpl e isomorphs ,  whic h wer e create d b y sys -
tematicall y switchin g th e sourc e an d targe t  towers . 

Design 

As we wanted to test participants* spontaneous use of 
epistemi c action s w e di d no t  wan t  t o specificall y encour -
age the m t o explor e th e problem ,  bu t  rathe r  provid e sub -
tl e opportunitie s tha t  ma y b e use d o r  ignored . 

The instructiona l  manipulatio n consiste d o f  tw o lev -
els .  Participant s wer e eithe r  instructe d t o optimiz e thei r 
performanc e (Le. ,  minimiz e th e numbe r  o f  pragmati c 
moves neede d t o solv e th e puzzle )  o n eac h o f  severa l 
problems ,  o r  aske d t o optimiz e thei r  performanc e o n th e 
las t  thre e o f  si x problems .  Hence ,  wherea s th e firs t  grou p 
of  participant s wa s implicitl y  discourage d fi'om  usin g 
epistemi c action s b y th e instructio n t o b e performanc e 
oriente d throughou t  a n unspecifie d numbe r  o f  trials ,  th e 
secon d grou p wa s presente d wit h a n opportunit y t o b e 
learnin g oriente d i n th e first  thre e o f  si x trials . 

The secon d experimenta l  manipulatio n consiste d i n 
withholdin g o r  providin g device-suppor t  fo r  epistemi c 
actions .  T w o differen t  version s o f  th e devic e wer e dis -
tinguished : 

I n th e slandai d pragmati c move s onl y condition ,  eac h 
move o f  a  dis k o n th e scree n counte d toward s th e perfor -
mance criterio n o f  minimizin g th e numbe r  o f  (pragmatic ) 
moves. 

Device-suppor t Instructio n 

1.  pragmati c mod e onl y 'minimiz e o n trial s 1-6 ' 
2.  pragmati c mod e onl y 'minimiz e o n trial s 4-6 ' 
3.  pragmatic+epistemi c mod e 'minimizeo n trial s 1-6 ' 
4.  pragmatic-t-epistemi c mod e 'minimiz e o n trial s 4-6 ' 

Table 1: Overview of the two experimental factors and 
fou r  groups . 

I n a  secon d pragmati c plu s epistemi c move s conditio n 
tw o differen t  devic e mode s wer e introduce d t o th e par -
ticipants .  Whils t  havin g t o solv e th e puzzl e i n so-calle d 
"solutio n mode" ,  participant s ha d th e optio n t o switc h 
int o a n "exploratio n mode "  a t  an y poin t  b y pressin g an d 
holdin g dow n th e Shif t  key .  Wherea s i n bot h mode s disk s 
coul d b e move d i n a n identica l  fashion ,  move s mad e 
i n exploratio n mod e wer e no t  adde d toward s th e tota l 
performanc e scor e an d alway s reverse d whe n switchin g 
bac k int o "solutio n mode "  b y releasin g th e Shif t  key . 

Not e tha t  th e specifi c  desig n o f  exporator y mod e ad -
dresse s th e difficult y o f  detectin g epistemi c move s b y ef -
fectivel y creatin g a n operationa l  definition :  Sinc e partic -
ipant s ar e awar e o f  th e mandator y reversa l  o f  ai l  move s 
made i n explorator y mode ,  enterin g th e mod e signal s th e 
use o f  epistemi c moves . 

One wa y o f  characterizin g bot h th e instructiona l  an d 
devic e manipulatio n i s tha t  the y d o no t  preven t  learnin g 
by doing ,  bu t  provid e additiona l  opportunitie s fo r  learn -
in g b y no t  solvin g th e puzzle .  A  combinatio n o f  bot h ex -
perimenta l  factor s yielde d th e fou r  experimenta l  group s 
shown i n Tabl e 1 . 

As eac h participan t  ha d t o solv e a  tota l  o f  si x To H 
puzzle s th e experimen t  employe d a  mixe d design ,  wit h 
device-suppor t  an d instructio n a s between-subject s ma -
nipulation s an d tria l  a s a  within-subject s factor . 

Procedure 

Each participant was assigned to one experimental group 
accordin g t o th e orde r  o f  arriva l  a t  th e laboratory .  Af -
te r  readin g a  generi c descriptio n o f  th e Tower s o f  Hano i 
puzzl e participant s wer e introduce d t o th e graphica l  use r 
interface .  T o demonstrat e tha t  the y ha d understoo d th e 
tas k constraint s an d t o familiariz e themselve s wit h th e 
use r  intefac e the y solve d a  simpl e two-dis k versio n o f 
th e puzzle . 

Participant s the n receive d thei r  respectiv e minimiza -
tio n instruction s an d wer e tol d tha t  th e experimen t  nor -
mall y take s aroun d 4 5 minute s regardles s o f  thei r  indi -
vidua l  performance . 

Afte r  eac h successfu l  completio n o f  a  problem ,  partic -
ipant s receive d a  brie f  messag e remindin g the m o f  thei r 
respectiv e minimizatio n instructio n befor e startin g th e 
nex t  trial . 

On average ,  participant s complete d th e experimen t 
withi n 4 0 minutes . 
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Prediction s 

Our  primary predictions refer to comparisons between 
and withi n experimenta l  group s (rathe r  tha n assumin g a 
2x 2 factoria l  design ;  i n particula r  Grou p 4  play s a  sub -
sidiar y rol e i n th e smdy ,  an d wil l  onl y b e analyse d i n 
relatio n t o first-orde r  findings) . 

Th e mai n prediction s concer n th e numbe r  o f  prag -
mati c move s neede d t o solv e th e puzzle .  A s w e expec t  al l 
group s t o lear n throughou t  th e cours e o f  th e experiment , 
we predic t  a  gradua l  reductio n o f  th e mea n numbe r  o f 
pragmati c move s require d t o solv e th e puzzle .  Thi s fa -
milia r  practic e effec t  constitute s th e baselin e whic h w e 
expec t  t o b e modulate d b y th e experimenta l  factor s o f 
instructiona l  goa l  orientatio n an d devic e support . 

I f  th e instructiona l  manipulatio n encourage s member s 
of  Grou p 2  t o inves t  additiona l  move s i n trial s 1- 3 an d 
thi s i n tur n result s i n bette r  learning ,  the y ough t  t o nee d 
fewe r  move s o n trial s 4-6 .  Thus ,  w e predic t  a n interac -
tio n o f  instructio n an d tria l  fo r  Group s 1  vs .  2 . 

Next ,  i f  participant s ar e spontaneousl y capabl e o f  us -
in g th e explorator y devic e m o d e t o improv e thei r  per -
formance .  Grou p 3  shoul d nee d fewe r  pragmati c move s 
tha n Grou p 1  i n al l  trials .  Hence ,  w e predic t  a  mai n effec t 
of  devic e suppor t  o n th e numbe r  o f  pragmati c move s fo r 
Group s 1  vs .  3 . 

Our  secondar y prediction s involv e Group s 3  an d 4 
and addres s differen t  possibl e motivation s fo r  epistemi c 
moves : 

I f  th e explorator y devic e m o d e i s primaril y use d fo r 
learnin g purpose s (acting-to-leam )  w e shoul d fin d a n in -
stan t  us e o f  epistemi c move s i n bot h Grou p 3  an d 4 . 
I f  learnin g actuall y  occurs ,  th e frequenc y o f  epistemi c 
moves shoul d decreas e ove r  time .  If ,  o n th e othe r  hand , 
epistemi c move s ar e use d primaril y  fo r  onlin e plannin g 
withi n a  tria l  (acting-to-plan )  w e expec t  a  mor e oppor -
tunisti c  us e du e t o th e instructiona l  manipulation .  I n 
thi s case ,  w e expec t  th e frequency  o f  epistemi c move s 
i n Grou p 3  an d 4  t o displa y a n interactio n ove r  trials . 

Finally ,  i f  th e us e o f  epistemi c m o d e i s unselective , 
and predominantl y du e t o affordance s create d b y th e de -
sig n o f  ou r  devic e w e shoul d find  a  constan t  us e o f  epis -
temi c move s throughou t  al l  trial s an d simila r  usag e pat -
tern s i n Group s 3  an d 4 . 

Results 

Numbers  of Moves 

As al l  group s wer e instructe d t o minimiz e th e numbe r  o f 
moves t o solv e th e T o H puzzl e ou r  comparativ e analy -
si s o f  thei r  performanc e wil l  b e base d o n th e numbe r  o f 
pragmati c move s pe r  trial . 

1 tota l  move s 
2.  tota t  move s 
3 pragmati c move s 
A pragmad c move s 
3 spistemi c move s 
4 epistemi c move s 

Tria l 

Figur e 1 :  M e a n numbe r  o f  move s fo r  eac h o f  th e fou r 
group s o n eac h o f  si x trials .  Fo r  Group s 1  an d 2  th e 
number  o f  pragmati c move s correspond s t o th e numbe r 
of  tota l  moves ,  wherea s Group s 3  an d 4  ha d th e op -
tio n o f  makin g epistemi c move s i n additio n t o pragmati c 
moves .  (Note :  Th e m i n i m u m possibl e numbe r  o f  prag -
mati c move s t o solv e th e tas k i s 31. ) 

as within-subject s facto r  confirm s th e overal l  learnin g ef -
fec t  [F(5,2OO)=16.3,p=.OO0 ,  M 5 £ = 2 6 0 . 4 ]  an d indicate s 
tha t  ther e wer e difference s betwee n group s [F(3,40)=5.8 , 
p=.002 ,  MSE=A%9.2 \ ,  bu t  th e interactio n betwee n th e 
tw o factor s di d no t  reac h significanc e [F (  15,200) = 1.5 , 
p= . \ l ,MSE=260A ] . 

Whethe r  a n individua l  grou p ha s significantl y im -
prove d ove r  tim e ca n b e assesse d b y conductin g sim -
pl e effec t  test s withi n group s b y trial .  Thes e sho w tha t 
Group s 1 ,  2  an d 4  significantl y reduce d thei r  numbe r  o f 
pragmati c move s ove r  th e cours e o f  th e experiment .  Th e 
means fo r  Grou p 3  wer e lo w eve n a t  th e first  trials ,  sug -
gestin g tha t  i t  di d no t  improv e significantl y becaus e i t 
consistentl y performe d a t  a  hig h level . 

On trial s 4—6,  i n whic h al l  group s wer e instructe d t o 
minimiz e th e numbe r  o f  pragmati c moves ,  bot h Grou p 2 
an d 3  outperforme d Grou p 1  b y takin g fewe r  pragmati c 
moves (p=.00 3 an d .00 8 respectively) . 

Thus ,  th e overal l  result s see m promising :  Wit h respec t 
t o th e performanc e criterio n Group s 1 ,  2  an d 4  improve d 
ove r  tim e an d Group s 2  an d 3  manage d t o solv e th e T o H 
puzzl e i n fewe r  move s tha n Grou p 1  i n th e secon d hal f  o f 
th e experiment . 

Overal l  learnin g effect s Befor e w e conside r  th e com -
parison s betwee n individua l  groups ,  w e wil l  examin e th e 
expecte d overal l  effect s o f  learning .  Figur e 1  display s th e 
mean numbe r  o f  pragmati c move s fo r  eac h grou p from 
trial s 1  t o 6 .  A  mixe d A N O V A o f  pragmati c move s wit h 
grou p membershi p a s between-subject s facto r  an d tria l 

Effect s o f  Instructio n (Group s 1  vs .  2 )  Ou r  fijst  spe -
cifi c  predictio n concerne d Group s 1  an d 2 ,  neithe r  o f 
whic h ha d th e epistemi c devic e m o d e a t  thei r  disposal , 
but  differe d i n thei r  instructions :  Wherea s Grou p 1  wa s 
instructe d t o minimiz e th e numbe r  o f  move s i n eac h trial . 
Grou p 2  wa s onl y aske d t o optimiz e thei r  performanc e i n 
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Group 

• 1:pMonty|min1-8 

• 2: pM onty I mln « 

Trial s 1- 3 Trial s 4- 6 

Figur e 2 :  M e a n numbe r  o f  move s fo r  Group s 1  an d 2 
on trial s 1- 3 an d 4-6 .  (Note :  Th e m i n i m u m possibl e 
number  o f  move s i s 31. ) 

th e las t  thre e o f  si x trials .  A s th e scop e o f  thi s experimen -
ta l  manipulatio n juxtapose d trial s 1- 3 wit h trial s 4- 6 i t  i s 
^propriat e t o collaps e th e dat a acros s eac h tripl e o f  trial s 
b y computin g th e respectiv e means . 

Figur e 2  show s th e mea n numbe r  o f  move s fo r 
bot h group s o n trial s 1- 3 an d 4-6 .  I t  illustrate s tha t 
ther e i s n o hin t  o f  th e predicte d crossove r  interactio n 
[F(1.20)=.44 ,  p=.5\,AfSE=72.6] .  Instead ,  th e predicte d 
learnin g effect s ove r  bot h tes t  halve s [F(l,20)=35.4 , 
p=.00 ,  MSE=72.6 ]  ar e combine d wit h a n unexpecte d 
mai n effec t  o f  grou p [F (  1,20)=8.1,/j=.01 ,  A/5£=119.0] . 

Whil e successfull y predictin g tha t  Grou p 2  woul d us e 
fewe r  move s o n trial s 4- 6 [F(l,20)=8.9,/>=.01 ]  i t  i s  im -
mediatel y obviou s tha t  thi s advantag e i n performanc e 
canno t  b e attribute d t o it s member s usin g epistemi c ac -
tion s i n th e initia l  trials :  the y clearl y hav e no t  investe d 
additiona l  move s o n trial s 1-3 . 

O ne plausible ,  i f  rathe r  annoyin g explanatio n fo r  thi s 
patter n o f  data ,  i s  that ,  b y a n acciden t  o f  assignment . 
Grou p 2  migh t  compris e mor e abl e proble m solver s tha n 
Grou p 1 .  (W e wil l  briefl y conside r  a n alternativ e accoun t 
below. ) 

Effects of Device Support (Groups 1 vi. 3) Groups 1 
and 3  share d th e sam e instruction s (t o minimiz e th e num -
ber  o f  move s o n eac h trial )  bu t  diflFere d i n th e option s pro -
vide d b y th e use r  interfac e (device) .  Specifically ,  m e m-
ber s o f  Grou p 3  ha d th e "explorator y m o d e "  a t  diei r  dis -
posa l  whic h supporte d th e us e o f  epistemi c moves . 

I n th e overvie w o f  th e numbe r  o f  pragmati c move s o f 
al l  fou r  group s w e hav e alread y establishe d tha t  Grou p 3 
performe d bette r  tha n Grou p 1  o n trial s 4-6 .  A  mixe d 
A N O VA o f  pragmati c move s b y grou p membershi p an d 
tria l  confirm s th e predicte d mai n effec t  o f  grou p ove r  al l 
si x trial s [/"(1,20) = 18.0 ,  p=.0O0 ,  MSE=259.9 ] .  Thus , 
Grou p 3  consistentl y performe d bette r  tha n Grou p I  wit h 
respec t  t o th e criterion . 

To interpre t  thi s differenc e i n performanc e th e num -
ber  o f  epistemi c move s o f  Grou p 3  ha s t o b e take n int o 
accoun t  a s well .  (Th e numbe r  o f  epistemi c move s i s rep -
resente d b y dotte d line s i n Figur e I) . 

I f  w e ad d th e epistemi c move s carrie d ou t  b y Grou p 3 
t o thei r  pragmati c moves ,  Grou p 3  use d mor e tota l  move s 
on averag e tha n Grou p 1  (mea n tota l  moves=68. 7 an d 
5S. 1 respectively) ,  bu t  thi s differenc e i s no t  statisticall y 
significan t  [F {  1,20)= .  11 ,  p= .  12 ,  MSE=2165.3] . 

Thi s demonstrate s tha t  Grou p 3  spontaneousl y man -
aged t o us e th e device-supporte d optio n o f  epistemi c 
moves t o improv e thei r  periformanc e wit h respec t  t o th e 
criterion .  However ,  i t  leave s ope n exactl y wh y an d ho w 
members o f  Grou p 3  use d th e explorator y mode .  W e wil l 
addres s thes e issue s afte r  assessin g th e effect s o n solu -
tio n latency . 

Solution Times 

Althoug h participant s ha d bee n tol d tha t  th e tota l  exper -
imen t  too k a  standardize d lengt h o f  time—henc e coul d 
not  assum e tha t  b y bein g quic k o r  slo w the y woul d alte r 
th e overal l  duratio n o f  thei r  experimenta l  session—thei r 
latencie s t o solv e a  proble m ca n b e use d a s a n alternativ e 
indicato r  t o asses s thei r  performance . 

Overall effects As one might expect solution laten-
cie s ove r  th e cours e o f  th e experimen t  decrease d fo r 
al l  groups .  A n overal l  mixe d A N O V A o n th e effect s 
of  grou p membershi p an d tria l  o n th e tota l  tim e re -
quire d t o solv e eac h tas k yield s a  mai n effec t  o f  tria l 
[F(5,200>=16.9 ,  p=.000 ,  A/5£:= l  3352.7 ]  bu t  n o dif -
ference s betwee n groups .  However ,  a  significan t  in -
teractio n o f  th e tw o factor s [F(15,200)=1.8 ,  p=.038 , 
M 5 £= 13352.7 ]  dre w attentio n t o th e possibilit y  tha t  dif -
feren t  group s migh t  hav e exploite d tim e selectivel y t o 
optimiz e thei r  performance . 

Subsequen t  simpl e mai n effec t  test s confir m tha t  whil e 
th e tota l  solutio n time s o f  Group s 1  an d 3  significantl y 
decrease d ove r  repeate d trials ,  thi s wa s no t  th e cas e fo r 
Group s 2  an d 4 .  Thi s suggest s tha t  th e instructiona l  ma -
nipulatio n ha d a  selectiv e effec t  o n solutio n time ,  an d m 
particula r  raise s th e possibilit y  tha t  th e improve d perfor -
mance o f  Grou p 2  ove r  Grou p 1  o n trial s 4- 6 wa s cause d 
i n par t  b y Grou p 2  exertin g greate r  effor t  o n thes e trials . 

Effects of Instruction (Groups 1 vs. 2) The sugges-
tio n tha t  Grou p 2  outperforme d Grou p 1  i n trial s 3- 6 b y 
exertin g extr a effor t  (rathe r  tha n th e hypothesize d invest -
ment  o f  epistemi c moves )  i s supporte d b y a n analysi s o f 
move rates ,  i.e .  th e numbe r  o f  move s mad e pe r  second . 
Figur e 3  show s th e mea n mov e rate s o f  Grou p 1  an d 2 
ove r  bot h tes t  halves .  A  correspondin g A N O V A o n mov e 
rat e b y grou p an d tes t  hal f  yield s a  highl y significan t  in -
teractio n [F (  1,20)=18.3 ,  p=.0O0 ,  M S E = M 2 ] . 

I f  w e interpre t  a n increas e i n m o v e rat e (a s see n i n 
Grou p 1 )  a s signallin g th e necessit y o f  les s effor t  pe r  in -
dividua l  move ,  th e absenc e o f  a n increas e i n Grou p 2 
suggest s tha t  it s  member s investe d relativel y mor e effor t 
i n th e secon d hal f  o f  th e experiment . 
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Figur e 3 :  Mea n mov e rate s fo r  Group s 1  an d 2  o n tri -
al s 1- 3 an d 4-6 . 
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Trial s 1- 3 Trial s 4- 6 

Figur e 4 :  M e a n numbe r  o f  epistemi c move s fo r  Group s 3 
and 4  o n trial s 1- 3 an d 4-6 . 

Effect s o f  Devic e Suppo r t  ( G r o u p s 3  a n d 4 ) 

O ne o f  th e question s raise d abov e was :  H a w di d Grou p 3 
use epistemi c move s t o outperfor m Grou p 1 ? A s th e 
tota l  solutio n time s fo r  Group s 1  an d 3  di d no t  diffe r 
[/'(l,20)-.38,/7=.54 ,  A/5£=66525.2 ]  recours e t o latenc y 
dat a doe s no t  resolv e thi s issue . 

Althoug h th e presen t  experimen t  doe s no t  allo w u s t o 
answer  question s abou t  possibl e cause s an d effect s o f 
device-supporte d epistemi c move s conclusively ,  w e ca n 
provid e tentativ e evidenc e fo r  som e o f  th e relate d issues : 

• Did the use of epistemic moves actually lead to bet-
te r  learning ? Th e fac t  tha t  Grou p 3  continue d t o us e 
epistemi c move s imti l  th e las t  trial s suggest s tha t  the y 
probabl y di d no t  lear n mor e abou t  th e T o H puzzl e tha n 
Grou p 1 ,  bu t  use d th e explorator y devic e m o d e a s a 
too l  t o optimiz e thei r  performance .  However ,  ou r  de -
sig n allow s fo r  th e alternativ e explanatio n tha t  th e con -
tinue d us e o f  epistemi c move s migh t  hav e bee n du e t o 
a conservativ e strategy . 

• Did the use of epistemic moves become more effective 
ove r  time l  A n inde x o f  th e effectivenes s o f  eac h epis -
temi c mov e ca n b e compute d b y dividin g Grou p 3' s 
mean saving s o f  pragmati c move s (compare d wit h 
Grou p 1 )  b y th e numbe r  o f  epistemi c move s investe d 
on eac h trial .  A s th e si x correspondin g ratio s (O.S ,  0.3 , 
1.0 ,  0.2 ,  1.1 ,  0.7 )  d o no t  sho w an y obviou s trend ,  w e 
conclud e tha t  th e us e o f  explorator y m o d e di d no t  be -
come mor e effectiv e ove r  time . 

• Were epistemic moves used to learn or to plan? Even 
withou t  evidenc e fo r  superio r  learnin g du e t o device -
suppor t  o f  epistemi c move s w e ca n addres s th e ques -
tio n o f  participants '  motivatio n t o us e explorator y 
m o de b y comparin g th e usag e pattern s o f  Grou p 3 
and 4 .  Figur e 4  show s a  clea r  interactio n o f  grou p 
membershi p an d tes t  hal f  o n th e mea n numbe r  o f  epis -

temi c move s [F(I,20)=.5.4,p=.03 ,  A/5£=572.7] .  Th e 
same patter n ca n b e observe d whe n w e conside r  th e 
relativ e frequenc y o f  epistemi c moves :  Wherea s th e 
use o f  epistemi c move s fo r  Grou p 3  decrease s ove r 
time ,  member s o f  Grou p 4  increas e thei r  us e o f  epis -
temi c move s i n th e secon d hal f  o f  th e experiment .  Thi s 
suggest s tha t  explorator y m o d e wa s use d opportunis -
ticall y t o mee t  th e instructiona l  constraints ,  i.e. ,  fo r 
online-plannin g (acting-to-plan )  o n th e curren t  trial , 
rathe r  tha n a s a  prospectiv e investmen t  int o learnin g 
(acting-to-leam) . 

• Were epistemic moves used because they were avail-
able ,  i.e. ,  wa s th e usag e o f  explorator y m o d e simpl y a 
task-deman d lik e artifact ,  prompte d b y otu -  devic e m a -
nipulation ? Th e strategi c us e o f  epistemi c move s ob -
serve d b y Grou p 4  attenuate s thi s concern .  Rathe r  tha n 
bein g a  mer e devic e affordance ,  explorator y m o d e wa s 
use d selectivel y t o achiev e onlin e planning . 

Discussion 

Participant s i n th e explorator y m o d e condition s spon -
taneousl y an d effectivel y use d th e device-suppor t  t o 
achiev e a  performanc e criterion ,  an d i n s o doin g the y 
demonsti-ate d capabilit y  fo r  usin g epistemi c action s t o 
improv e immediat e performance . 

However ,  bot h th e observe d imwillingnes s t o inves t 
additiona l  move s i n earl y trial s an d th e selectivit y o f  us -
age pattern s sugges t  tha t  participant s wer e onl y willin g 
t o inves t  epistemi c move s whe n the y stoo d t o gai n a n 
immedat e benefi t  fro m s o doing .  Ther e wa s n o clea r  sig n 
of  increase d learnin g throug h us e o f  explorator y m o d e 
or  willingnes s t o us e epistemi c move s fo r  learnin g pur -
poses .  Instead ,  th e selectiv e us e suggest s tha t  epistemi c 
action s wer e mainl y servin g th e functio n o f  look-ahea d 
(acting-to-plan )  rathe r  tha n learnin g prospectivel y abou t 
th e T o H tas k (acting-to-leam) . 
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Our  instructiona l  manipulatio n di d no t  hav e th e pre -
dicte d effect .  Thi s ma y hav e bee n du e t o a n unfortunat e 
mismatc h betwee n th e experimenta l  groups ,  o r  i t  ma y b e 
tha t  ou r  initia l  hypothese s abou t  a n interestin g distinc -
tio n betwee n problem-solvin g an d learnin g orientation s 
ar e unfounded ,  a t  leas t  fo r  Towe r  o f  Hanoi .  Perhap s mor e 
likel y stil l  i s  th e possibilit y  tha t  ou r  instructiona l  manipu -
latio n wa s to o subtl e t o invok e an y chang e i n orientation . 

I n Kirsh' s writin g o n epistemi c action s an d relate d 
themes ,  whic h wa s on e o f  th e source s o f  inspiratio n fo r 
th e curren t  study ,  a n additiona l  concep t  i s  introduce d b y 
contras t  wit h goal-directe d behaviour ,  namel y "comple -
mentar y strategies "  (Kirsh ,  1995 ,  1996) .  I t  i s  no t  clea r  t o 
us ho w precis e a  distinctio n Kirs h i s promotin g betwee n 
"complementary "  an d "epistemic" :  indee d ther e i s a  hin t 
i n hi s writing s o f  mer e terminologica l  evolution .  Never -
theless ,  w e sugges t  tha t  ther e i s a n importan t  distinctio n 
tha t  migh t  b e sketched .  A s define d above ,  epistemi c ac -
tion s hav e thei r  effec t  b y modifyin g cognitiv e structure s 
i n th e acto r  B y contrast ,  conside r  suc h exampl e com -
plementar y strategie s a s movin g coin s i n orde r  t o coun t 
them ,  o r  markin g number s i n orde r  t o ad d the m (Kirsh , 
1995,1996 ;  Net h &  Payne ,  2001) .  Suc h operation s wor k 
by modifyin g th e proble m s o a s t o b e mor e compatibl e 
wit h cognitiv e capabilities ,  rathe r  tha n changin g th e cog -
nitiv e stat e o f  th e actor .  W e agre e wit h Kirs h tha t  comple -
mentar y strategie s o f  thi s kin d ar e ubiquitou s i n huma n 
behaviour . 

The cas e fo r  ubiquit y i s les s clea r  fo r  epistemi c ac -
tions .  I n thi s articl e w e hav e sketche d a  distinctio n be -
twee n tw o kind s o f  epistemi c actions ,  actions-to-lea m 
and actions-to-plan .  W e hav e foun d evidenc e fo r  th e lat -
ter ,  bu t  non e fo r  th e former . 

One reaso n tha t  acting-to-lea m ma y b e relativel y les s 
common ttian  complementar y strategie s an d tha n acting -
to-plan ,  i s th e succes s o f  leaming-by-doing .  A  secon d 
reason ,  ironically ,  i s  tha t  actin g ma y sometime s compet e 
wit h learning .  A s show n b y O'Har a an d Payn e (1998) , 
and Trude l  an d Payn e (1995) ,  internalisin g proble m solv -
in g activit y an d plannin g (doin g mor e menta l  look-ahea d 
or  reflection )  ca n itsel f  increas e learnin g i n a  proble m 
solvin g contex t  Fo r  example ,  whe n explorator y learner s 
had thei r  interaction s wit h a  digita l  watc h rationed ,  the y 
learne d mor e successfull y ho w t o us e th e watc h (Trude l 
& Payne ,  1995) . 

Despit e thes e arguments ,  w e ar e confiden t  that ,  a s de -
fine d i n th e introduction ,  actions-to-lea m (i.e .  action s 
tha t  ar e no t  intende d t o solv e th e curren t  proble m bu t 
onl y t o lear n abou t  th e curren t  problem )  ar e indee d a n 
importan t  aspec t  o f  proble m solvin g an d learning .  How -
ever ,  suc h action s ma y b e les s widel y an d spontaneousl y 
availabl e an d harde r  t o stud y i n conventiona l  puzzle -
solvin g domains . 

Turnin g fro m th e philosophica l  t o th e practical ,  on e 
ver y concret e contributio n o f  th e curren t  articl e i s th e 
ide a o f  incorporatin g a n explorator y mode ,  wit h instan t 
undo ,  int o th e use r  interface .  Und o fimction s are ,  o f 
course ,  well-establishe d an d universall y acknowledge d 
contributor s t o devic e usabilit y  (althoug h som e thorn y 

technica l  desig n issue s ar e stil l  debated) .  Wha t  i s nove l 
abou t  ou r  explorator y mode ,  w e believe ,  i s  tha t  i t  guaran -
tee s a  ver y rapi d retur n t o particula r  user-chose n syste m 
states .  I t  ca n accomplis h thi s becaus e th e use r  make s a 
specifi c  commitmen t  t o undoin g subsequen t  actions .  Al -
thoug h thi s migh t  see m counter-indicate d i n mundan e 
HCI  contexts ,  w e sugges t  relate d design s ma y b e wort h 
pursuin g i n an y domai n wher e peopl e stan d t o benefi t 
fro m "thinkin g b y doing" . 
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Abstrac t 

Given a small number of examples of scene-
utteranc e pair s o f  a  nove l  verb ,  languag e learner s 
can lear n it s syntacti c an d semanti c features .  Syn -
tacti c an d semanti c bootstrappin g hypothese s bot h 
rel y o n croes-situationa l  observatio n t o hon e i n o n 
th e ambiguit y presen t  i n a  singl e observation .  I n 
thi s paper ,  w e cas t  th e distributiona l  evidenc e from 
scene s an d synta x i n a  unifie d Bayesia n probablisti c 
framework.  Unlik e previou s approache s t o model -
in g lexica l  acquisition ,  ou r  framework  uniquely :  (1 ) 
model s learnin g from  onl y a  smal l  numbe r  o f  scene -
utteranc e pair s (2 )  utilize s an d integrate s bot h syn -
ta x an d semanti c evidence ,  thu s reconcilin g th e 
apparen t  tensio n betwee n syntacti c an d semanti c 
bootststrappin g approache s (3 J robustl y handle s 
nois e (4 )  make s prio r  an d acquire d knowledg e dis -
tinction s explicit ,  throug h specificatio n o f  th e hy -
pothesi s space ,  prio r  an d likelihoo d probabilit y  dis -
tributions . 

L e a r n i n g W o r d S y n t a x a n d S e m a n t i c s 

Give n a  smal l  numbe r  o f  example s o f  scene-utteranc e 
pair s o f  a  nove l  word ,  a  chil d ca n determin e bot h th e 
rang e o f  syntMti c construction s th e nove l  wor d ca n 
appea r  i n an d inductivel y generaliz e t o othe r  scen e 
instance s likel y t o b e covere d b y th e concep t  repre -
sente d (Pinke r  1989) .  Th e inheren t  semantic ,  syn -
tactic ,  an d referentia l  uncertaint y i n a  singl e scene -
utteranc e pai r  i s  well-establishe d (c.f .  Siskin d 1996) . 
I n contrast ,  wit h multipl e scene-utteranc e pairs ,  lan -
guag e learner s ca n reduc e th e uncertaint y o f  whic h 
semanti c feature s an d syntacti c feature s ar e associ -
ate d wit h a  nove l  word . 

Verb s exemplif y th e cor e problem s o f  scene -
uttertinc e referentia l  uncertainty .  Verb s selectivel y 
participat e i n differen t  alternatio n patterns ,  whic h 
ar e cue s t o thei r  inheren t  semanti c an d syntac -
ti c feature s (Levi n 1993) .  H o w ar e thes e feature s 
of  word s acquired ,  give n onl y positiv e evidenc e o f 
scene-utteranc e pairs ? 

The syntacti c bootstrappin g hypothesi s (Gleitma n 
1990 )  i s  tha t  learner s exploi t  th e distributio n o f 
"syntacti c frames "  t o constrai n possibl e semanti c 
feature s o f  verbs .  I f  a  learne r  hear s /glip /  i n frame s 
of  th e for m / S glippe d G  wit h F /  an d rarel y hear s / S 
glippe d F  int o G/ ,  th e learne r  ca n wit h hig h confi -
denc e infe r  /glip /  t o b e i n th e sam e ver b clas s a s 

/fill /  an d hav e th e sam e sor t  o f  argumen t  struc -
ture .  A  differen t  distributio n inform s th e learne r 
of  a  differen t  ver b class .  Considerabl e evidenc e ha s 
mounte d i n suppor t  o f  thi s hypothesi s (c.f .  Naigle s 
1990 ,  Fishe r  e t  a l  1994) .  I n contrast ,  th e semanti c 
bootstrappin g hypothesi s (Pinke r  1989 )  i s tha t  learn -
er s us e wha t  i s commo n acros s scene s t o constrai n 
th e possibl e wor d argumen t  structures .  I f  a  learne r 
sees a  liqui d undergoin g a  locatio n chang e whe n / S 
glippe d F /  i s uttered ,  the n /glip /  i s  likel y t o b e i n 
th e sam e ver b clas s a s /pour /  an d hav e th e sam e 
sor t  o f  meaning . 

Bot h hypothese s requir e th e distributio n o f  cross -
situationa l  observations .  Prio r  account s t o mode l 
wor d learnin g hav e eithe r  ignore d th e essentia l  rol e o f 
synta x i n wor d learnin g (Siskin d 1996 ,  Tenenbau m 
and X u 2000) ,  o r  requir e thousEind s o f  trainin g ob -
servation s (Regie r  e t  a l  2001 )  t o enabl e learning .  I n 
thi s pape r  w e presen t  a  Bayesia n mode l  o f  learnin g 
th e synta x an d semantic s o f  verb s tha t  overcome s 
thes e barriers ,  b y demonstratin g ho w word-concep t 
mapping s ca n b e achieve d firom  ver y littl e evidence , 
wher e th e evidenc e i s informatio n from  bot h scene s 
and syntax . 

Bayesiem Leeirning of Features 

We illustrat e ou r  approac h wit h a  Bayesia n £malysi s 
of  a  singl e feature .  O n som e accounts ,  verb s pos -
ses s a  caus e featur e whic h ma y b e value d 1 ,  * ,  o r  0 
(Harle y an d Noye r  2000) ;  dependin g o n th e valu e o f 
th e caus e feature ,  th e ver b ma y appea r  i n frame  Fl , 
FO,  o r  both : 

1 Externall y cause d -  Kx :  touch ,  loa d 
l-'l :  H e touche d th e glass . 
FO:  *Th e glas s touched . 

•  Externall y causabl e -  Ex :  break ,  til l 
Fl :  H e brok e th e glass . 
FO:  Th e glas s broke . 

0 Internall y cause d -  Ex :  laugh ,  glo w 
Fl :  *H e laughe d th e children . 
FO:  Th e childre n laughed . 

Assumin g thi s analysis ,  learner s wh o hea r  utterance s 
containin g a  nove l  verb ,  no t  knowin g th e valu e o f  it s 
caus e feature ,  mus t  choos e betwee n 3  distinc t  hy -
pothese s Hi ,  if, ,  an d Hq .  Clearly ,  on e utteranc e 
canno t  uniquel y determin e th e valu e o f  th e feature : 
i f  learner s hea r  F l  (/ S Ve d O / ) ,  th e featur e sup -
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port s H i  o r  //, ;  similarly ,  i f  learner s hea r  F O (/ O 
V e d / ) ,  th e featur e m a y b e H q o r  H, .  T w o utter -
ance s canno t  determin e th e featur e uniquel y either . 
Learner s migh t  receiv e bot h F l  an d FO ,  supportin g 
H ,  uniquely .  B u t  the y m a y als o accidentall y receiv e 
2 utterance s o f  th e s a m e for m (FO ,  F O o r  F l ,  F l ) , 
thu s no t  resolvin g th e ambiguity .  I f  learner s receive d 
6 utterance s o f  th e s a m e for m F O o r  F l ,  however , 
the n ther e i s  overwhelmin g suppor t  fo r  ̂ o o r  H i 
respectively ,  an d H ,  seem s fa r  les s likely . 

A Bayesia n analysi s render s th e abov e analysi s 
precis e an d quantitative .  Knowledg e i s encode d i n 
thre e cor e components :  (1 )  th e structur e o f  th e hy -
pothesi s spac e H ;  (2 )  th e prio r  probabilit y  p(Hi )  o n 
eac h hypothesi s H i  i n H ,  befor e learner s ar e pro -
vide d am y evidence ;  (3 )  th e likelihoo d o f  observin g 
evidenc e X  give n a  particula r  H i ,  p {X \H i ) .  Give n 
evidenc e A '  =  [ij,.. .  ,xn ]  o f  A ^  independen t  obser -
vations ,  b y Bayes '  rul e th e posterio r  probabilit y  o f  a 
particula r  hypothesi s Hi is : 

P(Xi,.. . ,Xn) 
signalin g th e suppor t  fo r  a  particula r  hypothesi s H i 
give n evidenc e X . 

I n thi s case ,  X j  i s  th e observatio n o f  a  syntacti c 
fram e (F O o r  F l ) ,  an d X  i s a  distributio n o f  syn -
tacti c frames .  O n e simpl e prio r  probabilit y  mode l 
p {H i )  ha s eac h o f  th e 3  hypothese s ar e equall y likely , 
encodin g tha t  a  ver b i s  equall y likel y t o b e o f  th e 
/touch/ ,  /laugh /  o r  /break /  class : 

p { H i ) = p { H , ) = p i H o )  =  \  (2 ) 

an d a  likelihoo d mode l  p{xj\Hi )  encodin g h o w likel y 
we ar e t o observ e frame s F O o r  F l  fo r  th e 3  differen t 
featur e value s o f  cause : 

p{x j  =  F \ \ H i )  =  .9 5 p{x j  =  F O \ H i )  =  .0 5 

p{x j  =  F 1 \ H , )  =  .5 0 p(i j  =  F O \ H , )  =  .5 0 (3 ) 

p(X j  =  F l \ H o )  =  .0 5 p(i j  =  F O \ H q )  =  .9 5 
T h e abov e likelihoo d mode l  say s tha t  w h e n a  ver b 
ha s cause=l ,  w e expec t  frame s o f  th e for m / S V e d 
0 /  9 5 % o f  th e time ;  w h e n a  ver b ha s cause=0 ,  w e 
expec t  / O V e d /  9 5 % o f  th e time ;  w h e n a  ver b ha s 
cause=* ,  w e expec t  bot h syntacti c frames . 

Bo t h th e prio r  probabilit y  mode l  an d likelihoo d 
model  ar e stipulated ,  encodin g a  learner' s prio r 
knowledg e o f  g rammar .  Give n thes e probabilit y 
models ,  thi s allow s fo r  explici t  computatio n o f  th e 
suppor t  o f  eac h hypothesis .  Suppos e a  learne r  re -
ceive s FO .  T h e n th e suppor t  fo r  eac h o f  th e 3  hy -
pothese s m a y b e compute d t o be : 

A n y n u m b e r  o f  situation s m a y b e analyze d a s such : 

p{Hi\FO )  = 

piH.lFO) = 

p{Ho\FO] = 

(•05)(-33 ) 
(.05-l-.50-l-.95)(.33 ) 

(•50)(.33 ) 
(.0 5 -I -  .5 0 -I -  .95 )  (.33 ) 

(•95)(.33 ) 
(.0 5 +  .5 0 -I -  .95)(.33 ) 

= .03 3 

= .33 3 

= .63 3 

(4 ) 

Evidenc e A "  p(Hi\X )  p{H,\X )  p(Ho\X ) 
1 F O .03 3 
2 FO ,  F O .00 2 
3 FO ,  FO,  FO,  FO,  FO,  F O 2e- 8 
4 FO ,  F l  .13 7 
5 FO ,  Fl ,  FO,  Fl ,  FO,  F l  .00 7 
6 FO,  Fl ,  Fl ,  Fl ,  Fl ,  F l  .71 2 

.33 3 .63 3 

.21 6 .78 1 

.02 1 .97 9 
.72 4 .13 7 
.98 6 .00 7 
.28 8 5e- 6 

W h en onl y F O i s give n a s evidenc e (situatio n 1) , 
whil e bot h H q an d H ,  ar e consisten t  wit h th e obser -
vation .  H o i s nearl y twic e a s likely .  However ,  wit h 
2 observation s o f  F O (situatio n 2 )  o r  6  observation s 
(situatio n 3) ,  i t  i s  increasingl y likel y tha t  H q i s th e 
correc t  hypothesis .  Wit h bot h F O an d F l  a s evi -
denc e (situatio n 4) ,  i n contrast ,  H ,  i s fa r  mor e likely ; 
wit h mor e evidenc e (situatio n 5) ,  i t  become s mor e 
so.  Finally ,  i f  th e firs t  fram e i s a  "noise "  fram e an d 
followe d b y 5  representativ e frame s o f  F l  (situatio n 
6) ,  the n H i  i s mor e likel y instead . 

Give n thi s framework ,  jus t  on e o r  tw o observa -
tion s i s sufficien t  t o mak e a n informe d judgement . 
Not e tha t  eac h additiona l  observatio n increase s cer -
tainty ,  an d nois e i s handle d gracefully . 

Modeling Semantic Bootstrapping 

I n thi s section ,  w e exten d th e singl e featur e anal -
ysi s t o multipl e featiues ,  wher e eac h featur e repre -
sent s informatio n fro m scene s (fro m an y modaUty , 
whethe r  perceptual ,  mental ,  etc.) .  Settin g asid e ver -
bal  aspect ,  w e ma y mode l  possibl e ver b meaning s a s 
a se t  o f  M features ,  wher e eac h featur e represent s 
a predicat e o n on e o r  mor e o f  th e argument s o f  th e 
verb .  Fo r  example ,  a  se t  o f  singl e argumen t  predi -
cate s migh t  include : 

moving(x) ,  rotating(x) ,  movingdown(x) , 
8upported(x) ,  liquid(x) ,  container(x ) 

specifyin g th e perceive d situatio n abou t  th e argu -
ment  o f  th e ver b (e.g .  i f  i t  i s moving ,  o r  movin g i n a 
particula r  manner ,  etc. )  whil e a  secon d se t  o f  two -
argumen t  predicate s migh t  specif y th e relationship s 
betwee n arguments ,  give n tha t  thi s i s a n externall y 
cause d {cause=l )  event : 

contact(x ,  y) ,  support(x ,  y ) ,  attach(x ,  y ) 
Usin g thes e predicates ,  a n idealize d (partial )  lexico n 
migh t  contai n th e followin g word-concep t  mappings : 

caus e O n e ar g x  T w o ar g x ,  y 
/lower /  1  1*11* *  11 * 
/raise /  1  1*01* *  11 » 
/rise /  0  1»0** * 
/fall /  0  l*i** * 

specifying ,  i n linea r  order ,  th e valu e o f  eac h o f  th e 
on e an d two-argumen t  predicate s above ,  e.g .  tha t 
/lower /  ha s cause=l ,  moving(x)=l ,  rotate(x)=* , 
mov ingdown(x )= l ,  etc .  -  an d thu s it s concep t  cov -
er s externally-case d motio n event s wher e a n agen t 
moves a  them e downward s throug h supporte d con -
tact .  T h e ver b /raise /  i s  nearl y identica l  excep t  i t 
ha s mov ingdown(x)=0 ,  whil e /fall /  an d /rise /  in -
volv e internally-cause d motio n {cause=0 )  an d d o no t 
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xi...xn ]  o f  scenes ,  i s  t o determin e whic h o f 
^  possibl e concept s i s th e mos t  likely .  Jus t 

specif y an y tw o argumen t  predicates .  Th e value s o f  * 
fo r  th e 4  rotating(x) ,  liquid(x) ,  container(x) ,  an d at -
tach(x,y )  predicate s signa l  tha t  thes e feature s ar e ir -
relevan t  t o th e verb' s concept .  Perceptio n o f  a  scen e 
amount s t o evaluatin g thes e predicates ;  scene s m a y 
or  m a y no t  fal l  unde r  th e ver b concept ,  conditione d 
on th e value s o f  thes e predicates .  T h e presenc e o f  q 
of  "irrelevant "  feature s value d a s *  implie s 2 '  possi -
bl e scene s consisten t  wit h th e concept . 

Give n a  hypothesi s spac e o f  possibl e ver b concept s 
forme d b y M o f  thes e sort s o f  predicates ,  th e tas k 
of  learnin g a  verb' s meanin g give n N  observation s 
X = 
th e 3 
as before ,  a  Bayesia n mode l  doe s s o b y computin g 
th e posterio r  probabilit y  distributio n p{Hi\X )  ove r 
concepts ,  give n a  prio r  distributio n o n hypothese s 
p{Hi )  an d a  likelihoo d distributio n o f  generatin g a 
particula r  X j  exampl e give n /?< : 

We can use Bayes' rule (Eq (1)) to compute the like-
lihoo d o f  an y hypothesi s give n N  independen t  ex -
amples .  Intuitively ,  th e abov e likelihoo d mode l  say s 
tha t  ou t  o f  th e 2 '  possibl e scene s tha t  migh t  fal l  un -
der  th e concep t  Hi ,  al l  o f  the m ar e equall y likely ; 
likewise ,  th e prio r  probabilit y  mode l  hold s tha t  al l 
of  th e 3* ^  concept s ar e equall y likely . 

Conside r  a  reduce d hypothesi s spac e wher e M = 
3: 

g (Joncept s 
t 666.  aoi .  616 ,  611 .  I60 ,  iOi ,  i iOTIT r 
1 00* .  01* .  10* ,  11* .  6*6 ,  0*1 , 

1*6 ,  1*1 ,  *66 ,  •61 ,  *16 ,  *1 1 
2 0** ,  *0* ,  **0 ,  1** ,  *1* ,  ** 1 
3 *• * 

Give n an y distributio n o f  scene s X ,  w e ca n directl y 
comput e th e posterio r  probabilit y  p{Hi\X )  o f  an y 
of  th e 2 7 differen t  concepts .  Fou r  ar e show n here , 
of  increasin g generalit y from a  ver y specifi c  concep t 
(Hooo )  coverin g onl y on e scen e fOOO)  t o th e mos t 
genera l  concep t  H,, .  coverin g 2* ^  possibl e scenes ; 

Uljservatio n X : 
1 00 0 
2 000 ,  000 ,  00 0 
3 000,00 1 
4 000 ,  001 ,  00 0 
5 000 ,  001 ,  000 ,  001 ,  00 0 
6 000 ,  101 ,  010 ,  111 ,  00 0 

.Hoo o 
.3 0 
.7 0 
.0 0 
.00 
.00 
.0 0 

Woo. 
.l b 
.09 
.6 4 
.7 9 
.9 4 
.0 0 

Wo.. 
.UV 
.01 
.16 
.1 0 
.03 
.0 0 

//.. . 
.0 3 
.00 1 
.0 4 
.01 
.00 1 
1. 0 

A singl e scen e observatio n 00 0 i s explaine d b y al l  4 
hypothese s (situatio n 1 )  i n a  grade d fashion .  How -
ever ,  wit h 3  repeate d observation s (situatio n 2) , 
most  o f  th e mas s i s  concentrate d o n Hooo -  W h e n 
scen e observation s requir e abstractin g awa y irrele -
van t  features ,  th e mor e specifi c  concept s mus t  b e 
discarde d i n favo r  o f  mor e genera l  concept s (situ -
atio n 3  v s 6) .  Eac h exampl e consisten t  wit h th e 
genera l  concep t  furthe r  reduce s ambiguit y ove r  th e 
possibl e concept s (situatio n 4  v s 5) . 

M o d e l i n g Syn tac t i c B o o t s t r a p p i n g 

I n thi s section ,  w e demonstrat e a  Bayesia n mode l 
of  ho w th e distributio n o f  syntacti c  frames,  a s en -
visione d b y Gleitma n (1990) ,  ma y b e use d t o de -
termin e th e semanti c feature s o f  a  verb .  T o d o so , 
we introduc e a  ne w notio n o f  semanti c agreement , 
wherei n feature s o f  a  lexica l  hea d mus t  agre e wit h it s 
complement .  Conside r  th e followin g idealize d lexi -

con : 

/fill /  fig: ( 
/pour /  fig: ] 
/load /  fig:  " 

)  con :  [1 ] 
L liq :  [1 ] 
• 

/into /  fig: 
/with /  fig: 
/glass /  con:"[i ] 
/water /  liq :  [1 ] 

A lexica l  hea d /fill /  agree s wit h a  complemen t  o f  / a 
glas s wit h water /  bu t  no t  wit h /wate r  int o a  glass/ , 
becaus e th e lexica l  hea d an d it s  complemen t  hav e 
a valu e 1  alon g th e fig  dimension .  Likewise ,  a  lexi -
cal  hea d /pour /  agree s wit h a  complemen t  o f  /wa -
te r  int o a  glass /  bu t  no t  / a glas s wit h water/ ,  be -
caus e o f  th e opposit e valu e o f  fig.  Finally ,  a  lexica l 
hea d suc h a s /load/ ,  becaus e •  agree s wit h 0  an d 
1,  accept s bot h complements .  Thus ,  bot h /loa d th e 
wagon wit h hay /  an d /loa d ha y int o th e wagon /  ar e 
vali d derivations .  A  larg e numbe r  o f  ver b classe s ca n 
be see n t o patter n int o thre e classe s alon g differen t 
featur e dimension s i n thi s wa y (Nomur a e t  a l  1994) . 

A n y numbe r  o f  featur e dimension s m a y b e hypoth -
esized ,  an d m a y includ e selectiona l  features ,  suc h a s 
/fill /  requirin g a  containe r  (con:[l] )  o r  /pour /  re -
quirin g a  liqui d (liq:[l] )  a s it s complement . 

Suppos e a  learne r  hear s / S glippe d a  glas s wit h 
water/ .  Th e feature s o f  th e nove l  ver b /glip /  ar e un -
know n an d th e feature s o f  it s complemen t  / a glas s 
wit h water /  ar e known .  Fo r  th e fig  featur e dimen -
sio n o f  /glip/ ,  ther e ar e 3  possibl e values ,  wit h 3 
correspondin g hypothese s Hq ,  H i ,  H, .  A s before , 
on e observatio n i s  insufficien t  t o infe r  Ho ,  a s H ,  i s 
als o possible .  T h e followin g likelihoo d mode l  fo r  a n 
unknow n ver b featur e valu e V  an d th e featur e valu e 
of  it s  complemen t  C  agreein g ca n b e use d fo r  eac h 
featur e dimensio n (fig ,  loc ,  con ,  etc. )  t o comput e a 
probabilit y  distributio n ove r  th e Hi- . 

~f{V,C) V = 0 V = 1 V = *' 
C =  0  .2 2 .0 1 .1 1 
C =l  .0 1 .2 2 .1 1 
C = -  .1 1 .1 1 .1 2 

Intuitively ,  th e abov e say s tha t  wit h hig h proba -
bility ,  V  an d C  agree ,  an d wit h lo w probabilit y 
(i.e .  .01) ,  the y d o no t  agree .  Th e abov e join t  dis -
tributio n encode s bot h th e prio r  distributio n o n V 
and th e conditiona l  distributio n p(C\V) : 

p(V = 0)=p(V=l)=p(V = *) = i (6) 

( c =  v\ v =  ooii )  =  . e 
= Oorl )  =  . C 

= .6 5 
(CjtV\ V =  0oTl )  =  .0 3 

p(C=* | V =  0orl )  =  .3 2 
p( C =  0  1| V =  * )  =  .3 2 
p( C =  •  V  =  • )  =  .3 5 

(7 ) 
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Give n a n assumptio n o f  perfec t  knowledg e o f  th e fea r 
tur e value s o f  th e complement ,  ove r  multipl e obser -
vations ,  th e distributiona l  evidenc e X  i n suppor t  o f 
th e 3  hypothese s ca n b e readil y evaluated .  W e ca n 
tes t  ho w dififeren t  distribution s o f  syntacti c frame s 
correctl y yiel d differen t  probabilit y  distribution s o f 
a verb s syntacti c an d semanti c features ;  thi s i s thu s 
a Bayesia n mode l  o f  Gleitman' s (1990 )  "syntacti c 
bootstrapping" .  Suppos e a  learne r  get s 4  syntacti c 
frame s o f  /glip/ ,  al l  o f  th e for m / S glippe d O  wit h 
Z/ .  Thi s i s  equivalen t  t o havin g 4  perfec t  obser -
vation s o f  fig:[0] ,  whic h w e annotat e a s X  =  0000 . 
The n th e likelihoo d p {X \V )  an d posterio r  probabil -
it y p{y \X )  o f  th e 3  possibl e hypothese s ca n b e eval -
uate d directl y vi a Bayes '  rule : 

Likelihoo d p(; ^  IT T 
p(Xl V =  0 )  =  (.65 r 
p{X\ V =  1 )  =  (.03) * 
v{x\ v =  * )  =  {.m Y 

Po6terlo r  p\y\X y 
p( V =  Q\X )  =  .94 1 
p{ V =  1|X )  =  .00 0 
p{ V =  •JX )  =  .05 9 

Thi s i s show n below ,  alon g wit h othe r  distribution s 
of  syntacti c frames : 

Sit 
1 
2 
3 

4 

5 

6 

Utterance s (X ) 
4 / S Ve d 0  wit h Z /  (0000 ) 
4 y S Ve d 0 /  (*••• ) 
2 / S Ve d 0  wit h Z/ , 
2 / S Ve d 0  int o Z /  (OOU ) 
2 / S Ve d 0/ , 
2 / S Ve d 0  wit h Z /  (••00 ) 
23 / S Ve d 0  wit h Z / 
10 / S Ve d 0 / 
23 / S Ve d 0  wit h Z / 
5 / S Ve d 0  int o Z / 
10 / S Ve d 0 / 

V =  0 
.04 1 
.29 2 

.03 2 

.76 9 

1.0 0 

.96 0 

V =  i 
.00 0 
.29 2 

.03 2 

.00 0 

.00 0 

.00 0 

v =  * 
.05 9 
.41 6 

.93 6 

.23 0 

.00 0 

.04 0 

Wit h onl y 4  examples ,  th e uncertaint y o f  th e valu e 
of  th e featur e V  i s rapidl y reduce d (situation s 1-4) . 
As th e numbe r  o f  example s increase s (situatio n 4 
vs 5) ,  th e evidenc e support s "all-or-none "  o r  "rule -
like "  behavior ,  eve n wit h a  significan t  numbe r  nois y 
frame s (situatio n 5  v s 6) . 

Modeling Integrated Syntactic and 

Semcintic Bootstrapping 

We now integrate the two forms of bootstrapping 
describe d above ,  wher e give n a  distributio n o f  bot h 
scene s an d syntacti c frames ,  a  probabilit y  distribu -
tio n ove r  concept s consisten t  wit h bot h source s o f 
evidenc e i s determined .  Conside r  th e followin g pos -
sibl e syntacti c frames: 

Utteranc e u  Attentio n 
/Clipping^ /  *• •  -
/ S glippe d wate r  fro m a  glass /  1* *  W 
/ S glippe d wate r  int o a  glass /  !• •  W 
/ S glippe d water /  •» •  W 
/ S glippe d a  glas s wit h water /  0» *  0 
/ S glippe d a  glass /  •• •  G 

and perceptually-derive d semanti c feature s o f 
scenes : 

De$CTiption/Semanti c Feature i 
farao n pourin f  wat« r  tnt o a  glaa« ,  tillin g I t 
GImi :  Mannar :  Non e (0 )  State :  Pul l  (1 ) 
Watar :  Manner ;  Pourin g (1 )  State :  Non e 

Scane a  ' 
pour-ni l 
Gooi 
aplaah-nil fCraon aplaahaa watar Inlo a glau, nillng ll 
Gooi  Glaaa :  Mannar :  Non e (0 )  State :  Ful l  (1 ) 
Wi2 0 Water :  Manner ;  Splaahln g (2 )  State :  Non e (0 ) 

•'"1(1) ' 
'  Tnt o a  I 

^ 

Oooi 
w iJO _ 

Water ;  Manner ;  aplaahln g (̂ )  atate :  iMon i 
farao n apray a wate r  Int o a  glaaa ,  tillin g i t 
Manner :  Non e (0 )  State :  Pul l  (1 ) 
Manner :  Sprayin g (3 )  State :  Non e (0 ) 

pour-empt y Hereo n pourin g vvate r  ou t  o t  glaaa ,  emptyin g i t 
Gool  Manner :  Non e (0 )  Stat e Empt y (3 ) 
yyu o Manner :  Pourin g (1 )  State :  Non e (0 ) 
aplaah-empt y Kerao n aplaahe a wate r  ou t  o t  glaaa ,  emptyin g i t 
Gooj  Manner :  Non e (0 )  State :  Empt y (2 ) 
Wi^ q Manner :  Splaahln g (2 )  State :  Non e (0 ) 
pour-non e 
Gooo 

W IIS L 

Perao n pourin g aom e wate r  Int o a  gl a 
Manner :  Non e (0 )  State :  Non e (0 ) 
Manner :  Pourin g (1 )  State :  Non e (0 ) apray-non e F'erao n apray s wate r  int o a  glaa a ' 

Oooo Manner :  Non e (0 )  State ;  Non e (0 ) 
Wi3o Manner :  Sprayin g (3 )  State :  Non e (0 ) 

where features are ordered as: 

fig, manner-of-motion, change-of-state 

for each utterance u and scene possibility s. The 
subscript s o n G  a n d W annota t e th e observatio n o f 
tha t  a r g u m e n t  fo r  eac h o f  th e 3  dimensions . 
We m a y describe ,  jus t  a s  before ,  h o w th e cross -
situationa l  distributiona l  evidenc e X  o f  N  indepen -
den t  scene-utteranc e pairs : 

X =  [(s,,Ui),...,(8Ar,UA,) ]  (8 ) 
yield s differen t  word-concep t  m a p p i n g s p { H i \ X ) 
th roug h independen t  combina t io n o f  th e tw o source s 
of  evidence : 

j N 
p{Hi\X )  = 

n;=iP(siigi)p("j|gi)p(gi ) 

P(A- ) 
(9 ) 

For  expositor y purposes ,  w e wil l  conside r  ho w th e 
learne r  woul d ran k eac h o f  th e 6  precis e hypotheses , 
an d wil l  assum e the y entertai n onl y these : 

"Hypothesis" Knglis h Ver F 
pour 

splash 
fill 
empt y 
move 

lapra y 
tlath 

ifi U 
**  empt y 
"mov e 

"tpt a 
fffi l 

Featur e 
II * 
12» 
13* 
0* 1 
0* 2 
1* * 

T h e likelihoo d p{s j  \Hi )  fo r  eac h o f  th e D  indepen -
den t  dimension s { D =  3 )  is : 

D 
pi8^^Si...SD\Hi )  =  llpiSk\Hi )  (10 ) 

k=l 
w h e r e ou r  m o d e l  fo r  scen e observation s alon g th e 
/ct h d imens io n is : 

p{sk\Hi )  =  ' 

1-
e 
1-
<5 

-dfc £ 

- d k S 

ifsf c 
ifsf c 
ifsf c 
ifsf c 

= 0./f *  =  * 
#0,//.' = =  * 
= H^,H^^ * 
^H^,H>^jt * 

(11 ) 

We annotat e th e valu e o f  th e fcth  dimensio n o f  hy -
pothesi s H i  a s // *  above .  Th e first  tw o line s mode l 
tha t  whe n a  featur e i s no t  value d {H ^  =  • ) ,  the n 
scene s typicall y hav e 0  fo r  th e ki h dimensio n (d i  = 
2;  d a =  2\d ^  =  3) ,  bu t  d o no t  matc h wit h probabil -
it y  t .  Tha t  is ,  observin g pouring ,  spraying ,  splashin g 
manner s (s j  =  1,2 ,  o r  3) ,  an d observin g filling,  emp -
tying ,  o r  breakin g change-of-state s (5 3 =  1,2 ,  o r  3 ) 
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Kituation l Scen e a Utteranc e u 
i/ S glippe d wate r  int o ft  glaaa /  f  1* « 

H,prayti,pla, h Hf i U H  empt y H Bpra y J  i  tplatt i  - i  J  /t » J  ̂  empt y nrnov ' 
m m m m  .09 3 pour -̂ i r 

O'ooi ,  W h o 
lipping / 

aae wit h water /  (o* T .00 0 .00 0 .66 0 .00 9 .00 0 
1503 .00 4 .46 8 .00 4 7 M 

pour-fil l 
bour-fi U {G'ooi.W^n o 

75 
m 
l/ S glippe d wate r  int o a  glafl8 7 .24 6 .24 6 .00 4 .00 4 .25 4 hon e 
/ S glippe d glaa s wit h water 7 •00 7 .00 7 .46 6 .48 8 .00 7 

.16 6 .16 6 .16 6 .16 6 .17 0 
hon e 

/Glipping! / hon e 
Gooi , 
Go02, 
Gooo, 

Who 
Wno 

bour-fil l 
pour-empt y 
pour-non e 
pour-fil l 
splash-fil l 
gpray-fil l 

^001 , 
Gooi , 
Gqoi , 

Wno 
Wuo 
W,oo 

/Clipping! / 
/ S glippe d wate r  from  a  glass / 
/ S glippe d water / 

.00 0 .00 0 .00 0 .00 0 .00 1 

/GlTpping! / 
/ S glippe d a  glas s wit h water / 
/ S glippe d a  glass / 

.00 0 .00 0 .99 9 .00 0 .00 0 

pour-fil l 
pplash-empt y 
ppray-non e 

^001 , 
Gooi , 
Gooi , 

Wno 
Wno 
Wioo 

!glipped _ 
Jlippine! / /dipping! / 

/ S glippe d water / 
/ S glippe d water / 

.06 4 .06 4 .00 0 .00 0 .80 8 

Figur e 1 :  Word-concep t  mappin g p{Hi \X) ,  give n scene-utteranc e evidenc e X  o f  a  nove l  verb ,  /glip / 

i s  fa r  les s likel y tha n observin g n o manne r  o f  motio n 
(s 2 =  0 )  o r  chang e o f  stat e {3 3 =  0 )  a t  all .  Sinc e 
observin g a  differen t  valu e S j  ̂  0  i s unlikel y t o hav e 
occurre d b y accident ,  i t  m a y b e a n importan t  featur e 
t o th e concept .  T h e secon d tw o line s o f  (11 )  mode l 
tha t  i f  a  featur e i s value d { H ^  7 ^  * ) ,  the n scene s typ -
icall y matc h tha t  featur e i n value ,  bu t  d o no t  matc h 
wit h probabilit y  6 .  Tha t  is ,  fo r  example ,  give n hy -
pothesi s Hpour ,  the n mos t  o f  the  scene s wil l  contsd n 
pourin g i n them .  I n ou r  examples ,  e  =  .1,< 5 =  .01 ; 
qualitatively ,  result s ar e no t  sensitiv e t o change s i n 
thes e values . 

Th e outpu t  o f  ou r  mode l  i s show n i n Figur e 1 . 
Suppose ,  a s i n Situatio n 1 ,  a  learne r  i s  give n a 

singl e scene-utteranc e pai r  (pour-fill ,  / S glippe d wa -
te r  int o the  glass/) :  X  =  [(s i  =  {Gno,Wi io} ,u i  = 
1 *  * ,  W ) ] ,  an d w e wis h t o comput e p{Hi\X )  fo r  al l 
Hi  G  H .  W e assum e th e learne r  ca n atten d t o th e 
argumen t  s o a s t o extrac t  relevan t  feature s fro m th e 
scene .  Give n th e scene  pour-fil l  paire d wit h utter -
anc e / S glippe d wate r  int o a  glass/ ,  ou r  Bayesia n 
model  place s hig h weigh t  o n Hpour -

I n Situatio n 2 ,  th e scene  i s th e same ,  bu t  no w th e 
synt£i x / S glippe d a  glas s wit h water /  provide s th e 
learne r  wit h the  informatio n t o atten d no t  t o th e 
water' s manner-of-motio n bu t  t o th e glass '  chang e 
of  state .  Give n X  =  [(s i  =  {Giio ,  W^iio}iU i  = 
0 *  * ,  G) ]  ou r  mode l  weight s Hf,i i  heavily . 

I n Situatio n 3 ,  th e scene  i s th e same ,  bu t  n o w 
th e synta x /Glipping! /  give s the  learne r  les s infor -
mation ,  sinc e the  argumen t  i n th e scen e tha t  th e 
speake r  m a y b e referrin g t o i s unknown ;  X  =  [(s i  = 
{Giio,Wiio},u i  =  ) ]  I f  ther e ar e A  argu -
ment s i n th e scene ,  th e speake r  mus t  hav e ha d a 
particula r  argumen t  z  i n mind .  T h e learne r  mus t 
conditio n o n al l  the  possibilitie s o f  z : 

A 
piaj\Hi )  =  '£pisj\Hi,z^)p{za )  (12 ) 

a=l 
I f  learner s conside r  al l  argument s equall y salien t 
ip{zi )  =  ^ )  the n thi s effectivel y model s /Clipping! / 

as equivalen t  t o / S i s glippin g Z l /  wit h probabilit y 
Pizi )  =  . 5 an d / S i s  glippin g Z 2 /  wit h probabilit y 
p(z2 )  =  -5 .  Fo r  simplicity ,  w e assum e A  = 2  wher e 
Zl  i s  water ,  Z 2 i s th e glas s -  bu t  furthe r  referentia l 
uncertaint y ca n b e modele d wit h highe r  A .  Becaus e 
of  th e conditionin g o n eac h o f  A  possibilities ,  thi s 
yield s a  les s certai n word-concep t  mapping . 

I n situatio n 4  throug h 6 ,  th e sam e syntacti c 
frame s ar e provide d a s i n situation s 1  throug h 3 , 
bu t  withou t  th e scene  information .  W h e n som e syn -
tacti c informatio n i s  provide d b y th e frame  (situa ^ 
tio n 4 ,  / S i s  glippin g wate r  int o a  glass/) ,  the n th e 
manner-of-motio n locativ e verb s ar e preferre d ove r 
th e change-of-stat e locativ e verbs ,  bu t  n o differenti -
atio n i s possibl e withou t  the  scenes .  Likewise ,  w h e n 
th e frame  provide s th e opposit e cu e (situatio n 5 ,  / S 
i s glippin g a  glas s wit h water/) ,  th e opposit e pref -
erenc e i s achieved ,  agai n wit h n o differentiatio n be -
twee n possibl e change-of-stat e ver b concepts .  W h e n 
zer o syntacti c informatio n i s  availabl e (situatio n 6 , 
/Clipping!/) ,  al l  hypothese s prov e equall y likely . 

Wherea s i n situatio n 3  the  verb-concep t  mappin g 
was ambiguous ,  primaril y betwee n Hpou r  an d H f m , 
i n situatio n 7  an d 8 ,  learner s are  provide d 2  addi -
tiona l  example s t o disambiguate .  Bot h th e scene s 
an d syntacti c frames  i n situatio n 7  suppor t  Hpour , 
while  i n situatio n 8  th e scene s an d syntacti c frames 
suppor t  Hfiii . 

Finally ,  i n situatio n 9 ,  2  differen t  scene-utteranc e 
pair s primaril y suppor t  th e "superordinate "  con -
cep t  Hmove ,  an d no t  an y "subordinate "  manner-of -
motio n concep t  Hpour ,  H,plash ,  o r  Hgpra y 

Discussion 

Th e reaso n wh y ou r  analysi s i s abl e t o infe r  s o muc h 
from  s o littl e evidenc e i s becaus e s o muc h i s embed -
ded i n th e give n knowledg e sources : 

• the structure of the hypothesis space H. Our ex-
ample s containe d a  smal l  numbe r  o f  featur e di -
mension s an d thei r  possibl e values ,  bu t  thes e m a y 
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be specifie d b y interface s t o perceptual ,  motor , 
memory,  o r  othe r  "theory "  representations .  I f  so , 
whethe r  thes e ar e innat e o r  acquire d ar e condi -
tiona l  o n thei r  source . 

•  prior s p{Hi )  o n hypothese s i n H .  W e use d equa l 
priors ,  bu t  updatin g p{Hi )  base d o n lauiguag e in -
put  i s natural .  I n th e verba l  domain ,  suc h phe -
monena ar e commonl y observe d (e.g .  manne r  vs . 
path ,  tight/loose-fi t  biases) . 

•  likelihoo d o f  scene s s  give n th e wor d concep t 
p{Sj\Hi) .  W e stipulate d stati c value s o f  t  an d 6 , 
bu t  thi s ca n b e acquire d fro m observation . 

•  perfec t  knowledg e o f  th e feature s o f  th e comple -
ment .  W e m a d e thi s simplifyin g assumptio n t o 
illustrat e th e essentia l  element s o f  ou r  model ,  bu t 
learner s mus t  acquir e thes e feature s i n parallel . 

•  th e likelihoo d o f  agreement ,  p {C\V) ,  betwee n a 
featur e o f  a  nove l  ver b V  an d it s complemen t  C . 
We speculat e tha t  ther e i s sufficien t  structur e i n 
partiall y  learne d word s s o a s t o acquir e th e struc -
tur e i n th e join t  distributio n o f  featur e values . 

This richness of knowledge is in contrast to the 
model s employe d b y Regie r  e t  a l  (2001 )  an d De -
sai  (2001) ,  w h o trai n coimectionis t  neura l  network s 
so a s t o lear n th e word-scen e association s fo r  ad -
jectives /  noun s an d verb s respectively .  T h e hig h 
dimensionalit y o f  thei r  model s force s th e nee d fo r 
thousand s o f  trainin g trials ,  an d th e interpretatio n 
of  th e weight s i s notoriousl y difficult .  T h e assump -
tion s behin d thes e model s ar e no t  justifie d b y thes e 
authors .  I n contrast ,  ou r  Bayesia n approac h make s 
th e hypotheses ,  priors ,  an d likelihood s explicit ,  hold -
in g thi s structur e t o b e central . 

Siskin d (1996 )  view s lexica l  acquisitio n a s con -
strain t  satisfaction ,  an d offer s a  robus t  algorith m 
wher e th e mappin g betwee n inpu t  an d hypothesi s 
spac e i s accomplishe d b y prunin g hypothese s tha t 
d o no t  occxi r  cross-situationally .  Provide d a n ideal -
ize d tokenizatio n o f  th e world ,  th e algorith m doe s 
not  nee d a  larg e numbe r  o f  examples .  However , 
Siskind' s mode l  doe s no t  yiel d an y for m o f  pref -
erenc e betwee n differen t  concepts ,  whic h i s espe -
ciall y importan t  whe n tw o o r  mor e concept s m a y 
be equall y constraine d b y th e data .  W e hav e show n 
ho w a  Bayesia n analysi s explicitl y  yield s preference s 
betwee n concept s i n th e posterio r  probabilit y  distri -
butio n p{Hi\X) . 

Tenenbau m an d X u (2000 )  tak e th e importan t 
ste p o f  puttin g wor d learnin g i n th e Bayesia n frame-
wor k tha t  w e adop t  here ,  showin g ho w nou n learn -
in g ca n occu r  wit h a  smal l  numbe r  o f  example s i n a 
continuous-variabl e inpu t  space . 

Crucially ,  however ,  th e abov e model s ignor e th e 
constrainin g rol e o f  syntax ,  despit e considerabl e ev -
idenc e tha t  childre n us e synta x t o guid e thei r  verb -
concep t  hypothesi s spac e (Gleitma n 1990 ,  Naigle s 
1990 ,  Naigle s 1994 ,  Fishe r  e t  a l  1994 ,  Snedeke r  an d 

Gleitma n 2002) .  Qualitatively ,  ou r  models '  per -
formanc e matche s th e preference s o f  chil d learners , 
modelin g thei r  acquisitio n from  a s littl e a s on e ex -
ample . 

Our  us e o f  statistic s doe s no t  impl y an y commit -
ment  t o radica l  empiricism .  M u c h prio r  knowledg e 
i s stipulated :  th e structur e o f  th e hypothesi s space , 
th e prior s o n hypotheses ,  an d th e likelihoo d o f  scene -
uttertmc e pair s give n th e hypotheses .  I t  i s  no t  spec -
ifie d whethe r  thes e stipulation s ar e innat e o r  them -
selve s learnable .  Linguistic s an d lexica l  semantic s 
provid e detaile d theorie s o f  a  muc h large r  syntacti c 
an d semanti c hypothesi s space ,  an d littl e prevent s 
thei r  inclusio n i n thi s framework. 
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Abstrac t 

Evolutionary systems are conceptualized as having four 
transfe r  fiinctions  betwee n th e tw o stat e space s o f  genotyp e 
and phenotype .  Th e fou r  transfe r  function s ar e epigenesis , 
survival ,  mat e selection ,  an d geneti c recombination .  Th e 
treatmen t  o f  thes e transfe r  function s i s uneve n a t  best .  I n 
particular ,  som e complai n tha t  epigenesis ,  th e formatio n o f  a n 
entit y fro m th e origina l  undifferentiate d cel l  mas s int o tissues , 
i s  treate d i n a  to o simplisti c manne r  t o allo w fo r  syste m 
flexibility,  o r  creativity .  Thi s pape r  report s o n a n interactiv e 
imag e evolvin g syste m tha t  mimic s th e morphogenesi s 
processe s i n epigenesis .  Syste m description ,  results ,  an d 
theoretica l  implication s ar e discussed . 

Introduction 

Interactive evolutionary systems seek to interface 
evolutionar y programmin g t o h u m a n preferenc e i n orde r  t o 
creat e system s citabl e o f  evolvin g artifact s tha t  requir e a 
human expertis e tha t  hasn' t  ye t  succum b t o computation .  A 
c o m m on are a fo r  thi s endeavo r  i s  th e evolvin g o f  art , 
particularl y image .  Th e interfacin g o f  huma n abilit y  wit h 
machin e computatio n require s resolvin g difficul t  issue s i n 
th e arts ,  humanities ,  an d sciences .  Further ,  progres s i n th e 
desig n o f  interactiv e evolutionar y system s allow s a  glimps e 
int o h o w ver y huma n abilitie s suc h a s intuition ,  projection , 
and holisti c perceptio n interpla y wit h th e mechanic s o f 
machin e computation .  Thi s pape r  report s o n on e suc h 
interactiv e evolutionar y syste m tha t  seek s t o combin e 
human perceptio n wit h th e geneti c algorith m t o evolv e 
smal l  holisti c images . 

Humans lac k th e tremendou s numerica l  computationa l 
spee d o f  computers ;  ye t  the y ca n proces s informatio n 
holisticall y i n a n automatic ,  rapid ,  an d natura l  maimer . 
Machine s posses s tremendou s computationa l  capabilities ; 
yet  n o algorith m exist s t o perfor m holisti c processe s a s wel l 
as human s do .  Ideally ,  a  goo d interactiv e syste m woul d 
integrat e th e bes t  h u m a n cognitiv e qualitie s wit h machin e 
computationa l  capabilitie s enablin g th e resultan t  hybri d 
syste m t o outperfor m eithe r  o f  th e tw o component s ^one . 
Evolutionar y computatio n a s a n algorith m i s wel l  suite d fo r 
th e creatio n o f  a n interactiv e imagin g system .  However , 
problem s exis t  i n implementation :  H o w ca n evolutionar y 
computatio n bes t  suppor t  th e holisti c processe s o f  h u m a n 
cognition ? T o answe r  thi s questio n require s a n 

understandin g o f  curren t  theor y regardin g h u m a n holisti c 
processes . 

Psychological Issues 

A well-know n are a i n cognitiv e researc h tha t  studie s holisti c 
processe s i s th e recognitio n o f  object s and ,  i n particular ,  th e 
recognitio n o f  faces .  Differen t  perceptua l  encodin g an d 
representationa l  processe s hav e traditionall y differentiate d 
theorie s regardin g th e recognitio n o f  object s a s compare d t o 
faces .  However ,  th e functiona l  separatio n o f  thes e 
processe s unde r  al l  condition s o f  objec t  recognitio n remain s 
imclea r  (Bruc e &  Humphreys ,  1994) .  M u c h o f  basi c objec t 
recognitio n theor y ha s bee n base d o n th e decompositio n o f 
part s an d th e analysi s o f  edg e feature s (Mar r  &  Nishihara , 
1978 ;  Biederman ,  1987 ;  U U m a n,  1989) .  O n th e othe r  hand , 
fac e recognitio n theor y ha s bee n base d o n mor e holisti c 
processe s whic h utiliz e surfac e characteristic s suc h a s 
texture ,  color ,  an d shadin g (Pric e &  Humphreys ,  1989) . 
S o me researc h suggest s tha t  th e distinction s betwee n objec t 
and fac e recognitio n begi n t o fad e w h e n on e examine s th e 
objec t  recognitio n processe s o f  experts ,  w h o m a y utiliz e 
holisti c processe s simila r  t o thos e foun d i n fac e recognitio n 
(Diamon d &  Carey ,  1986 ;  Rhode s &  McLean ,  1990) . 

Th e theor y regardin g holisti c processin g o f  face s ca n b e 
separate d int o stronge r  an d weake r  stance s (Bruc e & 
Humphreys ,  1994) .  Unde r  th e weake r  stance ,  feature s m a y 
interac t  wit h eac h othe r  throug h configura l  processe s t o 
for m emergen t  propertie s o r  "second-orde r  relationa l 
features "  (Diamon d &  Carey ,  1986) .  Unde r  th e stronge r 
stance ,  fac e recognitio n i s completel y holistic ;  tha t  is ,  it s 
representatio n i s  non-decomposabl e i n tha t  n o explici t 
descriptio n o f  feature s exist s outsid e th e contex t  o f  th e fac e 
(Tanak a &  Farah ,  1993) .  Thes e stance s provid e tw o way s 
of  approachin g th e developmen t  o f  a n interactiv e syste m t o 
suppor t  th e holisti c developmen t  o f  images :  (1 )  A  syste m 
whic h manipulate s context-fre e feature s toward s 
configuration ,  o r  (2 )  a  syste m whic h develop s th e 
configuratio n o f  th e imag e first ,  followe d b y mor e detaile d 
developmen t  o f  feature s withi n th e establishe d context . 

We sough t  t o desig n a  recognition-drive n syste m o f  th e 
latte r  type ,  whic h woul d suppor t  th e purel y holisti c 
developmen t  o f  images ,  includin g face s an d objects .  Thi s 
syste m woul d functio n i n a  feature-fre e spac e t o provid e a 
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non-decomposabl e representatio n o f  images .  Fo r  instance ,  a 
h u m an m a y perceiv e o r  projec t  a  clou d a s containin g th e 
imag e o f  a  face ,  ye t  a  clou d contain s n o explici t 
representatio n o f  th e eyes ,  nose ,  o r  mouth .  Suc h features , 
say a  nose ,  woul d onl y b e perceive d a s a  nos e withi n th e 
contex t  o f  th e cloud' s facia l  image .  Thi s typ e o f  perceptio n 
or  projectio n o f  a  natura l  textur e i s calle d obje t  trovi ,  an d i s 
diough t  b y som e (Gombrich ,  1960 )  t o b e paramoun t  t o th e 
perceptio n o f  art .  Further ,  a  clou d i s no t  limite d t o faces ;  i t 
migh t  contai n othe r  aninuls ,  o r  objects .  Th e clou d merel y 
contain s randoml y distribute d texture s whic h human s ca n 
organiz e perceptually .  Jus t  a s a  clou d support s holisti c 
recognitio n o f  images ,  a n interactiv e evolutiotuu y syste m 
coul d encourag e recognitio n base d upo n context-dependen t 
rathe r  tha n context-fre e properties .  W e intende d t o provid e 
a mechanis m b y whic h a  cloud-lik e representatio n coul d 
ente r  int o "cumulativ e selection" ,  i n a  maime r  no t  unlik e th e 
wishfu l  thinkin g o f  Dawkin s (1987) . 

System Issues 

The system presented in diis paper can be distinguished 
from  othe r  wor k i n th e interactiv e evolutio n o f  image s 
(Dawkins ,  1987 ;  Bake r  &  Seltzer ,  1994 ;  Sims ,  1991 ; 
Caldwel l  &  Johnston ,  1991 ;  Johnsto n &  Caldwell ,  1997 ; 
Tod d &  Latham ,  1992) .  M a n y interactiv e evolutionar y 
system s (E>awkins ,  1987 ;  Bake r  &  Seltzer ,  1994 ;  Sims , 
1991 ;  Tod d &  Latham ,  1992 )  us e aestheti c preferenc e t o 
determin e th e fitoess  o f  image s tha t  ar e compose d o f 
context-fre e features .  Unde r  condition s o f  aestheti c 
preference ,  th e use r  evolve s image s opportunistically . 
Thes e system s d o no t  easil y suppor t  evolutio n toward s a n a 
prior i  goal .  Bake r  an d Seltze r  (1994 )  opportunisticall y 
evolve d butterflie s from  randoml y generate d lines ,  bu t  whe n 
the y intentionall y evolve d a  genera l  "fisce-like "  image ,  the y 
coul d d o s o onl y wit h difficulty .  Further ,  previou s system s 
sometime s require d inpu t  image s t o enabl e th e evolutio n o f 
foces.  Sim s (1991 )  a s wel l  a s Bake r  an d Seltze r  (1994 ) 
nxxhfie d facia l  image s afte r  providin g inpu t  image s o f 
human faces ,  an d Johnsto n an d Caldwel l  (Caldwel l  & 
Johnston ,  1991 ;  Johnsto n &  Caldwell ,  1997 )  provide d inpu t 
image s o f  feature s t o evolv e configure d faces . 

Th e Johnsto n an d Caldwel l  syste m (Caldwel l  &  Johnston , 
1991 ;  Johnsto n &  Caldwell ,  1997 )  i s mos t  simila r  i n 
purpos e t o ou r  syste m i n tha t  the y use d huma n recognitio n 
t o evolv e image s o f  crimina l  suspects .  Thei r  "Faceprints " 
syste m allowe d mor e goal-directe d behavio r  withi n 
interactiv e evolutio n tha n previousl y achieved ,  an d the y 
develope d a  syste m tha t  encourage d holisti c processe s b y 
presentin g configure d face s from  th e start .  However ,  thei r 
syste m differ s fro m our s i n tha t  the y too k th e weake r 
theoretica l  stanc e toward s holisti c processin g b y providin g 
inpu t  image s o f  context-fre e feature s an d the n placin g the m 
i n a  randoml y generate d configuratio n fo r  furthe r  evolution . 

Th e "Faceprints "  syste m represent s a n approac h whic h i s 
c o m m on t o evolutiotuir y computation ;  tha t  is ,  th e majorit y 

of  evolutionar y computatio n i s base d o n parameterize d 
model s whic h predefin e feature s an d pre-encod e dimension s 
upo n whic h th e feature s ca n vary .  A  ke y componen t  o f 
evolutionar y computatio n i s th e mappin g betwee n th e 
genotyp e an d phenotyp e representations .  Th e genotyp e 
representatio n consist s o f  a  strin g o f  characters ,  usuall y 
binary ,  tha t  ar e use d a s geneti c code s i n th e reproductiv e 
process .  Th e phenotyp e representatio n consist s o f  a 
descriptio n o f  a n organis m tha t  ca n b e evaluate d fo r  fitness 
and selecte d fo r  reproduction .  Th e linkag e betwee n th e 
genotyp e an d phenotyp e representation s i s accomplishe d b y 
a mathematical  mappin g tha t  use s a  parameterize d model . 
For  instance ,  t o evolv e rectangles ,  on e coul d creat e a 
formul a wit h th e tw o parameter s o f  heigh t  an d widt h tha t 
woul d scal e suitabl e binar y number s t o a  rectangl e o f  a 
certai n heigh t  an d width .  Th e binar y number s woul d for m 
th e genotype ,  an d th e resultan t  rectangle s woul d for m th e 
phenotype . 

Ther e ar e man y probleni s associate d wit h approache s 
base d o n a  parameterize d mode l  (Hofstadter ,  1982) .  Th e 
mai n proble m fo r  creatin g image s i s tha t  parameterize d 
model s constrai n th e phenotyp e representation .  A  mode !  fo r 
rectangle s ca n neve r  creat e a  circle .  W e migh t  tr y t o escap e 
th e proble m b y addin g a  selecto r  paramete r  tha t  woul d 
dictat e th e geometri c shap e t o use .  Fo r  instance ,  i n a 
rectangl e model ,  i f  w e wante d t o represen t  circle s also ,  w e 
coul d ad d a  selecto r  paramete r  tha t  woul d indicat e whethe r 
t o implemen t  a  rectangl e mode l  o r  a  circl e model .  Th e 
repai r  works ,  excep t  tha t  th e additio n lead s t o a  discret e 
selecto r  paramete r  functio n an d potentiall y  require s a n 
infinit e numbe r  o f  model s t o represen t  al l  objects .  Instead , 
we see k t o creat e a  syste m tha t  avoid s th e predefinitio n o f 
feature s an d th e mappin g o f  genotyp e t o phenotype . 

Image Elicitation System 

Instead of using a feature-based space, we created a 
frequency-based  spac e base d o n pixe l  representation .  Th e 
pixe l  spac e representatio n affect s th e resolutio n o f  th e 
images ,  bu t  force s n o predefme d feature s upo n th e image s 
themselves .  Th e spac e i s base d upo n atomi c o r  molecula r 
representation ,  simila r  t o th e notion s o f  atomi c o r  molecula r 
decon^ositio n b y Fourie r  analysi s o r  wavelet s (Meyer , 
1993) .  A s champione d b y th e pointillists ,  smal l  point s o f 

jus t  a  fe w color s ca n b e use d t o creat e th e psychologica l 
impressio n o f  an y for m an d an y color .  Atomi c 
representatio n work s a t  th e sub-featur e leve l  an d allow s th e 
generatio n o f  feature s alon g wit h thei r  configuration .  Th e 
representatio n i s no t  constraine d b y feature s an d encode s a 
dog ,  a  tree ,  o r  a  ca r  a s easil y a s a  face .  Fo r  instance ,  on e 
coul d creat e a  pixe l  spac e o f  25-by-2 5 pixel s (62 5 tota l 
units )  wit h eac h pixe l  bein g an y o f  eigh t  color s (thre e bit s o f 
information. )  Suc h a  smal l  pixe l  spac e ha s th e 
informationa l  potentia l  t o creat e a n enormou s numbe r  o f 

images ,  a s man y a s 2^87 5 fh e numbe r  o f  possibl e image s 
i s s o larg e tha t  ther e exist s n o rea l  constraint s o n th e variet y 
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of  form s tha t  m a y b e represented ;  rather ,  th e mode l 
constrain s th e resolutio n o f  th e image .  I n term s o f 
resolution ,  th e spac e canno t  represen t  object s tha t  require 
mor e tha n 12. S line s o f  resolutio n (eac h lin e require s a t  leas t 
on e 'on '  an d on e 'of f  pixel )  i n th e vertica l  o r  horizonta l 
axis .  However ,  increasin g th e numbe r  o f  pixel s an d 
decreasin g th e pixels '  siz e ca n reduce  th e impac t  o f  th e 
constraint . 

Syste m implementatio n require d addressin g additiona l 
issue s i n th e metho d o f  reproductio n an d mutatio n function . 
First ,  usually ,  simpl e cross-ove r  point s ar e use d a s th e 
metho d o f  reproduction ,  bu t  suc h a  linea r  syste m i s 
inappropriat e fo r  a  two-dimensiona l  space .  Instead ,  w e 
increase d th e numbe r  o f  cross-ove r  point s unti l  th e 
reproductiv e syste m considere d a  cross-ove r  poin t  a t  ever y 
allele .  Suc h a  syste m o f  unifor m crossover s wa s 
implemente d b y randoml y selectin g betwee n th e gene s o f 
th e tw o parent s wit h equa l  probability .  Althoug h som e 
researcher s conside r  unifor m crossover s t o b e deleteriou s t o 
evolutionar y computatio n (Fogel ,  1995) ,  other s hav e foun d 
the m t o b e usefu l  (Syswerda ,  1989) .  Secondly ,  i f  on e use s a 
mutatio n functio n tha t  choose s amon g al l  possibl e gene s 
wit h equa l  probabilit y  fo r  a n allele ,  th e mutatio n functio n 
wil l  eventuall y retur n th e imag e t o a  rando m state .  Instead , 
we limite d th e mutatio n functio n t o th e gen e value s o f 
neighborin g pixels ,  causin g smalle r  change s an d greate r 
adaptability . 

Each generatio n ha s a  populatio n o f  fift y  image s o f  whic h 
th e huma n select s te n image s fo r  us e a s th e parent s fo r  th e 
nex t  generation .  Th e resultin g imag e elicitatio n syste m 
consist s o f  a  c o m m a plu s syste m sinc e th e parent s ar e 
availabl e fo r  selectio n i n th e nex t  generatio n s o tha t  eac h 
generatio n afle r  th e fu^ t  i s  mad e o f  parent s plu s thei r 
offsprin g (HeitkOtter e &  Beasley ,  2002) .  Th e genotyp e 
representatio n i s a n arra y o f  allele s tha t  ha s th e sam e siz e a s 
th e pixe l  representatio n (25x2 5 pixels) .  Eac h allel e i s a 
characte r  tha t  correspond s t o on e o f  th e possibl e color s (o r 
genes )  fo r  th e pixel .  Reproductio n create s th e offsprin g 
genotyp e b y randoml y an d uniforml y selectin g betwee n th e 
gene s o f  tw o randoml y selecte d parent s a t  eac h allel e site . 

Results 

For purposes of this paper, and given our emphasis on 
holisti c processes ,  w e chos e a  fac e a s th e imag e t o b e 
elicited .  Th e fu^ t  autho r  bega n wit h th e specifi c  goa l  o f 
"elici t  Abraha m Lincoln "  an d elicite d a n imag e o f  Abraha m 
Lincol n usin g fou r  level s o f  gra y (figur e 1) .  Th e imag e 
represents  th e result s o f  imag e elicitatio n afte r  24 5 
generations .  Th e imag e wa s originall y generate d o n a 
S V GA monito r  usin g a  blac k background .  A  human' s 
abilit y  t o recogniz e Abraha m Lincol n i s ver y dependen t  o n 
th e spatia l  frequenc y o f  th e image .  I n othe r  words ,  viewin g 
figur e 1  a t  to o clos e o r  to o fa r  o f  a  distanc e reduce s th e 
perceptua l  qualit y o f  th e image .  Figur e 2  display s th e 
evolutio n o f  th e stochasti c prototyp e o f  Abraha m Lincoln . 

The matri x represent s ever y fifth  generatio n o f  Abraha m 
Lincoln' s imag e u p t o generatio n 245 .  Th e matri x shoul d b e 
scanne d fro m lef t  t o right  an d fro m to p t o bottom .  Eac h 
imag e i s a  stochasti c prototyp e create d b y randoml y 
selectin g an d copyin g a  gen e from  on e o f  th e te n parent s 
int o th e correspondin g allel e o f  th e prototyp e unti l  eac h 
allel e o f  th e prototyp e i s created .  T h e samplin g functio n i s a 
uniform ,  rando m distributio n ove r  th e parents .  A s a  result , 
th e composit e prototyp e i s simila r  t o al l  o f  it s  parent s an d 
evoke s th e averag e recognitio n o f  it s  parents . 

Theoretical Impact 

The process in image elicitation is best described in terms of 
co-evolutio n o r  holisti c evolution .  Thi s descriptio n run s 
contrar y t o mainstrea m though t  o n h o w evolutionar y 
computatio n works .  Ther e ar e currentl y tw o idea s o n h o w 
convergenc e happen s i n evolutionar y computation :  th e 
Buildin g Bloc k Hypothesi s b y Goldber g (1989 )  an d th e 
Schema Theore m b y Hollan d (1992) .  W e argu e tha t  bot h o f 
th e hypothese s ar e featur e analyti c an d ar e insufficien t  t o 
explai n wha t  i s  happenin g i n imag e elicitation . 

Th e Buildin g Bloc k Hypothesi s suggest s tha t  flie 
convergenc e proces s i n evolutionar y computatio n i s base d 
upo n buildin g block s o r  smal l  group s o f  character s whos e 
introductio n int o an y genotyp e representatio n wil l  likel y 
increas e th e fitaess  o f  th e phenotyp e representation . 
Goldber g suggest s tha t  th e geneti c computatio n firs t  finds  a s 
m a ny o f  thes e buildin g block s a s possible ,  an d late r  i n 
evolution ,  th e buildin g block s ar e combine d togethe r  t o giv e 
th e highes t  fitness.  Fo r  instance ,  a  serie s o f  I' s  i n th e 
genotyp e migh t  giv e rise  t o a n eyebro w i n th e image .  Th e 
presenc e o f  a n eyebro w i n an y pictur e o f  a  fac e shoul d 
increas e th e imag e quality ,  and ,  therefore ,  th e fitness . 

The Schem a Theore m suggest s tha t  th e ongoin g proces s 
i n evolutionar y computatio n i s implici t  parallelis m cause d 
by schem a processing .  Schemat a ar e define d a s pattern s o f 
character s i n th e genotyp e representatio n tha t  m a y includ e 
"don' t  care "  states .  A  schem a ca n b e specifie d b y a 
genotyp e representatio n i n whic h eac h gen e contain s a  1  fo r 
"on" ,  0  fo r  "off" ,  o r  X  fo r  "don' t  care" .  I n a  sense ,  a  schem a 
i s a  relaxe d buildin g bloc k i n tha t  i t  relaxe s h o w tighd y 
clustere d th e grou p o f  "care "  gene s are .  Eac h genotyp e 
representatio n ca n contai n a  larg e numbe r  o f  schemata . 
Thi s lead s t o th e implici t  parallelis m an d speed s u p search . 

Th e basi s fo r  ou r  criticis m o f  th e curren t  theorie s lie s i n 
thei r  assumptio n tha t  on e ca n analyz e th e genotyp e whil e 
disregardin g th e phenotype .  I t  als o require s on e t o accep t 
tha t  al l  intermediat e representation s (pattern s i n th e 
genotyp e tha t  ar e trie d an d no t  kept )  ar e coincidenta l  t o di e 
process .  I n suc h a  vie w on e nee d onl y loo k bac k fro m th e 
evolve d solutio n an d trac e th e heritag e o f  it s  genes .  I n bot h 
theories ,  th e implie d proces s i s analytical . 

Imag e elicitatio n challenge s thes e theorie s i n term s o f 
proces s an d representation .  Imag e elicitatio n relie s o n 
multiple-gen e (holistic )  representatio n a s oppose d t o 
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variable-encode d (feature-based )  representation .  I n imag e 
elicitation ,  th e imag e exist s i n th e phenotyp e an d i n th e 
perceptio n o f  th e observer ,  whereas ,  i n othe r  evolutionar y 
confutation ,  th e imag e descriptio n exist s i n th e genotype . 
Our  syste m allow s polygen y an d plciotropy ,  wherea s 
curren t  theor y i s base d o n a  direc t  mappin g from  th e 
genotyp> e t o th e phenotyp e an d n o separat e mappin g 
backward s from  th e phenotyp e t o th e genotype .  W e ca n 
illustrat e ou r  tfieoretical  difference s throug h wha t  w e cal l 
"di e gra y argimient "  fo r  holisti c processes . 

Conside r  th e evolutio n o f  a  med iu m gray .  Mappin g frx)m 
th e gra y phenotyp e bac k t o th e genotyp e reveal s tw o 
optima l  representation s a s show n b y a  an d b  i n figur e 3 . 
Usin g binar y representation ,  wher e 1  equal s a n "on "  pixel ,  0 
equal s a n "off "  pixel ,  an d X  equal s "don' t  care" ,  on e finds 
tha t  lOIOlOl.. .  i s  on e representatio n (a )  an d it' s  complemen t 
0101010.. .  i s  th e othe r  (b) .  Strangely ,  on e ca n bree d 
togethe r  thes e complimentar y representation s an d th e 
offsprin g c  an d d  wil l  stil l  appea r  grayis h i n th e phenotype , 
regardles s o f  genotyp e o f  th e parents ,  o r  typ e o f  crossove r 
functio n used .  Gray s c  an d d  resul t  fix)m  ih c us e o f  simpl e 
an d unifor m crossove r  respectively .  H o w ca n on e describ e 
th e proces s o f  evolvin g gray s i n term s o f  buildin g block s o r 
schemat a w h e n th e phenotyp e bein g selecte d doe s no t 
depen d upo n an y particula r  gen e bein g a  1  o r  0  o r  X ? Th e 
gra y phenotyp e ca n onl y b e describe d i n th e genotyp e a s a 
fairl y  unifor m distributio n o f  I' s  an d O's .  Give n tha t  th e 
difficultie s i n phenotype-to-genotyp c mappin g o f  gray s 
exten d t o al l  images ,  th e Buildin g Bloc k Hypothesi s an d di e 
Schemat a Theore m ar e insufficien t  t o describ e a n image' s 
evolution .  I n fact ,  th e gra y argumen t  i s problemati c fo r 
m a ny curren t  i^roache s use d t o understand ,  o r  represen t 
phenotype-to-genotyp e mapping . 

Conclusions 

Image elicitation promotes wholeness or a lack of distinct 
features .  I f  on e observe s th e evolvin g o f  Lincoln' s imag e 
on e wil l  notic e tha t  th e feature s al l  co-evolv e together .  A t 
n o tim e doe s th e proces s trea t  th e nos e differentl y from  th e 
eye .  Th e proces s i s s o tightl y interwove n tha t  t o distinguis h 
th e nos e fro m th e res t  o f  th e fac e constitute s a  fals e 
distinction ;  di e nos e get s i t  descriptio n from  itsel f  an d th e 
contex t  in'ovide d b y th e res t  o f  th e image . 

Imag e elicitatio n afford s high-orde r  interactions .  Th e 
placement ,  sizing ,  shading ,  an d colorin g o f  a n imag e tha t 
bear s stron g resemblanc e t o di e origina l  (e.g. ,  a  face )  ca n 
onl y b e describe d a s highl y interactive .  Th e placement , 
size ,  etc .  o f  th e nos e i s dejjenden t  upo n al l  th e othe r  feature s 
of  th e face ,  fo r  i f  th e nos e i s anywher e bu t  th e right  plac e i n 
relatio n t o othe r  feature s th e imag e woul d hav e n o 
resemblance .  High-orde r  interaction s ar e a  proble m fo r 
analytica l  processes ,  bu t  no t  thi s mediod .  I t  evolve s a 
comple x stimulu s withi n a  larg e informatio n spac e whil e 

maintainin g a  smal l  populatio n siz e an d a  reasonabl e 
number  o f  generations . 

Imag e elicitatio n appear s t o promot e holisti c rather  tha n 
analytica l  processes .  I t  begin s wit h th e grosses t  o f  detai l 
and end s wid i  th e finest  o f  detail .  Th e elicitatio n proces s 
use s intermediat e approximation s a s placeholder s fo r 
feature s an d a s a  mean s o f  resolutio n building .  Thi s proces s 
of  organizin g a n undifferentiate d representatio n int o finer 
and finer  regions ,  o r  feature s appear s t o mimi c th e proces s 
of  morphogenesi s foun d i n biologica l  reproduction .  W e 
argu e tha t  features ,  whic h b y thei r  natur e ar e fin e detai l  an d 
not  availabl e unti l  th e en d o f  convergence ,  canno t  b e use d t o 
explai n di e process .  Suc h fmding s ar e problemati c fo r  di e 
buildin g bloc k an d schemat a dieorie s tha t  ar e currentl y use d 
t o explai n th e processe s i n evolutionar y computation . 

Summary 

The present image elicitation system provides a new 
techniqu e fo r  integratin g th e bes t  qualitie s o f  huma n an d 
machin e capabilitie s t o creat e images .  Neidie r  syste m coul d 
produc e diese s image s alone .  Machine s lac k di e percephia l 
and m e m o r y skills ,  an d human s lac k di e computationa l 
energ y t o evolv e a n image .  Th e result s sho w tha t  curren t 
theorie s o f  evolutionar y computatio n ar e insufficien t  t o 
explai n th e convergenc e o f  th e image s i n th e absenc e o f  a 
feature-base d parameterize d space . 

Th e techniqu e o f  imag e elicitatio n allow s human s t o us e 
thei r  perceptua l  an d cognitiv e system s t o organiz e visua l 
nois e int o th e object s o f  thei r  memories .  Thi s proces s o f 
literall y pullin g a n imag e ou t  o f  chao s wil l  affec t  ou r 
understandin g o f  intelligen t  system s an d futur e 
investigation s acros s m a n y disciplines .  Imag e ehcitatio n 
wil l  b e usefu l  i n studyin g machin e intelligence ,  a s wel l  a s i n 
studyin g top-dow n processe s i n interactiv e intelligen t 
systems .  Th e syste m provide s a  mean s fo r  human s t o 
experienc e h o w evolutionar y computatio n work s b y direcd y 
immersin g themselve s i n th e process .  And ,  i t  provide s 
cognitiv e researcher s wit h a  mean s o f  studyin g holis m i n 
human recognition . 

Figures 

Figur e 1 :  A  stochasti c prototyp e o f  Abraha m Lincol n a t  generatio n 
245 . 
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Figur e 2 :  Th e evolutio n o f  a n imag e o f  Abraha m Lincoln ,  showin g 
ever y fift h generatio n u p t o generatio n 2 4 

Figur e 3 :  Th e gra y argumen t  fo r  multiple-gen e (holistic ) 
representation .  Gray s a  an d b  hav e complimentar y phenotype . 

Gray s c  an d d  resul t  from  th e us e o f  simpl e o r  unifor m crossover , 
respectively . 
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a n d th e Tutor in g Researc h G r o u p 

Abstrac t 

Studen t  response s t o conceptua l  physic s question s wer e 
analyze d wit h laten t  semanti c analysi s (LSA) .  usin g 
differen t  tex t  corpora .  Exper t  evaluation s o f  studen t 
answer s t o question s wer e correlate d wit h L S A metric s 
of  th e iimilarit y betwee n studen t  response s an d idea l 
answers .  W e compare d th e adequac y o f  severa l  tex t 
corpor a i n L S A performanc e evaluation ,  inchidin g th e 
inclusio n o f  writte n incorrec t  reasonin g an d tangentiall y 
relevan t  historica l  information .  Th e result s reveale d tha t 
ther e i s n o benefi t  i n meticulousl y eliminatin g th e wron g 
or  irrelevan t  infomiatio n tha t  normall y accompanie s a 
textbook .  Result s ar c als o rqrarte d o n th e impac t  o f 
corpu s siz e an d th e additio n o f  infomiatio n tha t  i s  no t 
topi c relevant . 

Introduction 
AutoTuto r  i s a n intelligen t  tutorin g agen t  tha t  interact s 
wit h a  studen t  usin g natura l  languag e dialogu e 
(Graesser ,  Person ,  Harter ,  &  T R G ,  i n press ;  Graesser , 
VanLehn ,  Rose ,  Jordan ,  &  Harter ,  2001) .  Th e tutor' s 
interaction s ar e no t  limite d t o single-wor d answer s o r 
formulai c yes/n o decisio n trees .  AutoTuto r  attempt s t o 
tackl e th e proble m o f  understandin g length y discours e 
contribution s o f  th e student ,  whic h ar e ofte n 
ungrammatica l  an d vague .  AutoTuto r  respond s t o th e 
studen t  wit h discours e move s tha t  ar e pedagogicall y 
appropriate .  I t  i s  thi s cooperative ,  constructive ,  one-on -
one dialogu e tha t  i s believe d t o produc e learnin g gain s 
(Graesser ,  Person ,  &  Magliano ,  1995) .  O n e majo r 
componen t  i n th e comprehensio n mechanis m i s th e 
knowledg e representatio n provide d b y Laten t  Semanti c 
Analysi s (LSA) .  L S A i s a  statistical ,  corpus-base d 
natura l  languag e understandin g techniqu e tha t 

compute s similarit y comparison s betwee n a  se t  o f  term s 
and text s (Kintsch ,  1998 ;  Landaue r  &  Dumais ,  1997 ; 
Landauer ,  Foltz ,  &  Laham ,  1998) . 

The presen t  stud y focuse s o n th e domai n o f 
conceptua l  physics .  I t  shoul d b e note d tha t  mos t 
m o d em physic s text s (suc h a s Hewitt ,  1998 )  devot e 
considerabl e spac e t o th e historica l  evolutio n o f 
physica l  concepts ,  th e cultura l  contex t  o f  physics ,  an d 
it s socia l  impact .  S o m e author s als o devot e appreciabl e 
spac e t o discussin g discarde d theorie s an d chain s o f 
reasonin g tha t  lea d t o incorrec t  conclusions .  Thus ,  a 
significan t  fractio n o f  th e tex t  foim d i n a  physic s tex t 
m ay exemplif y incorrec t  thinking . 

The Tutorin g Researc h Grou p a t  th e Universit y o f 
Memphi s ha s bee n concerne d wit h th e bes t  strateg y fo r 
selectin g a  corpu s o f  text s whe n constructin g a n L S A 
space .  A  naiv e approac h woul d b e t o gathe r  a  numbe r 
of  physic s texts ,  an d combin e the m int o on e corpus . 
However ,  ther e ar e som e important ,  unexplore d issue s 
tha t  mus t  b e addresse d abou t  thi s approach .  Wha t 
shoul d b e don e abou t  th e tex t  tha t  wa s writte n t o 
illustrat e incorrec t  reasoning ? Doe s th e inclusio n o f 
historica l  informatio n o r  peripherall y relate d 
informatio n strengthe n o r  dilut e th e accurac y wit h 
whic h physic s concept s ar e represente d i n th e L S A 
space ? I n short ,  h o w muc h specia l  preparatio n o f  th e 
corpu s i s  needed ,  i f  i t  i s  t o provid e a  reliabl e 
representatio n o f  th e physic s tha t  student s ar e expecte d 
t o learn ? 

I n thi s paper ,  w e provid e a  brie f  overvie w o f  L S A 
and h o w i t  i s  use d i n ou r  tutorin g system .  The n w e 
discus s a  stud y designe d t o addres s th e matte r  o f  corpu s 
selectio n b y systematicall y testin g th e kin d o f  text s 
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neede d fo r  a  trainin g corpus .  W e discus s th e 
implication s o f  thes e result s fo r  tutorin g system s i n 
general . 

Latent Semantic Analysis 
L S A ha s recentl y bee n successfull y use d a s a  statistica l 
representatio n o f  a  larg e bod y o f  worl d knowledg e 
(Kintsch ,  1998 ;  Landaue r  &  Dumais ,  1997) .  L S A 
provide s th e foundatio n fo r  gradin g essays ,  eve n essay s 
tha t  ar e no t  wel l  forme d grammaticall y o r  semantically . 
LSA-base d essa y grader s assig n grade s t o essay s a s 
reliabl y a s expert s i n compositio n (Foltz ,  Gilliam ,  & 
Kendall ,  2000) .  L S A ha s bee n use d t o evaluat e th e 
qualit y o f  studen t  contribution s i n interactiv e dialog s 
betwee n colleg e student s an d AutoTutor .  AutoTuto r  i s a 
tutorin g syste m i n th e domai n o f  compute r  literac y an d 
most  recentl y physic s (Graesse r  e t  al. ,  i n press ; 
Graesse r  e t  al. ,  2001) .  Th e L S A modul e evaluate s th e 
qualit y o f  studen t  answer s t o question s almos t  a s 
reliabl y a s graduat e researc h assistant s (Graesser ,  P . 
Wiemer-Hastings ,  K .  Wiemer-Hastings ,  Harter ,  Person , 
& T R G ,  2000 ;  P .  Wiemer-Hastings ,  K .  Wiemer -
Hastings ,  Graesser ,  &  T R G ,  1999) .  Havin g establishe d 
th e utilit y  o f  L S A i n evaluatin g th e qualit y o f  studen t 
essay s an d contribution s i n a  tutorin g system s o n a 
variet y o f  topics ,  w e ar e presentl y intereste d i n 
explorin g wha t  qualitie s a  usefu l  L S A spac e mus t  have . 

L S A i s a  mathematica l  techniqu e i n whic h th e 
informatio n containe d i n th e co-occurrence s o f  word s i n 
a bod y o f  tex t  i s compresse d int o a  se t  o f  vector s i n N -
dimensiona l  space .  Th e inpu t  t o L S A i s a  wor d co -
occurrenc e matri x M ,  wher e th e individua l  element s 
Mi j  i s  th e numbe r  o f  time s tha t  th e it h wor d occur s i n 
th e jt h document .  A  documen t  i s a n arbitraril y  define d 
unit ,  bu t  normall y  i s a  sentence ,  paragraph ,  o r  sectio n i n 
a text ;  fo r  thi s projec t  w e use d paragraph s a s ou r 
documen t  size .  Th e row s an d column s o f  th e matri x ar e 
the n subjecte d t o mathematica l  transformation s tha t 
tak e int o accoun t  th e frequenc y o f  th e word s use d i n 
eac h o f  th e dociunent s (Berry ,  Dimiais ,  &  O'Brien , 
1995 ;  Undaue r  e t  al. ,  1998) .  Usin g th e mathematica l 
techniqu e o f  singula r  valu e decomposition ,  th e matri x i s 
the n expresse d a s th e produc t  o f  thre e matrices ,  th e 
secon d o f  whic h contain s th e singula r  value s o n th e 
diagonal .  Changin g al l  bu t  th e larges t  N  singula r  value s 
t o zer o set s th e dimensionalit y N  o f  th e vecto r  spac e 
representin g th e text .  Th e matrice s ar e the n re -
multiplie d t o produc e a  matri x o f  th e sam e dimension s 
of  th e origina l  matrix . 

By removin g th e lowes t  o f  th e singula r  value s w e ar e 
see m t o b e eliminatin g spuriou s co-occurrence s an d 
capturin g a  mor e accurat e representatio n o f  th e 
meanin g o f  th e tex t  (Landaue r  &  Dumais ,  1997) .  Th e 
reduce d numbe r  o f  dimension s i s sufficien t  fo r 
evaluatin g th e conceptua l  relatednes s betwee n an y tw o 
bags o f  words .  A  ba g i s a n unordere d se t  o f  on e o r  mor e 

words .  Th e matc h (i.e. ,  similarit y i n meaning , 
conceptua l  relatedness )  betwee n tw o bag s o f  word s i s 
compute d a s th e geometri c cosin e (o r  do t  product ) 
betwee n th e tw o associate d vectors ,  wit h value s tha t 
normall y rang e fro m 0  t o 1 .  L S A cosin e value s 
successfull y predic t  th e coherenc e o f  successiv e 
sentence s i n tex t  (Foltz ,  Kintsch ,  &  Landauer ,  1998) , 
th e similarit y betwee n studen t  answer s an d idea l 
answer s t o question s (Graesser ,  P .  Wiemer-Hastings ,  e t 
al. ,  2000 ;  Wiemer-Hasting s e t  al. ,  1999) ,  an d th e 
structura l  distanc e betwee n node s i n conceptua l  grap h 
structure s (Graesser ,  Kamavat ,  Pomeroy ,  Wiemer -
Hastings ,  &  T R G ,  2000) . 

At  thi s point ,  researcher s ar e continuin g t o explor e 
th e strength s an d limitation s o f  L S A i n representin g 
worl d knowledge .  Fo r  example ,  i t  i s  widel y accepte d 
tha t  L S A i s no t  equippe d t o handl e syntax ,  wor d 
orderin g constraints .  Boolea n expressions ,  negation ,  o r 
othe r  precis e analyti c expressions . 

Overview of AutoTutor 
I n orde r  t o full y  understan d h o w w e us e L S A i n 
AutoTutor ,  i t  i s  beneficia l  t o understan d th e framewor k 
i n whic h i t  i s  used .  Therefore ,  w e briefl y provid e a 
genera l  overvie w o f  th e AutoTuto r  architecture .  A  mor e 
thoroug h descriptio n i s provide d i n previou s 
publication s (Graesser ,  Perso n e t  al. ,  i n press ;  Graesse r 
et  al. ,  1999 ;  Wiemer-Hasting s e t  al. ,  1998) .  AutoTutor' s 
styl e o f  tutorin g wa s modele d afte r  actua l  huma n 
tutorin g session s (Graesse r  e t  al. ,  1995) .  Th e tuto r  start s 
out  b y askin g a  questio n o r  posin g a  proble m tha t 
require s a  paragraph-lengt h answer .  Th e tuto r  the n 
work s wit h tfie  studen t  t o cove r  th e essentia l  point s tha t 
th e tuto r  deem s necessar y t o adequatel y understan d th e 
answe r  t o th e question .  W h e n a  questio n i s answered , 
th e proces s i s repeate d fo r  a  subsequen t  question .  Sinc e 
most  huma n tutor s ar e peer s o f  th e students ,  the y ar e 
not  wha t  on e woul d labe l  a s experts .  Thus ,  the y 
typicall y hav e a  limite d understandin g o f  wha t  th e 
student s ar e tryin g t o convey ,  yet ,  the y ca n typicall y 
determin e whethe r  a  respons e i s "i n th e bal l  park" . 
Despit e th e lac k o f  complet e understanding ,  surve y 
studie s hav e show n a  sizabl e advantag e fo r  face-to-fac e 
tutorin g session s ove r  classroo m situation s (Cohen , 
Kulik,&Kulik ,  1982) . 

The use r  interfac e fo r  AutoTuto r  attempt s t o recreat e 
thi s face-to-fac e environment .  I t  consist s o f  fou r 
windows :  on e fo r  presentin g th e mai n question ,  a 
secon d fo r  displayin g animate d o r  stati c graphic s 
(simulatin g diagram s o r  drawing s tha t  a  tuto r  migh t  us e 
t o illustrat e points) ,  a  thir d wit h a n animate d 
conversationa l  agent ,  an d a  fourt h fo r  th e studen t  t o 
typ e a  reply .  AutoTutor' s animate d agen t  ha s 
synthesize d speech ,  a  head ,  hands ,  an d ca n b e see n 
fro m th e ches t  up .  Thes e feature s wer e designe d t o 
provid e appropriat e speech ,  facia l  reactions ,  an d han d 
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gesture s s o th e studen t  get s bot h verba l  an d visua l 
feedbac k i n orde r  t o enhanc e an d mor e appropriatel y 
mimi c a  one-on-on e tutorin g environment . 

AutoTutor' S knowledg e o f  it s  tutorin g domai n reside s 
i n a  curriculu m script .  Thi s i s a  lis t  o f  th e question s o r 
problem s tha t  th e tuto r  i s prepare d t o handl e i n a 
tutorin g situation ,  alon g wit h goo d answer s t o th e 
question s an d problem s (Putnam ,  1987) .  A  majo r 
portio n o f  th e scrip t  i s  th e L S A space ;  i t  get s create d 
fro m a n assortmen t  o f  text s collecte d from  th e domai n 
o f  interest .  Thi s corpu s i s a  se t  o f  general ,  non-specifi c 
informatio n o n th e subjec t  matte r  (e.g. ,  a  textboo k o n 
conceptua l  physics) ,  plu s specifi c  informatio n directl y 
relevan t  t o th e curriculu m script .  Thi s specifi c 
informatio n i s comprise d o f  a  relativel y lengthy , 
complete ,  "ideal "  answer .  Thi s complet e answe r  i s 
separate d int o a  se t  o f  specifi c  goo d answer s whic h 
addres s on e aspec t  o f  th e idea l  answer ;  thes e ar e 
sometime s calle d expectation s o r  points .  Ther e ar e als o 
a se t  o f  ba d answer s an d h o w the y woul d b e corrected . 
Finally ,  fo r  eac h expectotio n i n th e idea l  answer ,  ther e 
ar e hints ,  prompts ,  an d assertion s tha t  hel p th e studen t 
construc t  a n appropriat e answer .  Ther e ar e a  variet y o f 
othe r  dialo g move s an d slot s i n th e curriculu m scrip t 
tha t  nee d no t  b e addresse d i n th e presen t  study . 

I t  i s  importan t  t o mentio n tha t  th e L S A corpor a 
investigate d i n th e presen t  stud y include d th e genera l 
informatio n fro m textbooks ,  bu t  neve r  include d th e 
questio n specifi c  information .  Thus ,  onl y th e genera l 
physic s informatio n wa s traine d i n th e L S A space .  I t 
coul d b e argue d tha t  a n L S A spac e shoul d no t  hav e an y 
troubl e accountin g fo r  th e conten t  i n th e curriculu m 
script s (eve n i f  i t  wa s a  smal l  script )  i f  th e materia l 
include d i n th e corpu s wa s tailore d specificall y t o th e 
problems .  Therefore ,  w e ar e explorin g h o w fa r  w e ca n 
g o b y exclusivel y focusin g o n th e genera l  conten t  o f 
physics ,  a s manifeste d i n a  textboo k o n conceptua l 
physics . 

So h o w doe s AutoTuto r  us e L S A durin g th e tutoria l 
interaction ? Usin g th e L S A derive d cosin e matches , 
AutoTuto r  evaluate s th e qualit y o f  th e student' s 
contribution s withi n a  conversatio n tur n an d acros s 
turn s wit h respec t  t o expecte d goo d answer s an d ba d 
answer s t o th e question .  Base d o n value s o f  thes e 
cosin e matches ,  appropriat e dialo g move s ar e executed , 
suc h a s feedbac k (positive ,  negative ,  neutral) ,  pumps , 
prompt s fo r  specifi c  words ,  hints ,  assertions , 
summaries ,  corrections ,  an d follow-u p questions .  T h e 
smoothnes s o f  th e mixed-initiativ e dialo g i n AutoTuto r 
criticall y depend s o n th e fidelity  o f  th e L S A space .  Thi s 
of  cours e motivate d u s t o tes t  th e performanc e o f  th e 
L S A spac e o n variou s task s an d measures . 

M e t h o d s 

Participant! .  Participant s wer e 12 0 student s from  Th e 
Universit y o f  Memphi s an d Rhode s College ;  8 0 o f  th e 
student s wher e non-physic s major s an d 4 0 wer e physic s 
majors .  Eac h participan t  answere d 1 0 problem s tha t 
wer e randoml y selecte d from a  se t  o f  5 3 physic s 
problems .  Fou r  physic s expert s answere d al l  S 3 
question s an d grade d al l  answer s o n a  standar d 5-poin t 
gradin g scal e (A ,  B ,  C ,  D ,  F) .  Th e interrate r  reliabilit y 
of  th e expert s wa s r  =  .72 .  I n th e performanc e test s o f 
L S A,  w e compare d th e exper t  rating s o f  th e studen t 
answer s t o th e L S A cosin e scores .  Th e L S A cosin e 
score s ar e a  matc h betwee n th e studen t  answe r  an d th e 
idea l  answe r  (i.e. ,  answer s create d b y th e experts) .  Th e 
4 expert s ha d graduat e degree s i n physic s ( 2 master s 
and 2  doctoral) . 

Materials. We have assembled five different physics 
corpor a t o tes t  th e effec t  o f  th e conten t  o f  th e subjec t 
matte r  o n th e qualit y o f  th e L S A solutions .  Th e 
document s i n th e text s wer e classifie d int o differen t 
rhetorica l  categories ,  suc h a s exposition ,  exampl e 
problems ,  historica l  material ,  incorrec t  reasoning ,  an d 
so on .  Th e fundamenta l  researc h questio n i s whethe r 
th e inclusio n o f  differen t  text s an d th e resultin g purit y 
of  conten t  wil l  hav e a n impac t  o n th e test s o f  L S A 
performance . 

Al l  th e corpor a includ e tex t  material s from  th e 
mechanic s portio n o f  Pau l  Hewitt' s  Conceptua l  Physic s 
(1998) .  Thi s tex t  i s  widel y use d i n conceptua l  physic s 
course s a t  th e colleg e level .  Ou r  larges t  corpus , 
designate d a s "All" ,  include d chapter s 2- 9 o f  th e Hewit t 
boo k plu s si x volume s o f  a  comprehensiv e tex t  aime d a t 
student s i n technica l  o r  lif e scienc e majors ,  tw o 
advance d text s i n electromagnetism ,  an d anothe r  tw o 
physic s text s tha t  wer e availabl e electronically ,  a 
genera l  tex t  b y Benjami n Crowel l  an d mor e advance s 
tex t  b y Fran k Firic .  A  somewha t  smalle r  corpu s 
(designate d a s "Hewitt-Crowel l  (6)" )  wa s constructe d 
from  th e forme r  b y deletin g fou r  o f  th e texts ;  thes e text s 
wer e considere d peripherall y relate d t o ou r  conceptua l 
physic s domai n becaus e the y wer e advance d text s 
mainl y dealin g wit h electromagnetis m rathe r  tha n 
mechanica l  physic .  A n eve n smalle r  corpu s (designate d 
"Hewitt-Crowel l  (2)" )  wa s create d b y furthe r  deletin g 
chapter s tha t  di d no t  cove r  mechanics .  Next ,  w e delete d 
any materia l  from  th e remainin g tex t  tha t  wa s identifie d 
by a  physic s professo r  a s bein g primaril y historica l  o r 
involvin g misconceptions .  Thi s wa s ou r  sanitizin g 
procedur e an d resulte d i n th e "Hewitt-Crowel l  (2 -
Sanitized) "  corpus .  Finall y i n th e "Hewit t  (Sanitized) " 
corpus ,  w e include d onl y thos e text s fro m Hewit t  tha t 
had bee n sanitized .  I t  shoul d b e note d tha t  eac h o f  th e 
successivel y refine d o r  sanitize d corpor a wa s a  prope r 
subse t  o f  th e precedin g one .  Tabl e 1  summarize s th e 
compositio n o f  th e five  corpor a i n additio n t o reportin g 
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th e n u m b e r  o f  pa rag raph s a n d th e n u m b e r  o f  un iqu e 
terms . 

Table  1. List of five physics corpora via the chapters 
tha t  c o m p r i s e t h e m .  C o l u m n s w i t h triangle s signif y 
sanitize d corpor a whi l e square s signif y unsanitize d 
corpora . 

Text s 

Linea r  Motio n 
Nonlinea r 
Motio n 
Newto n i  Law s 
of  Motio n 
Momentum 
Energ y 
Rotationa l 
Motio n 
Gravit y 
SateUit e Motio n 

Craiwrvatioi i 
Uiw i 
Modem 
itwiulia o 
hiphy»ic « Vibittoo i  ut i 
W t v n 
ElMtiio& y M d 
M»s»Ctta n 
Optif s 
Essentia l 
Physic s 
Electromagneti c 
Fiel d Theor y 
Electrostatic s 
and Circuit s 
Number 
of  Paragraph s 
Number 
of  Term s 

Hewit t 
Sanitize d 

J 
J 

A 

A 
A 
A 

A 
A 

416 

1564 

Hewit t 
Crowel l 

(2 -
Sanitized ) 

A 
A 

A 

A 
A 
A 

A 
A 

698 

2183 

Hewit t 
Crowel l 

(2 ) 

• 

2051 

4169 

Hewit t 
Crowel l 

(6 ) 

• 

3445 

6139 

All 

• 

• 

• 
• 
• 

3778 

6536 

Measures .  Th e performanc e measur e wa s compute d o n 
th e se t  o f  answer s t o th e 5 3 questions .  Sinc e ther e wer e 
53 question s an d approximatel y 2 0 answer s pe r 
question ,  ther e wa s a  se t  o f  approximatel y 100 0 
answers .  Eac h answe r  wa s rate d b y th e 4  expert s o n a 5 
poin t  scal e ( 1 =  F  an d 5  =  A ) ;  th e fma l  grad e fo r  th e 
answer  wa s th e mea n grad e o f  th e 4  experts .  W e refe r  t o 
thi s scor e a s th e grad e o f  th e answer .  Als o associate d 
wit h eac h answe r  wa s a n L S A coverag e score ,  thi s 
scor e compare d eac h studen t  answe r  t o th e se t  o f 
expectation s i n th e experts '  answer s t o th e question . 
Mor e specifically ,  eac h exper t  answer s wa s segregate d 
int o a  se t  o f  expectations ,  wit h eac h expectatio n bein g 
one sentence .  A n expectatio n wa s score d a s "covered " 
i f  th e L S A scor e betwee n an y sentenc e i n th e studen t 
answer  an d th e expectatio n unde r  consideratio n ha d a n 
L S A cosin e scor e dia t  wa s greate r  tha n o r  equa l  t o som e 
threshol d T .  Th e exten t  t o whic h studen t  answe r  S 

matche d exper t  answe r  A  wa s compute d a s th e 
proportio n o f  expectation s i n A  tha t  h ^  L S A matche s 
tha t  me t  th e threshol d (se e Graesse r  e t  al. ,  2000) .  Ther e 
wer e 4  o f  thes e scores ,  on e fo r  eac h o f  th e 4  experts . 
The m a x i m u m valu e o f  thes e score s wa s designate d a s 
th e L S A coverag e scor e fo r  studen t  answe r  S . 
Moreover ,  w e varie d th e threshold s i n thes e 
computation s iro m . 3 t o . 9 i n increment s o f  . 1 (se e 
Figur e 1) .  Th e correlatio n betwee n th e grade s o f  th e 
answer s an d th e L S A coverag e score s wa s th e critica l 
performanc e measur e fo r  th e L S A space .  Th e highe r  th e 
correlation ,  th e bette r  th e performanc e o f  th e L S A 
space . 

Results and Discussion 

We teste d 5  differen t  physic s corpora ,  eac h havin g a 
slightl y differen t  leve l  o f  specificit y i n th e domai n o f 
conceptuall y base d mechanica l  physics .  Becaus e th e 
siz e o f  th e corpu s coul d affec t  th e dimensionalit y an d 
threshold ,  w e teste d th e performanc e o f  al l  5  level s o f 
corpu s siz e o n 5  differen t  dimensionalitie s (100 ,  200 , 
300 ,  400 ,  an d 500) ,  an d 7  critica l  threshol d values ,  fro m 
0. 3 t o 0. 9 i n 0. 1 increments .  Fo r  eac h combinatio n o f 
thes e factors ,  w e compute d th e correlatio n betwee n th e 
grade s an d th e L S A coverag e scores . 

Figur e 1  plot s performanc e fo r  eac h leve l  o f  corpu s 
siz e b y threshol d a t  30 0 dimensions .  W e use d 30 0 
dimension s fo r  tw o reasons .  First ,  th e sanitize d Hewit t 
corpu s wa s s o smal l  tha t  nothin g highe r  tha n a  30 0 
dimensiona l  representatio n coul d b e obtained .  Second , 
th e performanc e di d no t  improv e afte r  30 0 dimension s 
on an y o f  th e corpora .  A s Figur e 1  shows ,  th e L S A 
performanc e wa s practicall y identica l  fo r  al l  corpu s 
size s excep t  th e smallest .  Thus ,  i t  wa s no t  necessar y t o 
eliminat e historica l  material ,  explanation s o f  discarde d 
theories ,  o r  usefu l  demonstration s o f  incorrec t  chain s o f 
reasoning .  Ther e wa s n o payof f  i n sanitizin g th e corpus . 

The siz e o f  th e corpu s ha d a  modes t  impac t  o n th e 
correlations ,  excep t  fo r  th e extremel y smal l  corpus . 
Clearl y th e amoim t  o f  tex t  an d th e performanc e o f  L S A 
i s no t  a  linea r  relation .  A  relativel y smal l  amoun t  o f 
relevan t  materia l  ca n produc e acceptabl e performanc e 
wit h L S A . 

Accordin g t o th e result s i n Figur e 1 ,  i t  appear s tha t  a 
threshol d o f  approximatel y . 8 provide s a  reasonabl e fit 
t o th e data .  Thus ,  a  sentence-lik e expectatio n i s 
regarde d a s covere d i f  ther e i s a  sentenc e i n th e studen t 
answe r  tha t  ha s a n L S A matc h scor e o f  . 8 o r  higher . 

I n summary ,  w e hav e develope d a  numbe r  o f 
alternativ e physic s tex t  corpor a fo r  us e i n th e evaluatio n 
of  studen t  answer s t o physic s questions .  Comparison s 
of  th e exper t  grade s o f  th e studen t  answer s an d th e 
compute d L S A coverag e score s sugges t  tha t  th e 
inclusio n o f  materia l  tha t  i s  historica l  i n natur e o r  tha t 
exemplifie s incorrec t  notion s o f  physic s doe s no t 
hamper  th e performanc e th e L S A space .  I t  wa s als o 
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surprisin g tha t  th e spac e performe d a s wel l  a s i t  di d 
considerin g tha t  ther e wa s n o problem-specifi c 
informatio n i n th e se t  o f  text s use d fo r  trainin g th e L S A 
space .  Furthermore ,  a  relativel y smal l  spac e i n th e 
restricte d domai n o f  physic s contain s enoug h 
informatio n t o min e a n appropriat e co-occurrenc e 
matri x an d produc e a  propert y functionin g L S A space . 
Our  curren t  pla n i s t o follo w u p thi s experimen t  b y 
investigatin g ho w muc h performanc e i s  improve d b y 
addin g th e specifi c  curriculu m scrip t  information . 

0.4 7 

0.4 2 

0.3 7 

0.3 2 

Hewit t  (S ) 

H/ C (2.S ) 

H/C ( 6 

Figur e 1 : 
threshol d 

0. 4 0. 5 0. 6 0. 7 0. 8 
Expectatio n Coverag e Threshol d 

Correlation between the average expert grade and the student^ LSA coverage score as a fiinction of 
and corpu s o f  texts . 

A c k n o w l e d g m e n t s 

Thi s researc h wa s directl y supporte d b y th e Nationa l 
Scienc e Foundatio n (RE C 0106965 )  an d th e D o D 
Multidisciplinar y Universit y Researc h Initiativ e 
( M U R I )  administere d b y O N R unde r  gran t  NOOO14-00 -
1-0600 .  An y opinions ,  findings,  conclusions ,  o r 
recommendation s expresse d i n thi s materia l  ar e thos e o f 
th e author s an d d o no t  necessaril y  reflec t  th e view s o f 
O N R o r N S F. 

References 

Albacete ,  P .  L. ,  &  VanLehn ,  K .  A .  (2000) ,  Evaluatin g 
th e effectivenes s o f  a  cognitiv e tuto r  fo r 
fundamenta l  physic s concepts .  Proceeding s o f  th e 
22n d Annua l  Conferenc e o f  th e Cognitiv e Scienc e 
Societ y (pp .  25-30) .  Mahwah ,  NJ :  Lawrenc e 
Erlbaum . 

Berry ,  M .  W. ,  Dumais ,  S .  T. ,  &  O'Brien ,  G .  W .  (1995) , 
Usin g linea r  algebr a fo r  intelligen t  informatio n 
retrieval .  S I  A M Review .  37 ,  573-595 . 

Cohen,  P .  A. ,  Kulik ,  J .  A ,  an d Kulik ,  C .  C .  (1982) . 
Educationa l  outcome s o f  tutoring :  A  meta-analysi s 
of  fmdings .  America n Educationa l  Researc h 
Journal .  19 ,  237-248 . 

Foltz ,  W. ,  Gilliam ,  S. ,  &  Kendall ,  S .  (2000) .  Supportin g 
content-base d feedbac k i n on-lin e writin g 
evaluatio n wit h LSA .  Interactiv e Learnin g 
Environments .  8 ,  111-128 . 

Foltz .  P .  W. ,  Kintsch ,  W. ,  &  Landauer ,  T .  K ,  (1998) . 
The measuremen t  o f  textua l  coherenc e wit h laten t 
semanti c analysis .  Discours e Processe s 25 ,  285 -
307 . 

Graesser ,  A .  C ,  Kamavat ,  A. ,  Pomeroy ,  A. ,  Wiemer -
Hastings ,  K. ,  &  T R G (2000) ,  Laten t  semanti c 
analysi s capture s causal ,  goal-oriented ,  an d 
taxonomi c structures .  Proceeding s o f  th e 22n d 
Annua l  Conferenc e o f  th e Cognitiv e Scienc e 
Societ y (pp .  184-189 )  Mahwah ,  NJ :  Erlbaum . 

Graesser ,  A.C. ,  Person ,  N. ,  Harter ,  D. ,  &  T R G (i n 
press) .  Teachin g tactic s an d dialo g i n AutoTutor . 
Internationa l  Journa l  o f  Artificia l  Intelligenc e i n 
Education . 

712 



Graesser ,  A .  C ,  Person ,  N .  K. ,  &  Magliano ,  J .  P . 
(199S) .  Collaborativ e dialogu e panem s i n 
naturalisti c one-to-on e tutoring .  Applie d Cognitiv e 
Psychology ,  9,259.\-2i . 

Graesser ,  A.C. ,  VanLehn ,  K. ,  Rose ,  C ,  Jordan ,  P. ,  & 
Harter ,  D .  (2001) .  Intelligen t  tutorin g system s wit h 
conversationa l  dialogue .  AIMagazine ,  22 ,  39-51 . 

Graesser ,  A.C. ,  Wiemer-Hastings ,  P. ,  Wiemer -
Hastings ,  K. ,  Harter ,  D. ,  &  Person ,  N. ,  an d th e 
T RG (2000) .  Usin g laten t  semanti c analysi s t o 
evaluat e th e contribution s o f  student s i n AutoTutor . 
Interactiv e Learnin g Environments ,  8 ,  128-148 . 

Graesser ,  A .  C ,  Wiemer-Hastings ,  K. ,  Wiemer -
Hastings ,  P. ,  Kreuz ,  R. ,  &  th e T R G (1999) .  Aut o 
Tutor :  A  simulatio n o f  a  huma n tutor .  Journa l  o f 
Cognitiv e System s Research ,  1 ,  35-51 . 

Hewitt ,  P .  G .  (1998 )  Conceptua l  physic s (Ed .  8) . 
Reading ,  M A :  Addiso n Wesle y Longman . 

Kintsch ,  W .  (1998) .  Comprehension :  A  paradig m fo r 
cognition .  Cambridge ,  M A :  Cambridg e Universit y 
Press . 

Landauer ,  T .  K. ,  &  Dumais ,  S .  T .  (1997 )  A  solutio n t o 
Plato' s problem :  Th e laten t  semanti c analysi s 
theor y o f  acquisition ,  induction ,  an d representatio n 
of  knowledge .  Psychologica l  Review ,  104 ,  211 -
240 . 

Landauer ,  T .  K. ,  Foltz ,  P .  W. ,  &  Laham ,  D .  (1998) .  A n 
introductio n t o laten t  semanti c analysis .  Discours e 
Processes ,  25 ,  259-284 . 

Ploetzner ,  R. ,  &  VanLehn ,  K .  (1997) .  Cognitio n & 
Instruction ,  15 ,  169-205 . 

Putnam ,  R .  T .  (1987) .  Structurin g an d adjustin g conten t 
fo r  students :  A  stud y o f  liv e an d simulate d tutorin g 
of  addition .  America n Educationa l  Researc h 
Journal ,  24.n-4S . 

Van Heuvelen ,  A .  (1991) .  Learnin g t o thin k lik e a 
physicist :  A  revie w o r  research-base d instructiona l 
strategies ,  America n Journa l  o f  Physics ,  59 ,  891 -
897 . 

Wiemer-Hastings ,  P. ,  Graesser ,  A.C. ,  Harter ,  D. ,  an d 
th e Tutorin g Researc h Grou p (1998) .  Th e 
foundation s an d architectur e o f  AutoTutor . 
Proceeding s o f  th e 4t h Internationa l  Conferenc e o n 
Intelligen t  Tutorin g System s (pp .  334-343) .  Berlin , 
Germany :  Springer-Verlag . 

Wiemer-Hastings ,  P. ,  Wiemer-Hastings ,  K. ,  Graesser , 
A.  &  T R G (1999) .  Improvin g a n intelligen t  tutor' s 
comprehensio n o f  student s wit h laten t  semanti c 
analysis .  I n S .  Lajoi e &  M .  Vive t  (Eds.) ,  Artificia l 
intelligenc e i n educatio n (pp .  535-542) . 
Amsterdam :  lO S Press . 

713 



Exper ienc e a n d Pseudo-Exper ience :  E x e m p l a r  Effect s W i t hou t  Feedbac k 

Henrik Olsson (henrik.ols9on@psy.uinu.se) 
Departmen t  o f  Psychology ,  Umei  Universit y 

SE-901 87 ,  Umeft ,  Swede n 

Peter Juslin (peter.juslin@psy.umu.se) 
Departmen t  o f  Psychology ,  Ume4 Universit y 

SE-901 87 .  Umeft .  Swede n 

Abstrac t 

Many real world situations do not offer unambiguous 
outconn e feedbac k o n ho w t o categoriz e objects .  Model s 
i n th e categorizatio n literatur e hav e mostl y bee n formu -
late d fo r  task s wit h tiial-by-tria l  outcom e feedback .  W e 
examine d i f  ther e wa s evidenc e fo r  exempla r  memor y 
als o whe n n o externa l  feedbac k i s provide d an d th e crite -
rion  i s derivativ e o f  mor e abstrac t  knowledge .  I n a 
**teacher-student "  task ,  a  teache r  learn s ho w t o judg e th e 
toxicit y o f  bug s from  externa l  outcom e feedbac k an d 
convey s thi s knowledg e t o a  studen t  tha t  receive s n o out -
come feedback .  Th e result s showe d tha t  th e student s ex -
hibi t  exempla r  effect s eve n i f  th e instruction s from  th e 
teacher s wer e i n th e for m o f  mles . 

I n t r o d u c t i o n 

Conside r  listenin g t o you r  ver y firs t  speec h b y a  politi -
ciai L You r  previou s knowledg e i s likel y t o influenc e 
you r  attitud e toward s he r  o r  him .  Petiiaps ,  alread y fro m 
childhoo d you r  fether  ha s imprinte d i n yo u tha t  poHti -
cian s ar c guide d b y strictl y egois t  motive s an d you r 
genera l  conception s thu s includ e a  belie f  tha t  n o politi -
cia n advocate s a  proposa l  tha t  doe s no t  la y i n hi s o r  he r 
persona l  interes t  Y o u hea r  a  shor t  speec h tha t  i s neutra l 
i n content .  Late r  yo u liste n t o anothe r  politician .  H o w i s 
you r  opinio n o f  thi s secon d politicia n influence d b y th e 
firs t  encounter ? Y o u di d no t  receiv e m u c h usefu l  feed -
bac k from  di e firs t  encounter ,  a s yo u onl y listene d t o a 
shor t  neutra l  speech .  However ,  i n you r  m e m o r y th e firs t 
politicia n i s store d a s a  perso n onl y intereste d i n pursu -
in g hi s o w n interest .  Thi s exempla r  m e m o r y onl y i n 
par t  derive s from  direc t  experienc e wit h a  politician ;  i n 
par t  i t  i s derivativ e o f  mor e genera l  belief s hel d prio r  t o 
th e encounter .  However ,  b y n o w thi s belie f  i s  supporte d 
als o b y "concret e experience "  o f  politicians . 

Thi s wa s a n exampl e o f  a  rea l  worl d situatio n tha t  i s 
differen t  fix) m mos t  categorizatio n experiment s wher e 
classificatio n model s ar e teste d i n task s wit h simpl e 
perceptua l  stimul i  an d trial-by-tria l  outcom e feedback . 
Everyda y situation s ofte n d o no t  offe r  direc t  an d imam -
biguou s feedbac k an d exempla r  memor y i s thu s likel y 
t o deriv e i n par t  als o from  othe r  source s o f  knowledg e 
beside s concret e experienc e wit h th e objects . 

Ther e ha s bee n increasin g interes t  i n multipl e repre -
sentatio n level s (e.g. ,  Ashby ,  Alfonso-Reese ,  Turkcn ,  & 
Waldron ,  1998 )  an d ther e i s evidenc e tha t  peopl e ca n 
adaptivel y shif t  betwee n differen t  representatio n level s 

i n respons e t o th e experimenta l  demand s (Jones .  Juslin , 
Olsson ,  &  W i n m a n .  2000) .  Wit h experience ,  knowl -
edg e firs t  represente d abstractl y m a y b e projecte d ont o 
concret e exemplar s s o tha t  i n th e en d th e belief s ar e 
supporte d als o b y a n extensiv e exempla r  memory :  a 
phenomeno n tha t  migh t  b e cdWt d pseudo-experience . 

Eve n i f  som e extension s o f  exempla r  model s allow s 
fo r  storag e o f  exemplar s a s the y ar e interprete d an d no t 
solel y i n term s o f  thei r  physica l  propertie s (e.g. ,  th e 
model  presente d b y Smit h &  Zarate ,  1992) ,  th e argu -
ment  supportin g thi s clai m i s base d o n genera l  observa -
tion s an d no t  linke d t o prediction s from  differen t  mod -
els .  Fo r  example ,  on e suc h observatio n i s tha t  a  reen -
counte r  o f  a  stimulu s facilitat e th e sam e reaction s an d 
processe s (se e th e revie w i n Smit h &  Zarate ,  1992) . 

I n thi s paper ,  w e examin e th e possibilit y  o f  extendin g 
th e scop e o f  exempla r  model s (Medi n &  Schaffer . 
1978 ;  Nosofsky ,  1986 )  t o situation s wher e peopl e d o 
not  receiv e outcom e feedback ,  bu t  for m belief s abou t 
th e criterio n from  abstrac t  knowledg e o f  roles.  I n thes e 
circumstances ,  on e possibilit y  i s tha t  peopl e completel y 
abando n exempla r  processe s a s a  basi s fo r  thei r  judg -
ment s an d directl y us e abstrac t  knowledg e i n th e for m 
of  rule s o r  prototypes . 

Anothe r  possibilit y  i s tha t  peopl e generat e th e criteri a 
from  abstrac t  knowledg e an d stor e the m togethe r  wit h 
th e experience d exemplars ;  late r  t o rel y o n thes e store d 
exemplar s t o mak e thei r  judgments .  W e explor e thes e 
possibilitie s i n a  "teacher-student "  tas k wher e a  teache r 
learn s h o w t o judg e th e toxicit y o f  bug s from  outcom e 

feedbac k an d th e studen t  ha s t o rel y o n feedforwar d 
summary informatio n provide d b y th e teacher .  Th e 
questio n i s  i f  ther e i s evidenc e fo r  exempla r  processin g 
i n th e student s judgment s eve n i f  the y d o no t  receiv e 
feedbac k o r  instruction s abou t  exemplar s from  th e 
teachers . 

Measuring Exemplar Effects 

T o develo p a n exen^la r  effec t  inde x w e nee d t o con -
side r  a  categor y structur e tha t  allow s u s t o differentiat e 
betwee n prediction s b y th e exempla r  mode l  an d othe r 
plausibl e models ,  i n thi s cas e a  cue-abstractio n mode l 
tha t  linearl y integrate s cues .  Th e result s previousl y 
obtaine d wit h thi s tas k reveale d larg e individua l  differ -
ence s an d a  shif t  from  exempla r  memor y t o mor e men -
ta l  cue-integratio n processe s whe n th e criterio n i s 
change d from  classificatio n t o a  continuou s judgmen t 
tas k (Juslin ,  Olsson .  &  Olsson ,  2002) . 
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T h e tas k require s participant s t o us e fou r  binar y cue s 
t o infe r  a  continuou s criterion .  (Jusli n e t  al. ,  2002) .  Th e 
judgnwnt s involv e th e toxicit y o f  subspecie s o f  a  ficti -
tiou s Deat h Bug .  T h e differen t  subspecie s var y i n con -
centratio n o f  poiso n from  5 0 p p m (harmless )  t o 6 0 p p m 
(lethal) .  T h e toxicit y ca n b e inferre d from  fou r  visua l 
cue s o f  th e subspecie s (e.g. ,  th e lengt h o f  thei r  legs , 
colo r  o f  thei r  back) . 

T h e binar y cue s C\ ,  Ci ,  C j ,  an d C ^  tak e o n value s 1 
or  0 .  T h e toxicit y c  o f  a  subspecie s i s a  linear ,  additiv e 
fimctio n o f  th e cu e values : 

c =  5 0 +  4  C.+SCj+ZCj+lC^ .  (1 ) 
C\  i s th e mos t  importan t  cu e wit h coefficien t  4  (i.e. ,  a 

relativ e weigh t  .4) ,  C 2 i s th e secon d t o mos t  inq)ortan t 
wit h coefficien t  3 ,  an d s o forth .  A  subspecie s wit h fea -
tur e vecto r  (0 ,  0 ,  0 ,  0 )  thu s ha s poiso n concentratio n 5 0 
p p m;  a  subspecie s wit h featur e vecto r  (1 ,  1 ,  1 ,  1 )  ha s 6 0 
p p m.  T h e continuou s criteri a fo r  al l  1 6 subspecie s (i.e. , 
possibl e cu e confrgurations )  ar e simunarize d i n Tabl e 1 . 

Table 1 
Structur e o f  th e Tas k 

Exempla r  C \  C 2 C % C 4 Criterio n Exemplartyp e 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

Nntf -  r  «  ( 

0 
0 
0 
0 
0 
0 
0 
0 

-hift -  F 

1 
1 
1 
1 
0 
0 
0 
0 
1 
1 
1 
1 
0 
0 
0 
0 

= F i 

0 
0 

0 
0 

0 
0 

0 
0 

rtm n 

0 

0 

0 

0 

0 

0 

0 

0 
rtlnHnn 

60 
59 
58 
57 
57 
56 
55 
54 
56 
55 
54 
53 
53 
52 
51 
50 

1-  T  =  trnini m 

E 
T 
T 
0 
N 
N 
N 
T 
0 
0 
T 
T 
T 
T 
T 
E 

Ol d compariso n exempla r  i n training ,  N  =  N e w conq>ariso n 
exempla r  presente d a t  test . 

In training, the participants encounter 11 subspecies 
an d m a k e continuou s Judgment s abou t  th e toxicit y o f 
eac h subspecie s ('Th e amoun t  o f  poiso n i s  5 7 % " ) .  A s 
indicate d i n th e tw o right-most  column s o f  Tabl e 1 ,  five 
subspecie s ar e omitte d i n training .  I n a  tes t  phase ,  th e 
participant s m a k e th e sam e judgment s a s i n th e trainin g 
phase ,  bu t  fo r  al l  th e 1 6 subspecie s an d withou t  feed -
back .  T h e tas k allow s perfec t  performanc e i n trainin g 
bot h b y  exempla r  m e m o r y an d inductio n o f  th e tas k 
structur e (i.e. ,  b y inducin g th e cu e weight s i n Eq .  1) . 

T h e exempla r  mode l  implie s tha t  participant s m a k e 
judgment s b y retrievin g simila r  exemplar s (subspecies ) 
from  long-ter m m e m o r y .  T h e contex t  mode l  o f  classifi -
catio n (Medi n &  Scha^er ,  1978 )  suggest s tha t  i n a  tas k 

tha t  onl y require s participant s t o judg e i f  a  bu g i s dan -
gerou s o r  not ,  th e probabilit y  p ^  ( £ =  i )  o f  categoriza -
tio n a s  dangerou s (1 )  equal s th e rati o betwee n th e 
s u m m ed similarit y o f  th e judgmen t  prob e t o th e dan -
gerou s exemplar s an d th e s u m m e d similarit y t o al l 
exemplars : 

pAS=i )  = = n  =  ii . 
]S(j>,Xj)b j 

"LSiP.Xj ) 

(4 ) 

wher e p  i s th e prob e t o b e judged ,  X j  i s  store d exempla r 
J (j=\...J) ,  S(p,x ^  i s th e similarit y betwee n th e p r o b e p 
an d exempla r  Xj ,  an d fcj  i s th e binar y criterio n store d 
wit h exemplar y (bj= \  fo r  dangerous ,  bj= l  fo r  harmless) . 
/ d e p e n d s o n th e siz e o f  trainin g se t  o f  exemplars . 

T h e similarit y betwee n prob e p  an d exempla r  X j  i s 
compute d b y  th e multiplicativ e similarit y rul e o f  th e 
contex t  mode l  (Med i n &  Schaffer ,  1978) : 

S{p,Xj) = Yld,, (5) 

when di is an index that takes value 1 if the cue val-
ue s o n cu e dimensio n i  coincid e (i.e. ,  bot h ar e 0  o r  bot h 
ar e 1) ,  an d s i  i f  the y deviat e (i.e. ,  on e i s 0 ,  th e othe r  i s 
1) .  S j  ar e fou r  parameter s i n th e interva l  [0 ,  1 ]  tha t  cap -
tur e th e impac t  o f  deviatin g cue s (features )  o n th e over -
al l  perceive d similarit y  S(p,Xj) .  j ,  clos e t o I  implie s tha t 
a deviatin g featur e o n thi s cu e dimensio n ha s n o impac t 
at  al l  o n th e perceive d similarit y an d i s considere d ir -
relevant .  S i  clos e t o 0  m e a n s tha t  th e overal l  similarit y 
S(p^j )  i s  clos e t o 0  i f  thi s featur e i s deviating ,  assignin g 
crucia l  importanc e t o th e feature .  T h e parameter s S j 
captur e th e similarit y relation s betwee n stimul i  an d th e 
attentio n pai d t o eac h cu e dimension ,  \^^er e a  lowe r  s , 
signifie s highe r  attention . 

T h e contex t  m o d e l  w a s develope d fo r  classification , 
i n mos t  case s t o binar y categories .  T o generat e predic -
tion s als o fo r  judgment s o f  a  continuou s criterio n w e 
rela x th e mode l  b y allowin g th e ou tcom e inde x b j  t o 
tak e no t  onl y binar y bu t  als o continuou s values .  T h e 
estimat e d ^  o f  th e criterio n c  i s a  weighte d averag e o f 
th e criteri a C j  store d fo r  th e exemplars ,  w^er e th e simi -
laritie s S(p,Xj )  ar e weight s (se e e.g. ,  Jusli n &  Persson , 
2000 ;  Smit h &  Zarate ,  1992 ,  fo r  simila r  applications) . 

T h e cue-abstractio n m o d e l  assume s tha t  th e partici -
pant s abstrac t  explici t  cue-criterio n relation s i n training , 
whic h ar e mentall y integrate d a t  th e tim e o f  judgment . 
W h en presente d wit h a  prob e th e participant s retriev e 
rule s connectin g cue s t o th e criterio n from  m e m o r y 
(e.g. ,  "Gree n bac k goe s wit h bein g poisonous") .  T h e 
rule s specif y th e sig n o f  th e relatio n an d th e importanc e 
o f  eac h cu e wit h a  cu e weight .  Fo r  example ,  afte r  train -
in g th e rul e fo r  cu e C \  m a y specif y tha t  C i= l  goe s wit h 
a larg e increas e i n th e toxicit y o f  a  subspecies . 

C ue abstractio n implie s tha t  participant s comput e a n 
estimat e S ^  o f  th e continuou s criterio n c .  Fo r  eac h cue , 
th e appropriat e rul e i s retrieve d an d th e estimat e o f  c  i s 
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adjuste d accordin g t o th e cu e weigh t  G) ,  («=1...4) .  Th e 
final  estimat e <? ^  o f  c  i s a  Hnea r  additiv e functio n o f 
th e cu e value s Q , 

^ = *  +  £(W ,  Q (2 ) 

t>i 
wher e ^  =  5 0 + 5 ( 1 0 - y o , ) -  I f  a) ,  =4 ,  fl),=3,  (u,'=2 , 
and Q>^=1 ,  Eq' s 1  a n a i  ar e identica l  an d th e mode l 
produc e perfec t  judgments .  Th e intercep t  k  constrain s 
th e functio n relatin g judgment s t o criteri a t o b e regres -
siv e aroun d th e midpoint  (55 )  o f  th e interva l  [50 ,  60 ] 
specifie d b y th e tas k instructions . 

B 

60 
58 

is B 
^5 4 
3 '5 2 

50 

5 .• ^ 
• > 

V 

/ 

oi^* ^ 

M r* * 

50 5 2 5 4 5 6 SB 6 0 
Criterio n 

50 5 2 5 4 5 6 5 6 6 0 
Criterio n 

Figur e 1 ;  Pane l  A :  Cu e abstractio n mode l  prediction s 
fo r  th e constraine d trainin g set .  Pane l  B :  Exempla r 
model  prediction s wit h similarit y paramete r  s= .  1  fo r  th e 
constraine d trainin g set .  O  =  Ol d compariso n exen:̂ >la r 
i n training ,  N  =  N e w compariso n exempla r  presente d a t 
test ,  E  =  Extrapolatio n exemplars . 

The predictions from the two models are summarized 
i n Figur e 1  an d show s tha t  th e model s predic t  distinc t 
patterns .  Th e cu e abstractio n mode l  allow s accurat e 
extrapolatio n beyon d th e distributio n o f  criteri a i n th e 
trainin g se t  [51 ,  59] .  Wheneve r  th e correc t  sign s o f  th e 
cu e weight s ar e identified ,  th e mos t  extrem e judgment s 
ar e mad e fo r  exemplar s 1  an d 16 .  Th e exempla r  model , 
tha t  compute s a  weighte d averag e o f  th e criteri a ob -
serve d i n training ,  ca n neve r  produce s a  judgmen t  out -
sid e th e observe d range .  Th e mos t  extrem e judgment s 
ar e mad e fo r  criteri a c=5 1 an d 59 . 

Moreover ,  wit h cu e abstractio n ther e shoul d b e n o 
systemati c difference s betwee n judgment s fo r  " N e w " 
and "Old "  exemplar s wit h c=55 ,  56 ,  an d 57 :  th e proces s 
i s th e sam e i n bot h cases .  However ,  wit h th e exempla r 
model  ther e i s mor e accurat e judgment s fo r  Ol d exem -
plars ,  becaus e thes e judgment s benefi t  from  retrieva l  o f 
identica l  exemplar s wit h th e correc t  criterion . 

Thes e difference s i n prediction s allo w u s t o defin e 
measure s o f  th e amoun t  o f  exempla r  processing .  First , 
Th e old-ne w differenc e inde x h O N i s define d as , 

AON =  d^ -d ^  (6 ) 
wiier e d p ^  i s th e mea n absolut e deviatio n betwee n 

judgmen t  an d criterio n fo r  th e thre e ol d exemplar s an d 
^New ' s * ^  correspondin g mea n deviatio n fo r  th e thre e 
ne w exemplar s i n Tabl e 1 .  W h e n judgment s fo r  ol d 

rathe r  tha n ne w exemplar s ar e mor e accurate ,  th e inde x 
i s negative .  Th e extrapolatio n inde x E I  i s th e mea n 
deviatio n from  linea r  extrapolation , 

EI  m (ĵ 5i--t5o )  +  U6o-J î»)-2fc )  (7 ) 
2 

wher e X^^ ,  x^^ ,  JC, ,  ,an d x ^  ar e th e judgment s fo r 
exemplar s wit h criteri a 50 ,  51 ,  5 9 an d 60 ,  respectively . 
The valu e o f  6  i s determine d b y th e differenc e Xj ,  - x ^ 
(o r  equivalcntl y X^ q -  .x,, )  predicte d b y a  linea r  regres -
sio n relatin g judgment s t o criteria .  Perfec t  linea r  ex -
trapolatio n implie s a n extrapolatio n inde x tha t  i s 0  (e.g. , 
when th e judgment s ar e perfectl y accurate) .  I f  th e inde x 
i s negative ,  th e exemplar s wit h extrem e criteri a d o no t 
receiv e a s extrem e judgment s a s inche d b y linea r  ex -
trapolation .  Fo r  example ,  th e indice s i n Figure s l A ar e 
0,  bu t  th e indice s i n Figur e I B ar e negative .  Th e mea n 
of  A O N an d E I  provide s a  tota l  inde x o f  exempla r  ef -
fects .  Tota l  EE . 

Method 

Participants 

Fort y undergraduat e student s participated .  Th e partici -
pant s wer e pai d betwee n 5 0 an d 10 0 S E K dependin g o n 
thei r  performance . 

Apparatus and Materials 

The experimen t  wa s carrie d ou t  o n a  PC-compatibl e 
coir̂ uter .  Th e exemplar s varie d i n term s o f  fou r  binar y 
cues ;  le g lengt h (shor t  o r  long) ,  nos e lengt h (shor t  o r 
long) ,  spot s o r  n o spot s o n th e for e bac k an d tw o pat -
tern s o n th e back .  Th e cue s an d th e cu e value s i n th e 
abstrac t  structur e i n Tabl e 1  wer e randoml y assigne d t o 
ne w concret e visua l  feature s fo r  eac h ne w participant . 
T wo type s o f  presentatio n mode s wer e used ,  on e ana -
logu e wher e drawing s o f  th e bug s wer e presente d an d 
one propositiona l  wit h writte n description s o f  th e bugs . 

Design and Procedure 

The tas k wa s don e i n pairs ,  on e participan t  i n eac h pai r 
was randoml y assigne d a s teache r  an d th e othe r  a s stu -
dent .  Hal f  o f  th e teacher-studen t  pair s wer e randoml y 
assigne d t o th e analogu e conditio n an d th e othe r  hal f  t o 
th e propositiona l  condition . 

The writte n instruction s informe d th e participant s 
tha t  th e tas k involve d judgment s o f  th e toxicit y o f  sub -
specie s o f  a  Deat h bu g from  5 0 t o 6 0 p p m an d tha t  th e 
differenc e betwee n teacher s an d student s wa s tha t  th e 
teache r  receive s outcom e feedbac k an d tha t  th e studen t 
doe s not .  Th e participant s wer e als o informe d tha t  the y 
woul d receiv e a  min imu m paymen t  o f  5 0 S E K an d u p 
t o 10 0 S E K dependin g o n th e performanc e o f  th e stu -
dent .  Th e performanc e bonu s wa s calculate d b y takin g 
hal f  th e correlatio n betwee n th e students '  judgment s 
and th e criterio n value s i n th e tes t  phas e time s 100 .  I n 
addition ,  th e teache r  wa s tol d tha t  afte r  eac h trainin g 
bloc k the y wer e t o writ e dow n instruction s t o th e stu -
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den t  o n h o w t o asses s th e toxicit y o f  th e bug s a s a  W o r d 
file.  T h e teacher s wer e ftec  t o giv e an y instruction s the y 
wanted .  Th e wor d file s wer e collecte d fo r  furthe r  analy -
si s b y th e experimenter .  N o additiona l  contact s betwee n 
teacher s an d student s wer e allowe d (excep t  fo r  strictl y 
clarifyin g question s i n regar d t o spellin g errors ,  a s m e -
diate d b y th e experimenter) . 

T h e trainin g phas e consiste d o f  fou r  block s wit h 5 5 
trial s eac h makin g a  tota l  o f  22 0 trials .  Onl y th e teache r 
receive d outcom e feedbac k o f  th e correc t  toxicit y leve l 
i n th e learnin g phase .  Afte r  eac h trainin g bloc k th e 
teache r  wrot e d o w n instruction s t o th e studen t  an d th e 
experimente r  hande d i t  ove r  t o th e studen t  tha t  wer e 
seate d i n anothe r  room .  I n th e tes t  phas e eac h exempla r 
wer e presente d fou r  time s withou t  feedbac k fo r  bot h 
teacher s an d student s makin g a  tota l  o f  6 4 trials .  T h e 
entir e c^qKrimen t  too k fro m on e hou r  an d fiftee n min -
ute s t o tw o hours . 

Results 

Performanc e fo r  teacher s an d student s i n th e learnin g 
phas e o f  th e analogu e an d th e propositiona l  condition s 
measure d b y th e absolut e deviatio n betwee n judgmen t 
and criterio n ar e presente d i n Figur e 2 .  Th e perform -
anc e fo r  teacher s an d student s ar e abou t  th e sam e i n th e 
las t  par t  o f  training .  Performanc e i s bette r  i n th e ana -
logu e conditio n tha n i n th e propositiona l  condition . 

A_ Teache r  Propositiona l  B _ Studen t  Propositiona l 

A Teache r  Propositiona l  B  Studen t  Propositiona l 

[ i W M ^ M M ^ i i ' K ^ ^ 
^  4 0 8 0 12 0 16 0 20 0 

Tria l 
C_ Teache r  Ana logu e D _ 
la 

»M*VlVMi 
40 B O 12 0 16 0 20 0 

Tria l 
Studen t  Ana logu e 

i K v w J j i h w M ^ 
40 8 0 12 0 16 0 20 0 

Tria l 
40 8 0 12 0 16 0 20 0 

Tria l 

Figur e 2 :  Panel s A-D :  M e a n absolut e deviatio n betwee n 
judgmen t  an d criterio n fo r  teacher s an d students .  T h e 
curve s ar e fitte d accordin g t o a  negativ e exponentiall y 
weighte d smoothin g procedure . 

Figure 3 shows that there appears to be some exemplar 
effect s i n al l  th e conditions ,  fo r  bot h teacher s an d stu -
dents .  Th e judgment s o f  th e n e w exemplar s ar e les s 
accurat e tha n th e ol d exemplar s an d underestimat e th e 
cnteria .  Th e figur e als o show s tha t  bot h teacher s an d 
student s hav e som e difficultie s wit h extrapolatin g be -
yon d th e distributio n o f  criteri a i n th e trainin g set . 
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Figur e 3 :  Panel s A - D :  M e a n j u d g m e n t s fo r  th e differen t 
criteri a fo r  teacher s a n d students . 

The exemplar indexes were collapsed over the ana-
logu e a n d th e propositiona l  condition s a s n o significan t 
difference s w e r e foun d b e t w e e n th e t w o condition s fo r 
a n y o f  th e indexes .  Figur e 4  s h o w s tha t  ther e ar e clea r 
exen:q>la r  effect s fo r  bot h teacher s a n d students ,  a s th e 
9 5 % confidenc e interval s d o e s no t  includ e zero . 
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Figur e 4 :  Pane l  A :  M e a n O l d - N e w differenc e index , 
AOiV.  Pane l  B :  M e a n extrapolatio n inde x EI .  Pane l  C : 
M e an tota l  exempla r  effect s index ,  E E .  T h e erro r  bar s 
ar e 9 5 % confidenc e intervals . 

We coded the instructions the teachers gave the sta-
dent s a s containin g exemplar s o r  no t  b y a  stric t  codin g 
scheme tha t  assigne d an y ambiguou s cas e a s a n exem -
pla r  instruction .  Si x teacher s ha d instruction s contain -
in g exempla r  information ,  fo r  exampl e "Gree n body , 
shor t  legs ,  lon g nose ,  n o spot s =  5 1 % " .  A  typica l  par t  o f 
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an instructio n tha t  di d no t  contai n exempla r  instructio n 
w as "Begi n wit h 5 0 % an d add :  shor t  gre y leg s 
+2...gree n lon g leg s + 0 [an d s o o n fo r  al l  th e cues]" . 

Teache r 

No Ex El 
Teache r  Instructio n 

c studen t 

LU 0. 0 

No E l  En 
Teiche r  Instructio n 

NoEi  E i 
Teache r  Instructio n 

Figur e S :  Pane l  A :  M e a n tota l  exempla r  effect s index , 
E E,  fo r  N o exempla r  instruction s an d Exempla r  instruc -
tion s ove r  al l  conditions .  Pane l  B :  M e a n tota l  exempla r 
effect s index ,  E E ,  fo r  N o exempla r  instruction s an d 
Exen4)la r  instruction s fo r  teachers .  Pane l  C :  M e a n tota l 
exempla r  effect s index ,  E E ,  fo r  N o exempla r  instruc -
tion s an d Exempla r  instruction s fo r  students .  T h e erro r 
bar s ar e 9 5 % confidenc e intervals . 

Shown in Figure 5 is the total exemplar effects index 
separatel y fo r  th e participant s wit h n o exemplar s i n th e 
teachers '  instruction s an d thos e wit h exemplar s i n th e 
instruction .  I t  ca n b e see n tha t  ther e i s a n effec t  o f  in -
structio n wit h large r  exempla r  effect s fo r  exempla r 
instructions ,  t(38 )  =  2.00 ,  p  =  .026 ,  one-tailed .  M o r e 
importantly ,  student s wit h n o exempla r  instruction s 
fro m thei r  teacher s exhibi t  evidenc e fo r  exempla r  proc -
essing ,  a s th e confidenc e interval s d o no t  includ e zero . 
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Figur e 6 :  M e a n judgment s fo r  tw o student s tha t  di d no t 
receiv e an y exempla r  information .  Pane l  A :  A  studen t 
bette r  describe d wit h a  cue-abstractio n model .  Pane l  B : 
A studen t  bette r  describe d wit h a n exempla r  model . 

Investigation of individual participants data reveals 
larg e individua l  differences .  Figur e 6  show s tw o stu -
dent s tha t  di d no t  receiv e an y exempla r  informatio n 
fro m thei r  teachers .  O n e smden t  i s bette r  describe d a s a 

cu e abstractio n participan t  an d th e othe r  studen t  a s a n 
exempla r  participant . 

Discussion 

I n thi s paper ,  w e hav e show n tha t  peopl e ca n sponta -
neousl y rel y o n pseudo-experienc e i n a  judgmen t  task . 
Eve n whe n th e informatio n peopl e receiv e doe s no t 
contai n informatio n abou t  speci^ c exemplars ,  peopl e 
canno t  hel p projec t  abstrac t  rul e knowledg e ont o con -
cret e exemplar s an d the n us e thes e exemplar s i n th e 
judgmen t  process . 

Eve n i f  ther e ar e larg e individua l  difference s i n dat a 
wit h som e peopl e operatin g onl y i n accordanc e wit h th e 
cue-abstractio n model ,  i t  seem s difficul t  fo r  mos t  peo -
pl e t o totall y abando n exempla r  processing .  Eve n i f  yo u 
initiall y  execut e a  rul e t o determin e wha t  respons e yo u 
wil l  make ,  th e vet y ac t  o f  executin g th e rul e implie s 
processin g th e exempla r  i n fi-on t  o f  you .  Fo r  example , 
yo u nee d t o sca n th e objec t  fo r  feature s tha t  fi t  th e rul e 
conditions .  Eve n i f  yo u d o no t  consciousl y tryin g t o 
remember  exemplars ,  th e en d resul t  i s  incidenta l  learn -
in g o f  exemplar s tha t  late r  influence s judgments . 

O ne cavea t  i s tha t  th e type s o f  categorie s use d coul d 
affec t  th e prevalenc e o f  exempla r  base d processing .  Fo r 
exan^le ,  th e result s i n a  serie s o f  experiment s b y 
Minda ,  Smit h an d colleague s (e.g. ,  Mind a &  Smith , 
2001 )  sugges t  tha t  large r  categories ,  bette r  structure d 
categories ,  an d mor e comple x stimulu s promote s proto -
typ e processin g a t  th e expens e o f  exempla r  processing . 

I n this ,  an d othe r  tasks ,  rul e base d representation s 
provid e grea t  power s o f  generalizatio n an d communica -
tion .  O n e answe r  w h y w e sometime s canno t  avoi d stor -
in g an d usin g exen^lar s m a y b e foun d i n th e ide a tha t 
our  cognitiv e syste m consist s o f  multipl e level s o f  rep -
resentatio n tha t  wor k togethe r  o r  compet e t o determin e 
response s i n specifi c  task s (se e e.g. ,  Ashb y e t  al. ,  1998) . 
Our  result s fi t  int o th e notio n tha t  th e exempla r  repre -
sentatio n ha s a  functio n tha t  separate s i t  ̂ -o m othe r 
representationa l  format s i n tha t  i t  act s lik e a n automati -
call y activate d back-u p syste m tha t  preserve s distribu -
tiona l  an d individuatin g informatio n abou t  th e world . 
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Abstrac t 

A formal model of learning as induction, the simplicity 
principl e (e.g .  Chate r  &  Vitinyi ,  2001 )  state s tha t  th e 
cognitiv e syste m seek s th e hypothesi s tha t  provide s th e 
briefes t  representatio n o f  th e availabl e data -  her e th e 
linguisti c inpu t  t o di e chikl .  Dat a gathere d from  th e 
C H I L D ES databas e wer e use d a s a n approximatio n o f 
positiv e inpu t  th e chil d receive s from  adults .  W e 
considere d Unguisti c structure s tha t  would  yiel d 
overgeneralization ,  accordin g t o Baker' s parado x (Baker , 
1979) .  A  sinqilicit y base d simulatio n wa s ru n 
incorporatin g tw o differen t  hypothese s abou t  th e 
grammar :  (1 )  Th e chil d assume s tha t  ther e ar e n o 
excq>tion s t o th e grammar .  Thi s hypothesi s lead s t o 
overgeneralization .  (2 )  Th e chil d assume s tha t  som e 
construction s ar e no t  allowe d Fo r  smal l  corpor a o f  data , 
Ae firs t  hypothesi s produce d a  simple r  representation . 
However ,  fo r  large r  corpora ,  th e secon d hypothesi s wa s 
preferre d a s i t  lea d t o a  shorte r  inpu t  descriptio n an d 
eliminate d overgeneraJization . 

Introduction 

Overgeneralization s ar e a  c o m m o n featur e o f  languag e 
developmen t  I n learnin g th e Englis h pas t  tense , 
childre n typicall y overgeneraliz e th e '-ed '  rule , 
producin g construction s suc h a s w e holde d th e bab y 
rabbit s (Pinker ,  1995) .  Languag e learner s recove r  fro m 
thes e errors ,  i n spit e o f  th e lac k o f  negativ e evidenc e 
and th e infinit y o f  allowabl e construction s tha t  remai n 
unheard ;  i t  ha s bee n argue d tha t  thi s favour s th e 
existenc e o f  a  specifi c  language-learnin g devic e (e.g . 
Chomsky ,  1980 ;  Pinker ,  1989) .  Thi s i s a n aspec t  o f  th e 
'Povert y o f  th e Stimulus '  argimient .  W e repor t  o n a 
statistica l  mode l  o f  languag e acquisition ,  whic h 
suggest s tha t  recover y fi-o m overgeneralization s m a y 
procee d from  positiv e evidenc e alone .  Specifically ,  w e 
sho w tha t  adul t  linguisti c competenc e i n quasi-regula r 
structure s m a y ste m from  a n interactio n betwee n a 
genera l  cognitiv e principle ,  simplicit y (Chater ,  1996 ) 
and statistica l  propertie s o f  th e input . 

Accordin g t o Baker' s Parado x (Baker ,  1979 ) 
childre n ar e expose d t o linguisti c structure s tha t  the y 
subsequentl y overgeneralize ,  demonstratin g tha t  the y 
captur e som e genera l  structur e o f  th e language . 
However ,  som e generalization s ar e grammaticall y 
incorrec t  an d childre n d o no t  receiv e direc t  negativ e 
evidenc e from  caretaker s (e.g .  correction s labelin g suc h 
overgeneralization s a s disallowed) .  Th e parado x i s tha t 
non-occurrenc e i s no t  i n itsel f  evidenc e fo r  th e 
incorrectnes s o f  a  constructio n becaus e a n infinit e 
number  o f  unhear d sentence s ar e stil l  correct .  T h e 
irregularitie s tha t  Bake r  referre d t o ca n b e broadl y 
labele d alternation s (Levin ,  1993 ;  se e als o Culicover , 
2000) .  Fo r  instance ,  th e dativ e alternatio n i n Englis h 
allow s a  clas s o f  verb s t o tak e bot h th e double-objec t 
constructio n {H e gav e Mar k th e book )  an d th e 
prepositiona l  constructio n {H e gav e th e boo k t o Mark ) . 
Henc e th e ver b giv e alternate s betwee n tw o 
constructions .  However ,  certai n verb s see m t o b e 
constraine d t o on e possibl e constructio n onl y {H e 
donate d th e boo k t o Ma r k i s allowed ,  wherea s * H e 
donate d M a r k th e boo k i s  not) .  Suc h verb s ar e non -
alternating .  Fro m empirica l  studie s w e kno w tha t 
childre n d o mak e overgeneralizatio n error s tha t  involv e 
alternations ,  suc h a s * /  sai d he r  n o (b y analog y t o I 
tol d he r  no ,  Bowerman ,  1996 ;  Lor d 1979) . 

I n thi s pape r  w e presen t  alternatio n phenomen a 
from  th e C H I L D E S databas e (MacWhinney ,  2000 )  o f 
child-directe d speec h whic h wil l  b e use d i n th e 
compute r  model .  Secondly ,  w e introduc e th e simplicit y 
principl e (Chater ,  1996) ,  base d o n th e mathematica l 
theor y o f  Kolmogoro v Complexit y (Kolmogorov , 
1965) .  Thirdly ,  w e presen t  a n artificia l  languag e 
designe d t o mode l  th e C H I L D E S data ,  an d describ e 
simplicity-base d model s o f  languag e processin g an d th e 
simulation s o f  recover y from  overgeneralizations . 
Lastl y w e discus s th e limitation s o f  thi s specifi c  mode l 
and som e implication s fo r  researc h o n languag e 
acquisition . 
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Causativ e alternation s i n child-directe d 

speecfa i 

Suppos e w e hav e a  languag e i n whic h verb s belon g t o 
thre e distinc t  classe s (VI ,  V2 ,  V3) .  Eac h clas s  i s relate d 
t o tw o syntacti c context s (CI ,  C2) .  On e clas s o f  verb s 
(VI )  appear s i n bot h contexts .  Tw o othe r  classe s o f 
verb s (V 2 an d V3 )  occu r  i n on e contex t  only .  W e ca n 
produc e a  simpl e tabl e t o visualiz e th e alternation : 

Table 1: Alternating and non-alternating verbs across 
context s 

VI 
V2 
V3 

CI 
1 
0 
1 

C2 
1 
1 
0 

The causativ e alternatio n i n Englis h i s o f  thi s kind . 
Verb s lik e brea k behav e bot h transitivel y ( /  brok e th e 
vase )  an d intransitivel y (Th e vas e broke) ,  wherea s verb s 
lik e disappea r  behav e onl y intransitivel y (Th e rabbi t 
disappeare d i s allowed ;  bu t  * /  disappeare d th e rabbi t  i s 
not )  an d verb s lik e cu t  ar e foun d onl y i n transitiv e 
context s ("Th e brea d cut s i s no t  allowed) .  A n analysi s 
of  CHILDE S reveale d tha t  verb s i n child-directe d 
speec h fit  th e patter n o f  th e abov e idealization :  a 
number  o f  verb s ar e exclusivel y transitiv e o r 
intransitiv e (se e Tabl e 2) . 

Childre n eventuall y generaliz e th e structure s o f  th e 
languag e the y ar e expose d to .  A  typica l  generalizatio n 
occur s whe n childre n sa y Don' t  yo u fal l  m e dow n 
(Bowerman ,  1982 ;  Lord ,  1979) .  Thi s i s  a n 
overgeneralize d us e o f  a  non-causativ e ver b a s 
causative .  I n th e causativ e construction ,  som e verb s lik e 
brea k ca n b e use d bot h transitivel y wit h a  semanti c 
elemen t  o f  caus e ( /  brok e th e vase )  an d intransitivel y 
(th e vas e broke) .  Verb s lik e brea k alternat e betwee n 
tw o constructions .  However ,  fal l  ca n onl y b e use d 
intransitively ,  an d hea r  onl y transitively .  Th e 
acquisitio n o f  verbs '  argumen t  structur e seem s 
particularl y complicate d a s th e wa y verb s behav e 
syntacticall y i s largel y arbitrary .  Semanticail y simila r 
verb s lik e sa y an d tell ,  o r  giv e an d donat e allo w fo r 
differen t  constructions . 

Bowerman (1982 )  an d Lor d (1979 )  recorde d a  tota l 
of  10 0 differen t  case s i n whic h two-argumen t  verb s ar e 
used wit h thre e argument s (e.g .  Yo u ca n drin k m e th e 
milk) .  Th e developmenta l  literatur e suggest s tha t  whe n 
childre n acquir e a  ne w ver b the y us e i t  productivel y i n 
bot h constructions ,  withou t  specifi c  directiona l  bia s 
(Lord ,  1979) .  I t  i s  als o wort h notin g tha t  alternation s 
can b e theoreticall y distinguishe d fro m othe r  form s o f 
Tabl e 2 :  Verb s i n child-directe d speec h occurrin g i n 
transitiv e an d intransitiv e context s poole d fro m th e 
CHILDES Englis h sub-corpor a (MacWhinney ,  2000) . 

Categor y 

V1 

Categor y 

V2 

Categor y 

V3 

Ver b 

bounc e 
brea k 

bum 
clos e 
Freez e 
gro w 
move 
ope n 

pop 
ri p 
rol l 
shak e 
slid e 
swin g 
tea r 
lu m 
arriv e 
come 
danc e 
di e 
disappea r 
fal l 

go 
ris e 
ru n 
sta y 

brin g 
cut 
dro p 
kil l 
lif t 
push 
put 
rais e 
tak e 
thro w 

Transitiv e Intransltlv a 
occurrence s occurrsnces { 

75 
1251 

86 
855 
18 
59 

966 
1590 
104 
139 
405 
147 
65 
38 

167 
2690 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

3028 
1315 
640 
120 
392 

1609 
2715 4 

25 
9724 

2090 

117 
268 
60 
56 
61 

330 
560 
232 
153 

9 
164 
26 

120 
96 
2G 

60C 
41 

1843 7 
370 
141 
73 

294 5 
6519 3 

14 
1569 
1413 

0 
0 
G 
G 
G 
G 
G 
G 
G 
0 

irregularizatio n lik e th e irregula r  pas t  tense .  I n th e cas e 
of  goed-wen t  fo r  exanqile ,  recover y fro m th e 
overgeneralize d for m *goe d ca n b e accounte d fo r  b y 
directl y invokin g a  competitio n strateg y (MacWhinney , 
1987) :  a s th e numbe r  o f  wen t  i n th e inpu t  increases ,  i t 
wil l  wi n ove r  th e irregularize d for m goed ,  whic h ha s 0 
frequenc y i n th e input .  Alternation s ar e interestin g 
theoreticall y i n tha t  th e competitio n mode l  doe s no t 
see m applicabl e fo r  these .  Th e overgeneralize d for m 
doe s no t  hav e a n irregula r  alternative :  ther e i s simpl y a 
"hole "  i n th e language .  Thi s argumen t  wa s raise d b y 
Bake r  i n hi s distinctio n betwee n benig n exception s (lik e 
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th e pas t  tense )  an d trul y problemati c alternation s lik e 
th e one s w e conside r  her e (Bake r  1979) . 

For  th e purpos e o f  showin g h o w suc h problemati c 
irregularitie s ca n b e learn t  usin g a  simplicit y principle , 
we tak e th e causativ e alternatio n describe d abov e a s a 
workin g example .  W e extracte d ver b frequencie s from 
th e C H I L D E S Database .  C H I L D E S contain s a  tota l  o f 
nearl y te n millio n word s o f  child-directe d speech . 
Becaus e w e ar e intereste d i n showin g tha t  th e inpu t  th e 
chil d receive s i s rich  enoug h fo r  recover y o f 
overgeneralizatio n b y induction ,  onl y th e adul t  speec h 
i n th e corpu s wa s selecte d an d analysed . 

Simplicit y a n d L a n g u a g e 

Th e simplicit y principl e (Chater ,  1996 )  state s tha t  i n 
choosin g amon g potentia l  model s o f  finite  data ,  ther e i s 
a genera l  tendenc y t o see k simple r  model s ove r 
comple x one s an d optimiz e th e trade-of f  betwee n mode l 
complexit y an d accurac y o f  model' s descriptio n (i.e .  fit) 
t o th e trainin g data .  Complexit y  i s thu s define d as : 

C= C(model) + C(data|model) 

The favoured model of any finite set of data will be that 
whic h minimize s thi s term . 

I n orde r  t o compar e differen t  grammar s w e nee d a 
measur e o f  simplicit y an d a  " c o m m o n currency "  fo r 
measurin g bot h th e mode l  complexit y an d th e erro r 
ter m complexity .  Fortunatel y thi s i s possibl e b y 
viewin g gramma r  inductio n a s a  mean s o f  encodin g th e 
linguisti c input ;  th e grammatica l  organizatio n chose n 
(th e "knowledge "  o f  th e lang\iage )  i s tha t  whic h allow s 
th e simples t  encodin g o f  th e input .  A  traditio n withi n 
mathematic s an d compute r  science ,  Kolmogoro v 
complexity ,  show s tha t  th e simples t  encodin g o f  a n 
objec t  ca n b e identifie d wit h th e shortes t  progra m tha t 
regenerate s th e objec t  (L i  &  Vitanyi ,  1997) . 

Ever y sentenc e generate d from a  lexico n o f  n  word s 
m ay b e code d int o a  binar y sequence .  Th e lengt h o f  a 
messag e refer s t o a  binar y strin g descriptio n o f  th e 
messag e i n a n arbitrar y universa l  programmin g 
language .  Th e binar y strin g ca n b e see n a s a  serie s o f 
binar y decision s neede d t o specif y th e message ;  smalle r 
length s correspon d t o simple r  messages .  Th e brevit y o f 
an inpu t  A ;  i s associate d t o it s probabilit y  P(Ai )  o f 
occurrence .  Shannon' s (1948 )  noiseles s codin g theore m 
specifie s that ; 

Ungth=Log2[l/P(A0] 

More probable events are therefore given shorter codes. 
Li  &  Vitany i  (1997 )  hav e show n tha t  th e lengt h K(x )  o f 
th e shortes t  progra m generatin g a n objec t  x  i s als o 
relate d t o it s probabilit y  Q(x )  b y th e followin g codin g 
theorem : 

K(x)-logj[l/Q(x) ] 

Finally, the invariance theorem (Li & Vitanyi, 1997) 
assure s tha t  th e shortes t  descriptio n o f  an y objec t  i s 
invarian t  (u p t o a  constant )  betwee n differen t  universa l 
languages ,  thu s grantin g a  measur e o f  simplicit y tha t  i s 
independen t  o f  th e dat a an d o f  th e programmin g 
languag e use d t o encod e th e data .  Th e abov e 
formalization s allo w u s t o replac e "Complexity "  wit h 
"Length "  an d stat e tha t  "th e bes t  theor y t o infe r  from a 
set  o f  dat a i s th e on e whic h minimize s th e lengt h o f  th e 
theor y an d th e lengt h o f  th e dat a whe n encode d usin g 
th e theor y a s a  predicto r  fo r  th e data "  (Quinla n an d 
Rivest ,  1989 ;  Rissanen ,  1989) .  I t  i s  importan t  t o not e 
tha t  whils t  th e M D L principl e i s wel l  establishe d a s a 
machin e learnin g too l  fo r  gramma r  induction ,  suc h 
model s typicall y mak e us e o f  parse d corpor a o r  othe r 
psychologicall y implausibl e input s (e.g .  Osborne , 
1999) .  Thi s pape r  use s M D L a s a  metri c t o presen t 
simplicit y a s a  specificall y psychologica l  principle . 

Modellin g languag e learnin g wit h simplicit y 

I n an y stud y o f  gramma r  induction ,  an d i n particula r 
i n th e simplicit y framework,  i t  i s  crucia l  t o se e a 
grammar  a s a  hypothesi s abou t  th e data .  Th e bes t 
hypothesi s i s th e on e tha t  compresse s th e dat a 
maximally ,  s o w e ca n als o thin k o f  a  gramma r  a s 
compressio n o f  th e data .  W e ca n se e th e achievement  o f 
adul t  linguisti c competenc e a s a  proces s o f  buildin g 
differen t  hypothese s abou t  th e languag e i n orde r  t o 
achiev e optimu m compression .  Th e essenc e o f 
compressio n i s t o provid e a  shorte r  encodin g o f  th e 
data ,  enablin g generalization s an d correc t  predictions . 
Alternation s ar e particularl y informativ e abou t  th e 
possibilit y  o f  a  cognitiv e syste m t o captur e 
dependencie s from  limite d data .  I f  linguisti c structure s 
wer e completel y regular ,  the n generalizin g fro m a  fe w 
dat a woul d b e easy .  Bu t  a s alternation s ar e quasi -
regular ,  meanin g ther e ar e exception s t o thei r  regularity , 
a learne r  mus t  captur e fine  dependencie s i n orde r  t o 
generaliz e whils t  avoidin g overgeneralizations . 

The issu e i s t o choos e th e candidat e mode l  o f  th e 
right  con:q)lexit y t o describ e th e corpu s data ,  a s state d 
by th e simplicit y principle .  W e ca n compar e differen t 
hypothese s (grammars )  a t  differen t  stage s o f  learnin g 
and choose ,  fo r  eac h stage ,  th e on e tha t  minimize s th e 
su m o f  th e grammar-encoding-lengt h an d th e data -
encoding-length .  I n th e followin g sectio n w e compar e 
dat a compressio n o f  corpor a b y tw o simila r  models . 
The differenc e betwee n the m i s tha t  on e posit s a 
completel y regula r  rule ,  whils t  th e othe r  posit s a  regula r 
rul e an d som e exception s t o it .  W e ca n thin k o f  th e 
secon d mode l  a s havin g 'invested '  i n exceptions .  Eac h 
exceptio n initiall y  produce s les s compressio n overall , 
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sinc e th e exception s cos t  som e bit s t o specify . 
However ,  eac h exceptio n shorten s th e code-lengt h fo r 
eac h ite m i n th e corpus ,  an d th e secon d mode l  thereb y 
'recoups '  it s  investmen t  ove r  time. 

The Models 
Thi s approac h t o languag e acquisitio n doe s no t  focu s o n 
ho w learnin g occurs .  Rather ,  thes e simulation s ru n 
severa l  model s concurrentl y t o sho w tha t  th e rat e o f 
increas e o f  code-lengt h differ s betwee n hypothese s 
abou t  language .  Thi s sectio n describe s th e structur e o f 
tw o hypothese s (grammars) ;  th e first  give s rise  t o 
overgeneralizatio n phenomen a whils t  th e secon d doe s 
not .  Thes e wer e designe d i n conjunctio n wit h a  ver y 
simpl e artificia l  language ,  whic h wa s subsequentl y use d 
t o tes t  th e models .  A  brie f  outiin e o f  th e languag e i s 
give n her e t o facilitat e th e descriptio n o f  tiie  model .  A 
more detaile d consideratio n o f  ho w th e artificia l 
languag e relate s t o dat a fro m corpor a o f  child-directe d 
speec h i s give n below . 

The artificia l  languag e use d consist s o f  tw o syntacti c 
categories .  Thes e ca n b e though t  o f  crudel y a s noun s 
and verbs .  The y ca n b e combine d t o for m two-wor d 
sentences .  Sentence s ma y b e o f  th e for m N V o r  V N . 
Forms N N an d W ar e disallowed .  I n addition ,  a 
number  o f  sentence s ar e disallowed .  Le t  u s imagin e tha t 
ther e ar e fou r  noun s (ni-n4 )  an d fou r  verb s (V1-V4 )  i n th e 
language ,  an d tha t  V 4 i s blocke d i n th e sentenc e final 
position .  Fro m thi s i t  follow s tha t  fou r  sentence s ar e 
disallowed :  eac h o f  th e fou r  noun s i n combinatio n wit h 
V4 i n a n NV-typ e sentence . 

Each mode l  i s comprise d o f  4  elements :  word-leve l 
categories ,  sentence-leve l  categories ,  exceptions ,  an d 
code-length .  Bot h model s describe d her e contai n tw o 
word-leve l  categories ,  comprisin g noun s an d verb s an d 
tw o sentence-leve l  categorie s con^risin g th e tw o 
sentenc e type s (N V an d V N ) .  Th e exception s categor y 
discretel y specifie d al l  th e disallowe d sentences .  I n th e 
first  mode l  thi s wa s a n empt y set .  Th e code-lengt h 
specifie d lengt h o f  code ,  i n bits ,  tha t  woul d b e neede d 
t o specif y model s jus t  describe d an d th e corpu s dat a 
give n th e mode l  structure .  Th e code-lengt h fo r  eac h 
sentenc e i n th e corpu s i s consequen t  o n th e mode l 
structure . 

Calculating Code-Length For Each Element 

The lengt h o f  cod e necessar y t o specif y an y object ,  / ,  i s 
give n by : 

Bits(«>Log2(l/p,) [I] 

where p/ is the probability of object i. In many cases 
describe d below ,  p i  ca n b e though t  o f  a s choosin g on e 
of  I  options .  Wher e thi s i s th e case . 

Bit8(»-)=Log2 l  [2 ] 

This section describes how this formula is applied to 
calculat e th e code-lengt h fo r  eac h sectio n o f  th e mode l 
and fo r  th e dat a give n th e model . 

I f  a  languag e contain s r  wor d type s an d n  syntacti c 
categories ,  the n th e probabilit y  o f  specifyin g on e 
distributio n o f  wor d type s int o categorie s i s th e invers e 
of  th e numbe r  o f  way s i n whic h r  wor d type s ca n b e 
distribute d betwee n n  categories ,  assumin g n o empt y 
sets .  Thi s give n by : 

Distributions(r ,  n) = y,(-l)''-^ ^  — 
t Z (m-v)!v ! [3 ] 

The codelengt h fo r  th e word-leve l  elemen t  i s 
therefore : 

Word-level bits(r, n) 

n ;  (/J-v)!v ! [4 ] 

Specifyin g a  particula r  sentence-leve l  rul e (e.g .  tha t  a 
sentenc e ma y b e o f  th e for m N V )  i s a  functio n o f  th e 
probabilit y  o f  tha t  sentenc e typ e give n th e numbe r  o f 
categorie s specifie d i n th e word-leve l  element .  Give n 
tha t  i n th e artificia l  languag e sentence s onl y eve r 
contai n tw o words ,  ther e ar e fou r  sentenc e type s 
possibl e from  tw o syntacti c categorie s (NN ,  N V ,  V N , 
W ) .  Th e probabilit y  o f  an y sentenc e typ e (e.g .  N V )  i s 
therefor e 1/4 .  W h e n thi s ha s bee n specified ,  th e 
probabilit y  an y remainin g sentenc e typ e (e.g .  V N )  i s 
1/3 .  Th e code-lengt h fo r  specifyin g tw o sentenc e type s 
i s therefore : 

Sentence-level bits=Log2(4)+Log2(3) [5] 

Specifying the cost of an exception is the same as 
specifyin g th e cos t  o f  a  sentence .  Thi s i s don e b y 
specifyin g th e cost ,  i n bits ,  o f  th e firs t  wor d base d o n 
th e probabilit y  o f  it s  occurrence ,  an d th e cos t  o f  th e 
secon d wor d i n th e sam e way .  Th e probabilit y  o f  a 
word' s occurrenc e i s th e invers e o f  th e tota l  numbe r  o f 
possibl e words .  Th e ter m t o specif y th e firs t  wor d i n 
any sentenc e i s therefore : 

Bits(«l)=Log2(Tw-Tei ) [6 ] 

wher e Bits(il )  i s  th e bit s require d t o specif y wor d 1  i n 
th e firs t  position ,  T ^  i s th e tota l  numbe r  o f  wor d type s 
i n th e languag e an d Td ,  i s th e tota l  numbe r  o f  word s 
blocke d i n th e sentenc e initia l  positio n a s liste d i n th e 
exception s category . 
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The firs t  wor d specifie s whic h sentenc e typ e i s bein g 
used .  Th e poo l  o f  possibl e word s from  whic h th e 
secon d wor d mus t  com e i s therefor e reduce d t o th e siz e 
of  th e sentenc e fina l  categor y a s define d b y th e sentenc e 
type .  Fo r  example ,  i f  th e firs t  wor d i n a  sentenc e i s a 
noun ,  th e sentenc e typ e mus t  b e N V an d th e secon d 
wor d mus t  therefor e b e fro m th e categor y V .  Th e ter m 
t o specif y th e secon d wor d i n a  sentenc e i s therefore : 

BitsO"2)=Log 2 (T«c-Ttf|, ) [7 ] 

wher e Bit(/2 )  i s  th e numbe r  o f  bit s require d t o specif y 
word y i n th e secon d position ,  T „  i s  th e tota l  numbe r  o f 
wor d type s i n categor y c ,  an d Tcjj i  i s  th e tota l  numbe r  o f 
word s specifie d i n th e exception s elemen t  a s blocke d i n 
positio n tw o give n th e wor d i n positio n 1 .  Th e numbe r 
of  bit s fo r  specifyin g an y sentenc e i j  i s  simply : 

sentence bitSij=-Bits(il)+Bits(/2) [8] 

Specifying the code length for each exception is the 
same a s specifyin g cod e lengt h fo r  a  sentenc e give n th e 
existin g exceptions .  Eac h exceptio n i n a  lis t  o f 
exception s therefor e require s slightl y fewe r  bit s t o cod e 
tha n it s predecessor . 

I t  i s  importan t  t o not e tha t  thes e model s cod e corpu s 
dat a i n batc h m o d e -  th e orde r  i n >^ic h sentence s ar e 
code d i s no t  take n int o accoun t  A  mor e psychologicall y 
realisti c  (i.e .  incremental )  algorith m migh t  mak e us e o f 
th e fac t  tha t  frequently  occurrin g word s hav e a  highe r 
probabilit y o f  occurrenc e an d therefor e cos t  les s t o 
code . 

Simulating recovery from overgeneralization with 
a n artificia l  languag e 
Th e model s describe d abov e wer e in:̂ >lemente d i n a 
compute r  program .  The y wer e the n expose d t o 
successivel y larg e corpor a o f  sentence s from  a n 
artificia l  languag e whic h reflecte d th e structur e o f  th e 
transitive/intransitiv e alternatio n phenomen a foun d i n 
th e C H I L D E S databas e (se e Tabl e 2 ,  above) .  A  mode l 
usin g ra w C H I L D E S dat a woul d hav e bee n 
con^>utationall y inqxjssible ,  bu t  i t  i s  importan t  t o not e 
tha t  th e artificia l  languag e closel y mirrore d th e pattern s 
of  Tabl e 2 .  Th e artificia l  languag e i s outline d above .  I n 
thes e simulation s th e word-leve l  categorie s containe d 
36 verbs ,  reflectin g th e numbe r  o f  verb s i n Tabl e 2 ,  an d 
36 nouns .  I t  wa s decide d t o kee p th e numbe r  o f  noun s 
equa l  t o th e nimibe r  o f  verb s i n orde r  t o avoi d disparit y 
betwee n th e code-lengt h necessar y fo r  differen t 
sentenc e types .  Ther e wer e tw o sentence-type s ( N V an d 
V N)  reflectin g th e transitiv e an d intransitiv e context s o f 
di e vei t  constructions .  Te n verb s wer e blocke d wit h al l 
36 noun s fo r  eac h sentenc e typ e (se e Tabl e 2) ,  resultin g 
i n a  tota l  o f  72 0 disallowe d sentences . 

T wo o f  th e four-elemen t  model s describe d abov e 
wer e expose d t o increasingl y larg e corpor a o f  thi s 
language .  Th e firs t  mode l  containe d word-leve l 
informatio n abou t  th e 3 6 noun s an d verbs ,  an d 
sentence-leve l  informatio n abou t  th e N V an d V N 
sentenc e types ,  bu t  th e exception s elemen t  wa s empty : 
i t  di d no t  contai n an y informatio n abou t  th e 72 0 
disallowe d sentences .  I n thi s respec t  i t  wa s analogou s t o 
a learne r  w h o ha s acquire d knowledg e o f  wor d 
categorie s an d sentenc e productio n rules ,  bu t  ha s no t 
learne d tha t  som e sentence s ar e illegal .  Thi s mode l 
woul d therefor e b e pron e t o overgeneralization s suc h a s 
/  disappeare d th e rabbit .  Th e secon d model ,  b y 
contrast ,  di d contai n informatio n abou t  th e disallowe d 
sentences .  Thi s mode l  therefor e require d considerabl y 
mor e bit s t o specif y initially ,  bu t  th e numbe r  o f  bit s 
require d t o specif y eac h sentenc e o f  th e corpu s wa s 
fewer .  I n addition ,  a  languag e learne r  w h o ha d learne d 
thes e exception s woul d no t  mak e th e sam e 
overgeneralizatio n error s tha t  th e firs t  mode l  would . 
Tabl e 3  show s th e relativ e simplicit y o f  eac h mode l  fo r 
increasingl y larg e corpor a a s measure d b y th e numbe r 
of  bit s necessar y t o encod e th e mode l  an d th e corpu s 
data . 

Table 3: Code-lengths of Models 1 and 2 for 
successivel y larg e corpora .  Code-length s i n bol d sho w 
th e shorte r  code s fo r  th e corpu s siz e 

Corpu s Siz e 
(sentences ) 

0 
4 0 0 0 
8 0 0 0 

1200 0 
1600 0 
2 0 0 0 0 
2 4 0 0 0 

ModeM: 
Codelengt h 

(bytes ) 

0. 1 
45. 4 

90. 8 
136. 2 
181. 5 
226. 9 
272. 2 

Model  2 : 
Codelengt h 

(bytes ) 

7. 6 
51. 1 
94. 7 
138. 3 
181. 8 
225. 4 
268. 9 

I t  ca n b e see n tha t  fo r  relativel y smal l  corpor a (u p t o 
abou t  16,00 0 sentences) .  Mode l  1  give s a  simple r 
encoding :  les s bit s ar e required .  Fo r  a  learne r  wh o ha d 
hear d relativel y fe w alternatio n constructions ,  therefore , 
th e tendenc y woul d b e t o cod e th e dat a i n thes e terms , 
resultin g i n overgeneralizations .  Fo r  a  mor e 
experience d learner ,  however ,  th e simple r  encodin g 
woul d b e tha t  show n b y Mode l  2 ,  whic h require s les s 
bit s t o encod e relativel y larg e corpora .  Th e mode l  doe s 
not  produc e an y language ,  s o ther e ar e n o accurac y 
statistics .  Rather ,  i t  i s  assume d tha t  th e learne r 
produce s al l  th e sentence s availabl e i n th e curren t 
(shortest )  hypothesi s ar e produced ,  includin g an y tha t 
ar e incorrec t 
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C o n c l u s i o n s a n d fu tur e direction s 

These results provide an initial confirmation that 
simplicit y m a y provid e a  guidin g principl e b y whic h 
some aspect s o f  languag e m a y b e learne d fro m 
experienc e withou t  recours e t o a  specifi c  language -
learnin g device .  However ,  th e simulation s presente d 
her e ar e coarse-graine d approximation s o f  bot h th e 
languag e an d th e languag e learner .  Childre n d o no t 
proces s th e languag e i n batche s o f  severa l  thousan d 
utterances .  Th e model s presente d her e wer e neithe r 
expose d no r  sensitiv e t o differen t  word-typ e 
frequencies .  A  numbe r  o f  fiirther  studie s whic h woul d 
provid e considerabl y firme r  suppor t  fo r  th e simplicit y 
principl e a s a  drivin g forc e fo r  languag e acquisitio n 
sugges t  themselves . 

Firstly ,  mathematica l  result s sho w tha t  word-typ e 
frequencie s ar e importan t  t o th e simplicity-drive n 
learner ,  i n tha t  the y m a y b e th e ke y a s t o whe n i t 
becomes advantageou s t o posi t  exception s t o rules . 
Chate r  an d Vitiny i  (2001 )  sho w tha t  language s ar e 
approximatel y leamabl e give n sufficientl y larg e 
amount s o f  data .  Th e C H I L D E S dat a i n Tabl e 2 
therefor e provide s a n indicatio n o f  th e orde r  i n whic h 
one woul d expec t  th e learne r  t o ceas e overgeneralizin g 
words .  A n examinatio n o f  children' s speec h tha t 
confirme d thi s orde r  woul d b e a  majo r  ste p toward s 
providin g robus t  suppor t  fo r  th e simplicit y principl e i n 
language .  Secondly ,  i t  woul d b e usefu l  t o compar e th e 
timescal e o f  recover y fro m overgeneralizatio n i n 
childre n wit h tha t  o f  th e model .  Thi s coul d b e don e b y 
an examinatio n o f  C H I L D E S databas e t o determin e a n 
approximat e relatio n betwee n a  child' s ag e an d th e 
number  o f  transitive/intransitiv e alternatio n 
construction s t o whic h the y hav e bee n exposed .  I t 
woul d the n b e possibl e t o compar e th e learnin g rat e o f 
th e chil d wit h tha t  o f  th e model .  Again ,  thi s woul d b e a 
usefu l  sourc e o f  evidenc e concernin g th e simplicit y 
principl e i n language . 

I n thi s pape r  w e hav e suggeste d tha t  ther e i s sufficien t 
statistica l  informatio n i n th e inpu t  fo r  a  learne r  t o lear n 
quasi-regula r  alternatin g structures .  Thes e result s ar e 
achieve d b y choosin g th e mode l  o f  th e languag e whic h 
provide s th e simples t  (shortest )  descriptio n o f  th e 
linguisti c dat a tha t  ha s bee n encountered .  Thes e result s 
re-ope n th e questio n o f  th e viabilit y  o f  languag e 
learnin g fro m positiv e evidenc e unde r  les s tha n idea l 
conditions ,  wit h limite d computationa l  resource s an d 
amount s o f  linguisti c dat a available .  The y therefor e als o 
bear ,  indirectly ,  o n th e argument s concernin g th e 
balanc e betwee n nativis m an d empiricis m i n languag e 
acquisition .  Mor e concretely ,  w e sugges t  tha t  th e 
workin g hypothesi s tha t  th e searc h fo r  simphcit y i s a 
guidin g principl e i n languag e acquisitio n deserve s 
seriou s attention . 
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Abstrac t 

This study examined the influence of cognitive ability and 
studen t  activitie s o n high-schoo l  students '  scienc e 
achievement .  Student s (n=16Sl )  from  fou r  hig h school s i n 
thre e state s wer e assesse d i n term s o f  thei r  cognitiv e abilitie s 
(i.e. ,  scienc e knowledge ,  readin g skill ,  an d metacognitiv e 
readin g strategies) ,  coxirs e involvement ,  readin g interest ,  an d 
T V habits .  Scienc e achievemen t  wa s measure d i n term s o f 
students '  cours e grade ,  comprehensio n o f  a  scienc e passage , 
and performanc e o n a  statewid e standard s o f  learnin g (SOL ) 
tes t  Cours e involvemen t  significantl y predicte d onl y cours e 
grade ,  wherea s readin g interes t  predicte d S O L score s an d 
scienc e passag e comprehension .  Cognitiv e abilitie s an d T V 
habit s predicte d al l  thre e o f  th e smden t  achievemen t 
measures .  However ,  th e effect s o f  thes e cognitiv e variable s 
interacte d i n interestin g ways . 

Introduction 

I n recen t  years ,  scientist s hav e becom e increasingl y 
intereste d i n uncoverin g factor s tha t  ar e importan t  fo r 
predictin g educationa l  succes s (e.g. ,  Buckner ,  Bassuk ,  & 
Weinreb ,  2(X)1 ;  H e r m a n &  Tucker ,  2000) .  Fo r  example , 
researcher s hav e reliabl y predicte d academi c achievemen t 
wit h measure s o f  studen t  personalit y (Paunone n &  Ashton , 
2001 ;  Stewart ,  Bond ,  Deeds ,  Westrick ,  &  W o n g ,  1999) , 
parenta l  influenc e (Hoge ,  Smit ,  &  Crist ,  1997) ,  socia l 
economi c statu s (Jimerson ,  Egeland ,  &  Teo ,  1999) ,  an d 
schoo l  demographic s (Sutto n &  Soderstrom ,  1999) .  Whil e 
thi s lin e o f  researc h ha s certainl y she d ligh t  o n h o w studen t 
personalit y an d socia l  factor s ca n impac t  a  child' s 
education ,  th e utilit y  o f  thi s informatio n i s questionabl e i f 
th e goa l  o f  scientifi c  inquir y i s  t o improv e scholasti c 
prosperity .  Mos t  personalit y characteristic s an d socia l 
factor s ar e relativel y stable ;  ver y fe w introvert s quickl y tur n 
int o extroverts ,  an d eve n fewe r  peopl e increas e thei r  leve l 
of  socia l  economi c statu s overnight .  I n contrast ,  th e 
investigatio n o f  mor e mutabl e influence s suc h a s cognitiv e 
abilitie s m a y provid e a  promisin g directio n fo r  improvin g 
academi c performance .  Th e purpos e o f  thi s wor k wa s t o 
examin e th e impac t  o f  thre e cognitiv e factor s o n students ' 
succes s i n thei r  scienc e courses :  readin g skill ,  scienc e 
knowledge ,  an d knowledg e o f  metacognitiv e readin g 
strategies . 

I t  i s  generall y assume d tha t  readin g skil l  i s  a  critica l 
componen t  o f  academi c achievement .  Skille d reader s ar e 
mor e likel y t o monito r  thei r  comprehensio n an d us e activ e 
readin g strategie s suc h a s previewing ,  predicting ,  makin g 
inferences ,  drawin g fro m backgroun d knowledge ,  an d 

summarizin g (Long ,  Oppy ,  &  Seely ,  1994 ;  McNamara , 
2001 ;  Oakhill ,  1984 ;  Oakhil l  &  Yuill ,  1996) .  I n addition , 
skille d reader s ten d t o hav e mor e knowledg e abou t  th e 
worl d -  mos t  likel y fro m readin g mor e often . 

Readers '  domai n knowledg e ca n hav e a  dramati c impac t 
on h o w wel l  ne w informatio n i s  acquire d (Bransfor d & 
Johnson ,  1972) .  Fo r  instance ,  man y schoo l  text s ar e 
incomplet e becaus e the y fai l  t o mak e relation s amongs t 
concept s i n th e tex t  explici t  (Beck ,  M c K c o w n &  Gromoll , 
1989) .  Accordingly ,  domai n knowledg e ca n facilitat e 
comprehensio n b y providin g th e reade r  wit h th e necessar y 
resource s t o fil l  i n conceptua l  gap s (McNamara ,  Kintsch , 
Songer ,  &  Kintsch ,  1996) .  I n addition ,  reader s wit h greate r 
prio r  knowledg e ar e mor e likel y t o us e effectiv e readin g 
strategie s (Lundeberg ,  1987 )  an d conve y greate r  interes t  i n 
th e readin g materia l  tha n low-knowledg e reader s (Tobias , 
1994 ;  Zhang ,  &  Zhang ,  1996) .  Collectively ,  thes e finding s 
sugges t  tha t  learners '  prio r  knowledg e criticall y determine s 
thei r  abilit y  t o lear n an d understan d n e w information . 

Metacognitio n refer s t o th e abilit y t o thin k about , 
understan d an d manag e one' s learnin g (Schra w & 
Detmison ,  1994) .  I n essence ,  metacognitio n i s th e capacit y 
t o monito r  comprehension ,  an d th e initiativ e t o correc t 
misunderstanding .  Recen t  researc h ha s reveale d th e 
significanc e o f  metacognitiv e awarenes s i n learning .  Fo r 
instance ,  learner s w h o scor e hig h o n measure s o f 
metacognitio n ar e mor e strategi c (Game r  &  Alexander , 
1989) ,  mor e likel y t o us e problem-solvin g heuristic s (Artz t 
& Armour-Thomas ,  1992) ,  bette r  a t  predictin g thei r  tes t 
score s (Vadha n &  Stander ,  1994) ,  an d generall y outperfor m 
learner s w h o scor e lo w o n metacognitiv e measure s 
(Pressle y &  Ghatala ,  1990) . 

Mor e importantly ,  researc h ha s demonstrate d th e valu e o f 
metacognitio n i n predictin g academi c achievement .  Fo r 
example ,  greate r  metacognitiv e abilit y  ha s bee n linke d t o 
grad e poin t  averag e (Everso n &  Tobias ,  1998) ,  mat h 
achievemen t  (Maqsud ,  1997) ,  an d readin g skil l  (va n 
Kraayenoor d &  Schneider ,  1999) .  Moreover ,  McNamar a 
and Scot t  (1999 )  demonstrate d tha t  providin g metacognitiv e 
readin g strateg y trainin g improve d comprehensio n an d 
cours e score s i n college-leve l  scienc e courses . 

Th e purpos e o f  thi s investigatio n wa s t o examin e th e 
influenc e o f  scienc e knowledge ,  readin g skill ,  an d 
metacognitiv e readin g strategie s o n hig h schoo l  students ' 
achievemen t  i n science .  Whil e th e individua l  effect s o f 
thes e factor s o n learnin g hav e bee n examine d i n separat e 
studies ,  t o th e bes t  o f  ou r  knowledge ,  n o singl e stud y ha s 
simultaneousl y measure d th e influenc e o f  al l  thre e variable s 
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on students '  comprehensio n an d achievemen t  i n a 
classroo m setting .  Furthermore ,  w e wer e intereste d i n 
detenninin g b o w cours e involvement ,  readin g interest ,  an d 
T V habit s woul d influenc e scienc e performance ,  an d ho w 
wel l  thes e variable s woul d predic t  studen t  succes s i n 
compariso n t o th e cognitiv e factors .  Finally ,  w e 
investigate d whethe r  readin g skil l  o r  metacognitiv e readin g 
strategie s coul d compensat e fo r  knowledg e deficits .  I n thi s 
study ,  scienc e achievemen t  wa s assesse d b y th e student' s 
scienc e cours e grade ,  comprehensio n o f  a  scienc e passage , 
and a  statewid e measur e o f  students '  scienc e achievemen t 
(Virginia' s Standard s o f  Learning ,  S O L ) .  I t  wa s 
hypothesize d tha t  bot h th e cognitiv e an d studen t  activit y 
measure s woul d reliabl y predic t  scienc e achievement ;  bu t 
overall ,  i t  wa s hypothesize d tha t  th e cognitiv e measure s 
woul d bette r  predic t  performanc e tha n measure s o f  studen t 
activity . 

I n lin e wit h othe r  wor k (Perfetti ,  1989) ,  i t  wa s 
hypothesize d tha t  eithe r  readin g skil l  o r  metacognitiv e 
readin g strategie s woul d compensat e fo r  scienc e 
knowledge .  Whil e som e researcher s hav e argue d tha t 
readin g skil l  an d domai n knowledg e ca n compensat e fo r 
eac h othe r  (Perfetti ,  1989) ,  ther e i s littl e consensu s a s t o 
whethe r  metacognitiv e readin g strategie s coul d mak e u p fo r 
meager  scienc e knowledge .  O n th e on e hand ,  on e migh t 
infe r  tha t  hig h metacognitiv e readin g strategie s coul d hel p a 
learne r  offse t  a  lo w leve l  o f  scienc e knowledg e because 
researc h ha s show n tha t  metacognitio n ca n compensat e 
variou s cognitiv e abilitie s (Swanson ,  1990) .  O n th e othe r 
hand ,  other s hav e argue d tha t  metacognitio n ha s stron g 
knowledg e requirements ;  tha t  i s  metacognitio n i s no t 
knowledg e fre e (Schwart z &  Bransford ,  1998 )  an d 
consequently ,  on e migh t  no t  expec t  metacognitiv e readin g 
abilit y  t o compensat e fo r  lo w scienc e knowledge .  I n an y 
event ,  th e issu e i s unclea r  an d furthe r  investigatio n i s 
required . 

Method 

Participants 

The sampl e consiste d o f  165 1 hig h schoo l  student s fro m 
fou r  schools .  Fou r  hundre d an d ninety-eigh t  student s wer e 
fro m a n inne r  cit y hig h schoo l  i n Norfolk ,  Virginia ;  37 2 
wer e fro m a  rura l  hig h schoo l  i n Americus ,  Georgia ;  36 4 
wer e fro m a  rura l  Appalachia n hig h schoo l  i n Prestonsburg , 
Kentucky ;  an d th e remainin g 41 7 wer e fro m a  suburba n 
hig h schoo l  i n Williamsburg ,  Virginia .  Students '  grad e 
leve l  range d fro m 9  t o 12 ,  an d th e averag e ag e o f  th e 
student s wa s 16.2 5 years . 

Materials 

Metacognitiv e readin g strateg y us e wa s measure d b y a 
modifie d versio n o f  th e Metacognitiv e Strategie s Inde x 
(MSI )  adapte d fo r  us e wit h high-schoo l  student s (Forget , 
1999) .  Th e M S I  i s a  25-ite m multiple-choic e questionnair e 
whic h i s designe d t o measur e si x factor s associate d wit h 
metacognitiv e readin g strateg y use :  predictin g an d 
verifying ;  previewing ;  purpose  setting ;  self-questioning ; 

drawin g fro m backgroun d knowledge ;  an d summarizing . 

The Cronbach' s Alph a fo r  th e M S I  wa s a=.68 .  Scienc e 
knowledg e wa s measure d wit h a n 18-ite m multipl e choic e 
tes t  o n genera l  scienc e information .  Th e tes t  consiste d o f 
question s concernin g experimenta l  methods ,  mathematics , 
and meteorology .  Cronbach' s Alph a fo r  th e scienc e 
knowledg e wa s a=.63 .  Readin g skil l  wa s measure d b y a 
modifie d versio n o f  th e Gates-MacGiniti e readin g skil l  tes t 
fo r  grade s 10-12 .  Th e tes t  consiste d o f  4 0 multipl e choic e 
question s designe d t o asses s studen t  comprehensio n o n 
severa l  shor t  tex t  passages .  Th e reliabilit y  o f  th e gates -
MacGiniti e i s typicall y betwee n a=.85-.9 2 (Phillips ,  Norris , 
Osmond,  &  Maynard ,  2002) . 

Student s wer e give n a  questionnair e concernin g thei r 
cours e involvement ,  readin g interes t  an d T V habits .  Th e 
participant s wer e require d t o rat e th e followin g statement s 
relate d t o thei r  cours e involvemen t  o n a  on e t o five-point 
scale :  " H o w m u c h d o yo u enjo y learnin g science ,  o r 
scientifi c  concepts?" ;  " H o w muc h tim e pe r  wee k d o yo u 
generall y spen d readin g an d studyin g fo r  thi s scienc e 
course? "  an d " H o w muc h effor t  hav e yo u devote d t o thi s 
scienc e course?" .  Fo r  readin g interest ,  th e followin g 
question s wer e aske d " H o w muc h d o yo u enjo y reading?" ; 
and " H o w man y book s d o yo u rea d eac h yea r  tha t  ar e no t 
require d b y you r  teachers?" .  T V habit s wer e assesse d b y 
tw o questions :  " H o w man y hour s o f  televisio n d o yo u 
watc h durin g a  schoo l  day?" ;  an d " H o w m a n y hour s o f 
televisio n d o yo u watc h o n th e weekend?" .  Th e scale s wer e 
designe d suc h tha t  highe r  number s indicate d large r  amoun t 
of  th e entit y i n question . 

Finally ,  participant s wer e give n a n 844-wor d passag e o n 
meteorolog y (Flesch-Kincai d grad e leve l  o f  6.7) .  Th e 
passag e covere d th e type s an d origin s o f  ai r  masse s a s wel l 
as thei r  impac t  o n weathe r  patterns .  A n accompanyin g se t 
of  8  multipl e choic e an d 1 2 open-ende d comprehensio n 
question s wer e create d fo r  th e passage .  Cronbach' s Alph a 
fo r  th e ope n ende d question s wa s a=.72 ,  whil e alph a leve l 
fo r  th e multipl e choic e question s wa s a=.57 . 

Design and Procedure 

The student s wer e teste d durin g regula r  classroo m hour s i n 
a 90-minut e clas s period ,  o r  tw o 50-minut e clas s periods , 
and al l  testin g wa s conducte d nea r  th e en d o f  th e academi c 
year .  Th e complet e se t  o f  material s wer e presente d i n a 
singl e bookle t  wit h "stop "  page s inserte d betwee n eac h 
measure .  I f  a  studen t  fmishe d a  particula r  tes t  early ,  the y 
coul d rechec k thei r  answers ,  bu t  coul d no t  g o o n t o th e nex t 
section .  Th e participant s complete d th e measure s i n th e 
followin g orde r  an d tim e frame :  Scienc e passage  an d 
question s (2 0 minutes) ,  Gate s readin g tes t  (2 0 minutes) , 
prio r  knowledg e tes t  (1 0 minutes )  M S I  (1 0 minutes) ,  an d 
th e studen t  activit y questionnair e ( 5 minutes) .  A t  th e en d o f 
th e academi c year ,  th e students '  scienc e cours e grad e an d 
thei r  Standard s o f  Learnin g scienc e score s wer e collected . 
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Resul t s 

Th e followin g result s wer e significan t  a t  th e j j  <  .00 1 leve l 
unles s note d otherwise .  I t  wa s verifie d fo r  al l  analyse s 
reporte d her e tha t  students '  ag e difference s di d no t  alte r  th e 
patter n o f  results . 

What's More ImporUnt? 

A facto r  analysi s wa s conducte d t o determin e whethe r  th e 
predictor s use d i n thi s stud y coul d b e groupe d int o smalle r 
subse t  o f  factor s (e.g. ,  Cognitiv e ability ,  readin g interest , 
etc.) .  Al l  1 0 measure s o f  studen t  abilit y  an d activit y wer e 
entere d int o th e analysi s usin g th e principa l  component s 
metho d o f  extraction .  Predictor s wit h Eigenvalue s ove r  1 
wer e retaine d i n th e analysis ,  an d th e Varima x procedur e 
was use d a s th e metho d o f  rotation .  Th e analysi s reveale d 
fou r  distinc t  factor s tha t  accounte d fo r  6 8 % o f  th e overal l 
variance .  Scienc e knowledge ,  readin g skil l  an d 
metacognitiv e readin g abiht y loade d o n facto r  1 ,  Cognitiv e 
Abilit y 0oadings=.800 ,  .760 ,  .692 ;  Eigenvalue=2.67) ,  an d 
accounte d fo r  2 7 % o f  th e variance .  Th e numbe r  o f  book s 
rea d an d reading  enjoymen t  loade d o n facto r  2 ,  Readin g 
Interes t  (loadings ^  891 ,  .849 ;  Eigenvalue=1.90) ,  an d 
accounte d fo r  1 9 % o f  th e variance .  Th e amoun t  o f  T V 
watche d o n a  schoo l  da y an d th e amoun t  watche d o n a 
weeken d loade d o n facto r  3 ,  T V Habits ,  0oadings=.890 , 
.890 ;  Eigenvahie=1.20 )  an d explaine d 1 2 % o f  th e variance . 
Finall y cours e effort ,  tim e spen t  readin g an d studyin g th e 
textbook ,  an d enjoymen t  o f  learnin g scienc e loade d o n 
facto r  4 ,  Cours e Involvemen t  (loadings=.807 ,  .684 ,  .638 ; 
Eigenvalue=1.07) ,  an d explaine d 1 1 % o f  th e variance . 
Thus ,  th e facto r  analysi s provide d suppor t  fo r  ou r  initia l 
categorica l  distinctio n o f  th e predictors . 

Th e fou r  factor s wer e regresse d ont o eac h o f  th e 
measure s o f  scienc e achievement .  Fo r  th e students '  cours e 
grade ,  th e overal l  mode l  accounte d fo r  1 3 % o f  th e 
variance ,  F(4,1295)=49.57 .  Readin g interes t  di d no t  predic t 
cours e grade ,  wherea s cognitiv e abiUty ,  t(1295)=10.15 , 
p=.263 ,  an d cours e involvemen t  t(1295)=9.43 ,  p=.24 4 wer e 
stron g predictors .  T V habit s significantl y predicte d cours e 
grad e bu t  th e relationship  wa s smal l  t(1295)=-2.43 ,  P = -
.063 ,  p = .015 . 

For  students '  S O L score ,  th e overal l  mode l  accounte d fo r 
3 8 % o f  th e variance ,  F(4,618)=94.09 .  Cours e involvemen t 
di d no t  predic t  S O L scores ,  wherea s cognitiv e ability , 
t(618)=16.24 ,  3=.516 ,  T V Habits ,  t(618) = -9.23 ,  |3=-.294 , 
and readin g interes t  t(618)=5.06 ,  |5=.160 ,  wer e significan t 
predictors . 

Tabl e 1  Correlation s betwee n scienc e achievemen t  an d 
studen t  activities . 

Facto r 

Cognitiv e 
AbUit y 

Coune 
Involvemen t 

Readin g 
Interet t 

TV Habit s 

Individua l 
Measur e 

Readin g Sldl ) 

Scienc e 
Knowledg e 
Metacognitiv e 
Readin g Strat . 
Enjo y Lea n 
Scienc e 
Time Readin g 
& Studyin g 
Effor t  Give n 
t o Cours e 
Number  o f 
Books Rea d 
Enjoymen t  o f 
Readin g 
Hr».T V 
School  da y 
Hn.T V 
Weekend 

Coune 
Grade 

.24 

.25 

.20 

.18 

.12 

.30 

N.S . 

.12 

-.1 3 

N.S . 

SOL 

.58 

.59 

.15 

.16 

N.S . 

N.S . 

N.S . 

.16 

-.3 4 

-.2 7 

Open 
Ended 
Cotnp . 

.64 

.55 

.26 

.13 

N.S . 

N.S . 

N.S . 

.14 

-.2 5 

-.2 3 

Multipl e 
Choic e 
Comp. 

.53 

.51 

.24 

.14 

N.S. 

N.S . 

.11 

.16 

-.2 3 

-.2 3 

I n term s o f  scienc e passag e comprehensio n scores ,  th e 
model  accounte d fo r  4 2 % o f  th e varianc e fo r  open-ende d 
questions ,  F(4,1213)=219.79 ,  an d 3 3 % fo r  multiple-choic e 
questions ,  F(4,1292)=158.81 .  Fo r  bot h comprehensio n 
measures ,  cognitiv e abilit y  (t(1213)=27.44 ,  p=.600 ; 
t(1292)=22.56 ,  P=.514) ;  readin g interes t  (t(1213)=5.01 , 
P=.110 ;  t(1292)=5.46 ,  P=.124) ;  an d T V habit s (t(1213 ) 
=-9.83 ,  P=-.215 ;  t(1292)=-9.58 ,  P=-.218 )  wer e significan t 
predictors ,  wherea s cours e involvemen t  wa s no t  significant . 

I n summary ,  cognitiv e abilit y  an d T V habit s wer e 
significan t  predictor s fo r  al l  o f  th e studen t  achievemen t 
measures .  Cours e involvemen t  reliably  predicte d onl y 
cours e grade ,  wherea s readin g interes t  reliabl y predicte d 
S OL score s an d scienc e passag e comprehension . 

Tabl e 1  present s th e Pearso n correlation s betwee n th e 
students '  scienc e achievemen t  performanc e (i.e. ,  cours e 
grade ,  S O L ,  open-ende d an d multipl e choic e 
comprehensio n questions )  an d th e 1 0 predictor s use d i n thi s 
study .  Correlation s ar e significan t  a t  th e i2 < .00 1 leve l 
unles s specifie d otherwise .  Severa l  trend s emerg e fix)m  th e 
analysis .  First ,  th e correlation s betwee n scienc e 
achievemen t  an d th e individua l  measure s o f  cognitiv e 
abilit y  ar e moderat e t o high .  I n contrast ,  th e correlation s 
betwee n achievemen t  an d th e individua l  measure s o f 
studen t  activit y wer e generall y low .  However ,  ther e wer e 
tw o exceptions ,  th e amoun t  o f  effor t  give n t o th e cours e 
was moderatel y correlate d wit h cours e grad e 
(r(1472)=.298) .  I n fact ,  o f  th e measure s use d i n thi s study , 
effor t  ha d th e highes t  simpl e correlatio n wit h cours e grade . 
Second ,  th e amoun t  o f  T V watche d o n a  schoo l  da y an d th e 
weeken d (wit h th e exceptio n o f  cours e grade )  wa s 
moderately ,  bu t  negativel y correlate d wit h scienc e 
achievement .  Th e magnitud e o f  th e correlation s range d 
fro m smal l  fo r  cours e grad e (r(1493)=-.12 5 t o moderat e fo r 
S OL (r(693)=-.337) . 
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C a n Y o u C o m p e n s a t e fo r  L o w K n o w l e d g e ? 

Our  secon d questio n wa s whethe r  eithe r  readin g skil l  o r 
metacognitiv e strategie s woul d compensat e fo r  scienc e 
knowledge .  Hence ,  w e conducte d A N O V As fo r  eac h 
measur e includin g scienc e knowledg e an d readin g skil l  i n 
th e first  set ,  an d scienc e knowledg e an d metacognitiv e 
readin g strategie s i n th e secon d set .  (Th e thre e variable s 
coul d no t  b e include d i n on e analysi s becaus e ther e wer e 
cell s wit h to o fe w participants. )  Student s scorin g i n th e to p 
and botto m third s fo r  eac h cognitiv e abilit y  measur e wer e 
include d i n th e analyses .  Th e dependen t  variable s include d 
cours e grade ,  S O L score ,  open-ende d questions ,  an d 
multiple-choic e performance . 

-  Lo w Readin g 
Ski H 

-  hig h Readin g 
Skil l 

LowKnovttodg e Hig h Knowledg e 

Scienc e Knowledg e 

Figur e 1 .  Proportio n o f  multiple-choic e comprehensio n 
question s correc t  a s a  functio n o f  scienc e knowledg e an d 

readin g skill . 

The first set of analyses, including science knowledge 
and readin g skill ,  yielde d significan t  effect s fo r  al l  o f  th e 
dependen t  measures .  Th e result s wer e significan t  a t  e<.00 1 
unles s otherwis e specified .  Ther e wa s a  significan t 
interactio n o f  scienc e knowledg e an d readin g skil l  onl y fo r 
students '  performanc e o n th e multiple-choic e 
comprehensio n questions ,  F(4,1368)=7.8 5 (se e Figur e 1) . 
Thi s interactio n indicate s tha t  neithe r  scienc e knowledg e 
nor  readin g skil l  ha d a  majo r  impac t  o n comprehensio n 
unles s th e studen t  possesse d both . 

The secon d se t  o f  analyses ,  includin g scienc e knowledg e 
and metacognitiv e readin g strategies ,  yielde d significan t 
effect s o f  scienc e knowledg e fo r  al l  o f  th e depende d 
measures .  Metacognitiv e strategie s wa s significan t  fo r  al l  o f 
th e measure s excep t  S O L .  However ,  i n thi s case ,  ther e wa s 
significan t  interactio n o f  scienc e knowledg e an d strateg y 
use ,  F(4,659)=2.52 ,  p=.04 .  A s show n i n Figiir e 2 ,  greate r 
metacognitiv e abilit y  helpe d compensat e fo r  a  student' s lo w 
leve l  o f  scienc e knowledge .  [N o othe r  interaction s wer e 
significant. ] 
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Readin g Strateg y 

-•-Hig h 
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Readin g Strateg y 

Low Knovvledg e Hig h Knowtedg e 

Scienc e Knowledg e 

Figur e 2 .  S O L scor e a s a  functio n o f  scienc e knowledg e an d 
metacognitiv e readin g strategy . 

Discussion 

O ne goa l  o f  th e ciuren t  investigatio n wa s t o uncove r  som e 
of  th e factor s tha t  ar e importan t  i n promotin g high-schoo l 
students '  scienc e achievement .  A  facto r  analysi s o f  ou r  te n 
measure s o f  abilitie s an d activitie s reveale d tha t  ther e wer e 
fou r  distinc t  categorie s o f  variables :  cognitiv e ability ,  T V 
Habits ,  readin g interest ,  an d cours e involvement .  Th e 
result s indicate d tha t  al l  fou r  factor s wer e importan t  i n 
predictin g scienc e achievement ;  however ,  som e factor s 
differentiall y  predicte d th e measure s o f  scienc e 
achievement .  Cognitiv e ability ,  an d T V habit s reliabl y 
predicte d al l  measure s o f  scienc e achievement ,  whil e coiu^ e 
involvemen t  reliabl y predicte d onl y cours e grade .  I n turn , 
readin g interes t  predicte d bot h S O L score s an d passag e 
comprehension . 

A mor e detaile d examinatio n o f  th e correlation s betwee n 
th e individua l  component s o f  th e factor s an d scienc e 
achievemen t  reveale d tha t  al l  measure s o f  cognitiv e abilit y 
and T V habit s wer e relativel y stron g predictor s o f  scienc e 
achievement ,  whil e th e individua l  measure s o f  readin g 
interes t  an d cours e involvemen t  wer e generall y wea k 
predictors .  Th e majo r  exceptio n wa s th e correlatio n 
betwee n cours e effor t  an d cours e grade ,  whic h prove d t o b e 
th e bes t  singl e correlatio n wit h th e students '  grade . 

The secon d goa l  o f  th e stud y wa s t o determin e whethe r 
readin g skil l  o r  metacognitiv e readin g strategie s coul d 
compensat e fo r  scienc e knowledg e (se e also ,  Cottrel l  & 
McNamara,  2002) .  Wit h multipl e choic e questions ,  scienc e 
knowledg e an d readin g skil l  interacted .  I n thi s case ,  neithe r 
scienc e knowledg e no r  readin g skil l  ha d a  majo r  impac t  o n 
passag e comprehensio n unles s th e learne r  ha d hig h level s o f 
bot h cognitiv e abilities .  Thi s interactio n i s counte r  t o th e 
belie f  tha t  readin g skil l  an d prio r  knowledg e compensat e 
fo r  eac h othe r  (e.g. ,  Perfetti ,  1989) .  I f  scienc e knowledg e 
and readin g skil l  wer e compensatory ,  on e woul d expec t  tha t 
a hig h leve l  readin g skil l  woul d mak e u p fo r  a  lo w leve l 
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prio r  knowledge .  Nevertheless ,  i t  i s  notabl e tha t  th e 
multiple-choic e measur e wa s th e onl y dependen t  measur e 
of  scienc e achievemen t  fo r  whic h a n interactio n occurred . 
I n th e othe r  thre e case s (So l  score ,  ope n ende d questions , 
and cours e grade) ,  bot h readin g skil l  an d knowledg e aide d 
th e students ,  an d di d no t  interact .  So ,  i n thos e cases ,  eithe r 
readin g skil l  o r  prio r  knowledg e wer e beneficia l  -  an d thu s 
coul d compensat e fo r  on e another .  Havin g both ,  o f  course , 
i s th e bes t  scenario .  Similarly ,  fo r  th e mos t  part ,  eithe r  prio r 
knowledg e o r  metacognitiv e readin g strategie s wer e 
beneficia l  t o students .  I n contrast ,  fo r  S O L scores , 
metacognitiv e readin g strategie s an d scienc e knowledg e 
interacted .  High-knowledg e student s di d no t  benefi t  from 
readin g strategies .  Yet ,  student s wit h lo w scienc e 
knowledg e wer e presumabl y abl e t o compensat e fo r  thi s 
knowledg e defici t  wit h readin g strategies .  Th e result s 
suppor t  th e notio n tha t  metacognitiv e readin g strategie s ca n 
compensat e fo r  a  lo w leve l  o f  domai n knowledge . 

So,  what' s a  scienc e studen t  t o do ? Th e result s o f  thi s 
stud y sugges t  severa l  diings .  First ,  student s shoul d simpl y 
rea d more .  Researc h ha s show n tha t  a n increas e i n exposur e 
t o prin t  i s  associate d wit h a n increas e i n readin g skil l  (see , 
McNamara,  2001) .  Accordingly ,  th e curren t  findings 
suppor t  th e notio n tha t  readin g skil l  i s  importan t  fo r  scienc e 
achievemen t  I n fact ,  readin g skil l  wa s on e o f  th e bes t 
singl e correlate s o f  studen t  performance .  Second ,  student s 
shoul d mak e informe d decision s o n th e course s die y take . 
F w,  exair^l e i f  a  studen t  i s intereste d i n takin g biolog y 
courses ,  the y shoul d pla n t o tak e a s man y course s related  t o 
biolog y an d chemistr y i n hig h schoo l  a s possible .  Prio r 
knowledg e i s importan t  i n determinin g h o w wel l  ne w 
informatio n i s learned .  Thu s th e mor e elementar y course s 
on e ha s i n a  domain ,  th e easie r  i t  wil l  b e t o lear n mor e 
advance d course s i n th e sam e domain . 

However ,  a s w e wel l  know ,  student s wil l  ofte n find 
themselve s i n course s fo r  whic h the y ar e il l  prepared .  I n 
tha t  case ,  knowin g an d usin g metacognitiv e readin g 
strategie s ca n hel p th e learne r  t o partiall y  overcom e 
knowledg e deficits .  Hence ,  th e result s o f  thi s stud y sugges t 
tha t  student s shoul d increas e thei r  metacognitiv e awareness . 
Unfortunately ,  student s d o no t  automaticall y engag e i n suc h 
processin g (Gamer ,  1990) .  Ginsequently ,  th e solutio n i s t o 
discove r  an d implemen t  technique s tha t  promot e 
metacognitiv e strateg y us e (e.g. ,  M c N a m a r a &  Scott ,  1999) . 

Finally ,  ou r  finding s sugges t  tha t  parent s an d student s 
shoul d fm d a  health y balanc e betwee n th e amoun t  o f  T V 
watche d an d th e amoun t  o f  effor t  di e studen t  put s int o th e 
course .  O f  th e measure s o f  studen t  activity ,  T V habit s 
seemed t o b e on e o f  th e bes t  predictor s o f  scienc e 
performance :  T V viewin g wa s reliably  relate d t o al l  fou r  o f 
our  measure s o f  scienc e achievement .  However ,  th e 
relationship  betwee n T V viewin g an d scienc e achievemen t 
was negative .  This  resul t  i s  congruen t  wit h researc h o n T V 
viewing ,  whic h suggest s tha t  T V viewin g ca n hav e a 
negativ e impac t  o n readin g comprehensio n (e.g. ,  Koolstra , 
va n de r  Voort ,  &  va n de r  K a m p ,  1997) .  Conversely ,  ou r 
result s underscor e th e importanc e o f  studen t  effor t  o n 
cours e performance ;  students '  effor t  wa s th e bes t  singl e 
correlat e o f  cours e performance .  Whil e reader s ofte n prefe r 

th e pat h o f  leas t  resistanc e (McNamar a e t  al. ,  1996 )  i t  i s 
importan t  t o encourag e student s t o expen d effor t  int o thei r 
academi c endeavors . 

I t  i s  importan t  t o not e tha t  thes e result s wer e base d o n 
correlation ,  an d therefor e shoul d b e interprete d wit h 
caution .  Despit e thi s limitation ,  th e conclusio n w e dra w 
fro m thi s wor k i s tha t  bot h cognitiv e abilit y  an d studen t 
activitie s ar e importan t  fo r  scienc e achievement .  Moreover , 
i t  i s  importan t  t o develo p way s t o promot e reading ,  an d 
interes t  i n reading,  a s wel l  a s way s t o increas e cours e 
involvement .  Thes e findings  als o recommend  tha t  parent s 
shoul d pla y a n activ e rol e i n educatin g childre n t o balanc e 
thei r  T V viewin g an d academi c endeavors .  Finally ,  th e 
result s sugges t  th e nee d fo r  th e developmen t  an d 
implementatio n o f  strategie s t o promot e metacognitiv e 
awareness . 
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Abstrac t 

Current theories of reasoning propose that reasoning is 
governe d b y tw o systems :  consciou s an d unconscious . 
Consciou s processin g direct s analytica l  thinkin g an d 
result s i n correc t  responding ,  whil e unconsciou s 
processin g employ s heuristic s tha t  ofte n lead s t o poo r 
perfonnanc e i n deductiv e reasonin g tasks .  Th e presen t 
stud y use s a  classi c propositiona l  tas k t o examin e th e 
propertie s tha t  distinguis h consciou s from  unconsciou s 
reasoning .  Overall ,  th e stud y di d no t  fm d suppor t  fo r 
dissociabl e reasonin g systems .  Instead ,  th e fmding s 
sugges t  tha t  th e feature s exclusivel y attribute d t o eac h 
system ,  b y dua l  reasonin g theorists ,  wer e equall y 
applicabl e t o both . 

Dual Process Theories 

At  presen t  ther e ar e thre e theorie s o f  reasonin g tha t 
hav e divide d th e proces s int o unconsciou s an d 
consciou s components :  Evan s an d Ove r  s  (1996 )  Dua l 
proces s theory ;  Sloman s s  (1966 )  T w o system s theor y 
an d Stanovic h an d Wes t  s  (2000 )  T w o system s theory . 
Stanovic h an d Wes t  (1998 )  presen t  a  summar y o f  th e 
genera l  attribute s tha t  distinguis h consciou s fro m 
unconsciou s reasonin g processes .  The y propos e tha t 
unconsciou s processe s ar e inaccessible ,  automatic , 
inert ,  non-declarative ,  an d non-verbalizable ,  whil e 
consciou s processe s ar e accessible ,  controllable , 
declarative ,  an d verbalizable .  T h e differen t 
characteristic s als o impl y tha t  th e tw o reasonin g 
system s serv e differen t  purposes ,  resul t  i n differen t 
responses ,  an d encod e informatio n differently .  M a n y 
studie s develope d t o investigat e th e differen t  system s 
originat e fro m W a s o n s  (1966 )  conditiona l  reasonin g 
task .  O n e reaso n fo r  thi s i s  tha t  th e genera l  error s 
individual s m a k e whe n solvin g thi s tas k hav e bee n th e 
impetu s fo r  attributin g unconsciou s mechanism s t o 
reasoning .  Th e ai m o f  th e presen t  stud y i s t o examin e 
th e dua l  processe s theorie s characterizatio n o f 
deductiv e reasonin g usin g W a s o n s  (1966 )  conditiona l 
reasonin g task . 

W a s on (1966 )  develope d a  tas k (hereafte r  Waso n s 
selectio n task )  tha t  ha s n o w becom e th e mainsta y o f 
studie s investigatin g deductiv e reasoning .  I t  involve s a 
conditiona l  statemen t  i f  ther e i s a  vowe l  o n on e sid e o f 
th e card ,  the n ther e i s a n eve n numbe r  o n th e othe r 
sid e .  Participant s ar e tol d tha t  the y hav e t o discove r 

whethe r  th e statemen t  i s tru e b y selectin g card s t o tur n 
ove r  from  a n arra y o f  fou r  (e.g. ,  E ,  K ,  2 ,  an d 5) ,  whic h 
ar e represente d i n logica l  notatio n a s (P ,  'P ,  Q ,  'Q) . 
The correc t  solutio n require s th e selectio n o f  th e E  (P ) 
and S  C Q )  cards ,  becaus e onl y thi s combinatio n 
provide s a  mean s o f  confirmin g an d falsifyin g th e 
statement .  Typically ,  onl y a  smal l  proportio n o f 
participant s solv e th e tas k correctl y (e.g. ,  5-10%) ,  whil e 
most  choos e a  rang e o f  alternativ e car d combinations , 
th e mos t  popula r  o f  whic h i s E  (P )  an d 4  (Q) . 

The appea l  o f  thi s tas k come s from  th e robus t  result s 
i t  generates ,  i n particula r  th e regularit y wit h whic h E 
an d 4  card s ar e selected .  Th e matchin g bia s theor y 
propose d b y Evan s (1972 )  an d Evan s an d Lync h (1973 ) 
i s th e mos t  accepte d explanatio n o f  thi s phenomenon . 
The y propos e tha t  instea d o f  triggerin g reasonin g 
processe s th e selectio n tas k incite s participant s t o 
simpl y matc h thei r  car d choice s wit h thos e name d i n th e 
statement .  Evan s (1972 )  develope d a  paradig m t o 
examin e thi s b y presentin g participant s negate d 
version s o f  th e statement .  H e foun d tha t  participant s 
stil l  selecte d P  an d Q  card s irrespectiv e o f  th e presenc e 
of  negation s i n th e statement ,  thu s leadin g t o th e 
conclusio n tha t  th e selectio n tas k i s solve d usin g simpl e 
heuristics .  A  mor e detaile d accoun t  propose d b y Waso n 
and Evan s (1975 )  explain s th e underlyin g processe s tha t 
motivat e matchin g behavior .  The y suggeste d tha t 
reasonin g i s comprise d o f  tw o dissociate d processes , 
on e o f  whic h i s unconsciou s an d base d o n quick-fi x 
strategie s tha t  ar e guide d b y particula r  preference s fo r  a 
respons e (i.e. ,  biases) .  Th e secon d proces s i s consciou s 
and rationalize s behavior ,  som e o f  whic h th e reasone r 
has littl e contro l  over .  Thes e proposal s wer e base d o n 
finding s from  protocol s studie s (Evan s &  Wason ,  1976 ; 
W a s on &  Evans ,  1975) ,  whic h require d participant s t o 
provid e justification s fo r  thei r  car d selections . 
Participant s showe d a  lac k o f  awarenes s o f  th e actua l 
processe s involve d i n selectin g cards ,  an d 
rationalization s o f  thei r  behavio r  wer e foim d t o b e 
independen t  o f  thei r  actua l  car d selections . 

Followin g from  Waso n an d Evan s protoco l  studies ,  a 
variet y o f  technique s hav e bee n develope d t o uncove r 
unconsciou s reasonin g processe s e.g. ,  transfe r  task s 
(e.g. ,  Berry ,  1983) ,  an d attentiona l  biase s (Evans ,  1996 ; 
Evans ,  Bal l  &  Brooks ,  1987 ;  Roberts ,  1997 ;  Robert s & 
Newton ,  2001) . 
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The finding s fro m som e o f  thes e design s sugges t  tha t 
th e characteristic s attribute d exclusivel y t o on e o r  othe r 
of  th e tw o type s o f  reasonin g proces s ar e inaccurate . 
For  instance ,  Berr y (1983 )  reporte d tha t  participant s 
possesse d insigh t  int o th e processe s motivatin g thei r 
car d selections ,  an d tha t  thi s knowledg e contribute d t o 
transfe r  o f  correc t  respondin g acros s differen t  version s 
of  th e selectio n task .  Thi s conflict s wit h th e proposa l 
tha t  individual s lac k awarenes s o f  th e processe s tha t 
contribut e t o solvin g th e selectio n task ,  an d tha t 
protocol s ar e actuall y pos t  ho c rationalization s o f  car d 
choice s (Evan s an d Wason ,  1975) . 

The Present Study 

The objective of this study is to examine three of the 
claim s mad e b y th e dua l  proces s theorie s o f  reasoning . 

Evans ,  Bal l  an d Brook s (1987 )  measure d th e orde r  i n 
whic h card s wer e selecte d an d rejected ;  the y foun d tha t 
decision s wer e mad e earlie r  fo r  car d selection s tha n 
rejections .  The y propose d tha t  th e reason s fo r  thi s ar e 
th e resul t  o f  unconsciou s biase s tha t  motivat e 
participant s t o focu s thei r  attentio n o n card s tha t  matc h 
thos e name d i n th e statement .  However ,  attentiona l  bia s 
has bee n inferre d fro m measure s o f  decisio n 
making/car d selectin g behavior .  Ther e hav e bee n a 
number  o f  studie s tha t  hav e investigate d aspect s relate d 
t o attentiona l  bia s (e.g. ,  Evans ,  1996 ;  Evans ,  Bal l  & 
Brooks ,  1987 ;  Dominowski ,  1995 ;  Roberts ,  1998 ; 
Robert s &  Newton ,  2001) ,  an d i n genera l  th e finding s 
ar e mixed .  On e o f  th e objective s o f  thi s stud y i s t o 
examin e th e predictio n tha t  attentio n i s firs t  directe d t o 
card s tha t  ar e selecte d first .  Furthermore ,  ther e ha s bee n 
no direc t  attemp t  t o tr y an d separat e ou t  attentiona l 
processe s fro m decisio n makin g processes ,  an d th e 
presen t  stud y attempt s t o remed y this . 

The thre e dua l  proces s theorie s characteriz e 
unconsciou s processin g a s inflexible ,  an d thi s propert y 
has bee n use d t o accoun t  fo r  th e poo r  rat e o f  correc t 
respondin g followin g tutorin g o n conditiona l  reasonin g 
(e.g. ,  Waso n &  Johnson-Laird ,  1970 ;  Waso n & 
Shapiro ,  1971) .  Th e presen t  stud y investigate s thi s 
effec t  b y includin g a  tutorin g sessio n i n th e experimen t 
and measurin g th e exten t  t o whic h performanc e i s 
improvemen t  i n subsequen t  version s o f  th e selectio n 
task . 

Stanovic h an d Wes t  (2000 )  describ e th e emergenc e 
of  individua l  difference s withi n th e tw o reasonin g 
systems .  The y sugges t  tha t  matche d car d selection s ar e 
motivate d b y th e sam e unconsciou s bias ,  whic h als o 
implie s tha t  unconsciou s processe s ar e ubiquitou s an d 
not  subjec t  t o variation .  B y contrast ,  individua l 
difference s occu r  durin g consciou s processin g becaus e 
participant s hav e overcom e th e tendenc y t o selec t 
matche d cards ,  an d hav e base d thei r  car d choice s fro m 
thei r  ow n construa l  o f  th e statement ,  whic h i n tur n 

result s i n a  variet y o f  construal s an d therefor e car d 
combinations.  However ,  thi s i s a  rathe r  circula r 
argument ,  sinc e evidenc e o f  individua l  difference s i s 
supporte d b y th e vie w tha t  the y onl y emerg e durin g 
consciou s processing ,  an d similarly ,  consciou s 
processin g i s identifie d b y th e selectio n o f  card s tha t  ar e 
not  matche d t o th e rule .  Thi s stud y examine s th e 
occurrenc e o f  individua l  difference s i n car d selectin g 
behavio r  durin g differen t  conditions . 

M e t h o d 

The presen t  stud y combine s a  serie s o f  method s 
designe d t o examin e unconsciou s reasonin g tha t  hav e 
not  bee n use d i n combinatio n i n previou s studie s o f  th e 
selectio n task .  Thre e technique s i n particula r  hav e bee n 
adapte d fo r  th e purpose s o f  thi s study . 

Robert s an d Newto n (2001 )  develope d a  rapi d 
respons e tas k (hereafte r  R R T )  tha t  limite d consciou s 
analyti c processin g i n orde r  t o encourag e automati c 
respondin g i n th e selectio n task .  Durin g thi s tas k 
participant s wer e show n th e exampl e card s fo r  1 
second ,  an d aske d t o respon d ye s o r  n o dependin g 
on whethe r  the y woul d selec t  th e car d o r  not .  I n th e 
presen t  stud y participant s wer e aske d t o stud y a 
statement ,  whic h base d o n th e typica l  presentatio n o f 
th e conditiona l  statemen t  i n standar d version s o f  th e 
selectio n task .  Then ,  participant s wer e expose d t o th e 
fou r  card s A  K  4  an d 7  serially ,  fo r  9 0 msec . 
The y wer e the n aske d t o decid e afte r  eac h car d 
presentatio n whethe r  the y woul d selec t  th e car d o r  not , 
and tol d t o respon d a s quickl y a s possible .  Participant s 
wer e als o aske d t o rat e ho w confiden t  the y wer e o f  thei r 
decisio n o n a  1- 7 poin t  scal e ( 1 no t  confident ,  an d 7 
highl y confident) .  On e proble m tha t  ha s pervade d thi s 

typ e o f  desig n i s tha t  whil e participant s ar e lookin g a t 
th e card s the y ar e als o considerin g thei r  selection ,  s o i t 
i s  har d t o infe r  attentiona l  biase s whe n th e measur e 
migh t  b e contaminate d b y decisio n makin g processe s a s 
wel l  (Roberts ,  1997) .  I t  shoul d b e note d tha t  th e presen t 
stud y doe s no t  clai m tha t  th e metho d elicit s 
unconsciou s processing ,  onl y tha t  i t  encourage s 
attentiona l  biases ,  an d attempt s t o separat e the m fro m 
decisio n makin g processes . 

Thi s stud y als o include s a  tutorin g sessio n an d use s 
some o f  th e technique s develope d b y Gree n an d 
Larkin g (1995) .  I n th e presen t  stud y participant s wer e 
aske d t o imagin e wha t  wer e th e possibl e outcome s o n 
th e undersid e o f  eac h o f  th e fou r  card s whe n the y 
turne d the m over .  Participant s wer e als o aske d t o 
sugges t  wha t  implication s th e outcome s woul d hav e fo r 
th e conditiona l  statement .  Afte r  this ,  th e experimente r 
explaine d th e concep t  o f  materia l  implicatur e an d th e 
necessit y o f  falsificatio n i n orde r  t o solv e th e selectio n 
tas k correctly . 
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A generatio n tas k wa s use d t o measur e th e exten t  t o 
whic h participant s understood  th e concept s the y wer e 
introduce d t o durin g th e tutorin g session .  Thi s desig n 
was originall y use d b y va n Duyn e (1976 )  an d late r 
incorporate d int o a  stud y b y Legrcnz i  (1980) .  Th e 
genera l  forma t  o f  thi s tas k use s a  conditiona l  statemen t 
but  n o give n premise s (e.g. ,  i f  ,  the n .) ,  an d 
participant s ar e require d t o generat e thei r  o w n 
statement ,  devis e th e examples ,  an d the n tes t  th e 
statement . 

Participants 

Forty-eigh t  graduat e an d undergraduat e student s fro m 
Brune i  Universit y too k par t  i n th e experiment .  Eac h 
participan t  wa s screene d fo r  prio r  knowledg e o f  th e 
selectio n task .  The y wer e assigne d randoml y t o on e o f 
th e 4 8 possibl e permutation s o f  th e fou r  card s 
presentation s i n th e RRTs . 

Procedure 

In the present study each participant completed the six 
tasks ,  al l  o f  whic h wer e variation s o f  th e standar d 
abstrac t  selectio n task .  Participant s wer e require d t o 
solv e th e task s i n th e sam e orde r  startin g wit h th e first 
R RT (Tas k 1) ,  3  version s o f  th e abstrac t  selectio n tas k 
presente d i n a  bookle t  (Task s 2-4) ,  followe d b y a 
tutorin g session ,  a  secon d R R T (Tas k 5) ,  an d finally, 
th e generatio n tas k (Tas k 6) .  Th e instruction s i n th e 
secon d R R T tas k wer e identica l  t o th e first  wit h 
exceptio n o f  th e actua l  letter s an d numbers ,  an d th e 
orde r  i n whic h the y wer e presente d fo r  eac h participant . 

Resu l t s 

Card Selections 

Tabl e 1  report s th e fi-equencies  o f  al l  th e card s 
combination s selecte d i n eac h o f  th e si x tasks .  A  log -
linea r  analysi s wa s favore d ove r  Pearso n s  chi-square d 
i n orde r  t o determin e statistica l  regularitie s i n th e data . 

The followin g analyse s o f  car d selectin g behavio r 
acros s task s ar e base d o n a  collapse d versio n o f  Tabl e I . 
Thi s include d separat e frequencie s fo r  th e mai n car d 
selection s [P ,  P  Q ,  P  ~ Q ,  Q ,  P  Q  ~ Q ] ,  whil e th e 
remainin g figures  wer e classe d a s residuals .  Significan t 
difference s wer e foun d betwee n th e frequencie s o f  car d 
combination s selecte d i n th e si x tasks ,  G ^  =  180.32 0 
(25) ,  p < .0001 .  O n close r  inspectio n ther e wer e n o 
significan t  difference s betwee n card s selecte d i n th e 
thre e task s presente d i n th e bookle t  (Task s 2-4) ,  G ^  (8 ) 
= 7.960 ,  p>.43 ,  whic h suggest s tha t  th e sourc e o f 
differenc e wa s base d specificall y o n response s t o th e 
R R Ts an d th e generatio n task . 

Tabl e 1 :  Frequencie s o f  car d selection s fo r  eac h o f  th e 
si x task s 

p 
PQ 
P~P 
P~Q 
~P 
~ P ~Q 
~PQ 
P ~ P Q~ 

Q 
P~PQ 
P Q ~Q 
P~P~Q 

Q 
~Q 
9~q 

Tas k 
1 

12 
17 
1 
0 
4 
1 
0 
2 

2 
2 
2 
2 
0 
3 

Tas k 
2 
4 
34 
0 
1 
1 
0 
0 
1 

0 
0 
0 
7 
0 
0 

Tas k 
3 
3 

37 
1 
0 
0 
2 
0 
0 

0 
0 
0 
4 
1 
0 

Tas k 
4 
5 

37 
0 
1 
0 
2 
0 
0 

0 
0 
0 
3 
0 
0 

Tas k 
5 
14 
6 
2 
13 
0 
0 
2 
0 

2 
6 
1 
0 
0 
2 

Tas k 
6 
4 
8 
2 
17 
0 
1 
0 
1 

1 
11 
2 
0 
0 
1 

Participant s car d selection s i n bot h R R T s wer e 
compared ,  thi s reveale d a  highl y significan t  differenc e 
betwee n th e tw o tasks ,  G ^  (12 )  =  32.28 ,  p < .001 .  A 
compariso n betwee n th e frequenc y o f  card s selecte d i n 
th e secon d R R T ,  an d th e proceedin g generatio n tas k 
reveale d n o significan t  difference ,  G ^  (4 )  =  8.257 ,  p .  > 
.08 .  Thus ,  th e response s t o bot h task s presente d afte r 
tutorin g wer e no t  statisticall y different .  A  furthe r 
analysi s betwee n car d choice s fo r  th e first  R R T an d it s 
proceedin g tas k (th e first  bookle t  task )  showe d ther e 
was a  highl y significan t  difference ,  G ^  (5 )  =  28.315 ,  p < 
.0005 . 

Analyzin g correc t  car d choice s acros s th e si x tas k 
reveale d tha t  significantl y mor e correc t  response s wer e 
made i n task s afte r  th e tutorin g session ,  tha n precedin g 
it ,  G ^  (5 )  =  63.013 ,  p < .0001 ,  thu s suggestin g tha t 
tutorin g facilitate d correc t  responding . 

Decision Latencies 

The m e a n decisio n time s fo r  car d selection s an d 
rejection s betwee n th e tw o R R T s wer e compared .  Thi s 
analysi s showe d ther e wa s n o significan t  difference ,  G ^ 
(1 )  =  0.354 ,  p  > .  55 .  A n analysi s base d onl y o n decisio n 
times  o f  participant s choosin g th e P  an d Q  card s i n bot h 
R R Ts wa s conducted ,  a  summar y o f  th e mea n decisio n 
time s fo r  car d selection s an d rejection s i s presente d i n 
Tabl e 2 . 
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Tabl e 2 :  Mea n decisio n time s fo r  card s selecte d (PQ ) 
and rejecte d ('P'Q )  i n R R T 1  an d R R T 2 

Car d 
selection s 

Card 
rejection s 

R R T1 R R T 2 
10051.5 0 8999.8 3 
msec mse c 

9665.5 9 
msec 

8877.9 4 
msec 

Ther e wa s n o significan t  differenc e betwee n decisio n 
time s fo r  rejecte d an d selecte d cards ,  G ^  (1 )  =  1.513 , 
p>.2I .  A  fiirther  analysi s wa s carrie d ou t  o n response s 
t o individua l  cards .  A  2  (respons e type :  selectio n vs . 
rejection )  x  4  (car d type :  P ,  'P ,  Q ,  'Q )  analysi s o f 
varianc e ( A N O V A )  reveale d n o significan t  mai n effec t 
fo r  respons e typ e i n th e first  R R T l ,  F  (1 ,  46 )  =  .003 , 
M SE =  61776.125 ,  p>.95 ,  an d th e sam e wa s foun d fo r 
RRT2,  F  (1 ,  46 )  =  1.302 ,  M S E =  28899003 ,  p>.337 . 
Ther e wa s als o n o significan t  mai n effec t  fo r  car d typ e 
fo r  RRTl ,  F  (3 ,  138 )  =  .803 ,  M S E =  91337103 ,  p>.504 , 
and RRT2 ,  F  (3 ,  138 )  =  .817 ,  M S E =  7774520 ,  p>.506 . 
Finally ,  ther e wa s n o significan t  interactio n betwee n 
respons e type s an d car d typ e fo r  eithe r  tasks ,  RRT l  F 
(3 ,  138 )  =  1.538 ,  M S E =  14650821 ,  p>.230 ,  an d R R T 2 
F (3 ,  138 )  =  1.928 ,  M S E =  19278503 ,  p>.196 .  Thes e 
finding  sugges t  tha t  ther e i s n o differenc e betwee n th e 
decisio n time s fo r  card s selecte d an d rejecte d an d doe s 
not  suppor t  Evans ,  Bal l  an d Brook s (1987 )  clai m tha t 
participant s mak e earlie r  decision s fo r  card s the y select . 

Alon g wit h measurement s o f  decisio n times , 
confidenc e rating s fo r  eac h decisio n mad e wer e 
recorded .  Th e overal l  rating s wer e no t  significantl y 
differen t  acros s bot h tasks ,  G ^  (42 )  =  48.043 ,  p>.24 , 
fimher  analyse s wer e carrie d ou t  comparin g bot h R R T s 
base d o n rating s fo r  individua l  cards .  Ther e wa s n o 
significan t  differenc e betwee n th e rating s fo r  th e P  card , 
G^  (6 )  =  5.218 ,  p>.5 ;  ' P card ,  G ^  (6 )  =  4.065 ,  p>.5 ; 
and th e ' Q card ,  G ^  (6 )  =  3.112 ,  p>.5 .  Howeve r 
participant s responde d wit h highe r  confidenc e rating s 
fo r  th e Q  car d i n th e secon d R R T compare d t o th e first 
R R T,  an d thi s wa s statisticall y significant ,  G ^  (6 )  = 
15.929 ,  p < .01 . 

Analyse s o f  confidenc e rating s betwee n RRT s an d 
withi n eac h R R T ,  fo r  bot h rejecte d an d selecte d cards , 
reveale d significan t  difference s onl y fo r  th e Q  card . 
Participant s wer e significantl y mor e confiden t  whe n 
decidin g t o selec t  th e Q  card ,  G ^  (6 )  =  15.209 ,  p< .  01 , 
and t o rejec t  it ,  G ^  (6 )  =  13.055 ,  p<.0 5 i n th e secon d 
R RT whic h proceede d tutoring .  I n th e selectio n tas k 
literatur e th e Q  car d ha s bee n though t  t o generat e 
misunderstandings ,  whic h m a y accoun t  fo r  th e 
significan t  result s foun d fo r  confidenc e an d latenc y 
measure s base d o n thi s card . 

Tutorin g 

Durin g th e tutorin g session s participant s wer e aske d t o 
conside r  th e possibl e outcome s (i.e. ,  true ,  false )  fo r  th e 
statemen t  base d o n informatio n represente d o n th e 
undersid e o f  eac h card .  Thi s techniqu e wa s use d t o 
gaug e participant s initia l  understanding s o f  th e 
statemen t  an d cards . 

Al l  th e participant s assesse d th e statemen t  correctl y 
accordin g t o th e outcome s o f  informatio n represente d 
on th e undersid e o f  th e P  card .  Th e majorit y o f 
participant s reporte d tha t  eac h outcom e fi-om  turnin g 
th e ' P car d wa s irrelevan t  an d ha d n o consequence s fo r 
th e statement ,  whic h i s a n incorrec t  assumption .  Wit h 
th e exceptio n o f  one ,  th e remainde r  believe d tha t 
turnin g th e Q  car d t o revea l  a  P  woul d impl y tha t  th e 
statemen t  wa s true ,  whic h i s als o a  commonl y hel d 
misconception .  Approximatel y hal f  correctl y assume d 
tha t  discoverin g a  P  o n th e undersid e o f  th e ' Q car d 
woul d sugges t  th e statemen t  wa s false . 

I n sum ,  participant s hav e a  correc t  understandin g o f 
th e P  card ,  an d the y als o appreciat e tha t  th e ' Q car d ca n 
falsif y th e statement ,  bu t  misunderstan d it s relevance , 
evidence d i n it s  absenc e fi-om  mos t  participant s car d 
choice s prio r  t o tutoring .  Th e Q  car d wa s th e mos t 
mistmderstood ,  an d directl y relate d t o participant s 
difficult y i n appreciatin g tha t  a  bi-conditiona l 
interpretatio n (e.g. ,  i f  an d onl y i f  ther e i s a  vowel ,  the n 
ther e i s a n eve n number ,  whic h als o implie s tha t  i f 
ther e i s a n eve n number ,  the n ther e i s a  vowel )  coul d 
not  b e assume d fo r  th e conditiona l  statement . 

The dat a fi-om  th e tutorin g session s als o sugges t  tha t 
participant s misunderstanding s o f  th e card s di d no t 
correspon d t o previou s response s i n th e bookle t  (Task s 
2-4) .  T o illustrate ,  approximatel y 7 5 % o f  participant s 
selecte d th e P Q car d combinatio n i n th e booklet ,  th e 
correspondin g misconceptio n entail s assumin g tha t 
tximin g a  Q  car d an d discoverin g a  P  woul d als o verif y 
th e statement ,  an d tha t  turnin g th e sam e car d ove r  t o 
revea l  a  ' P woul d i n tur n sugges t  th e statemen t  wa s 
false .  However ,  comparin g participant s prio r  car d 
selection s reveale d tha t  the y displaye d a  variet y o f 
misconceptions ,  an d ther e wa s n o significan t 
relationshi p betwee n particula r  car d choice s (i.e. ,  P  an d 
Q)  an d it s correspondin g misinterpretation . 

Discussion 
The presen t  stud y investigate d unconsciou s deductiv e 
processe s base d o n th e claim s mad e b y th e thre e 
theories ,  an d th e findings  strongl y impl y tha t  th e 
characterisatio n o f  unconsciou s processe s i s inaccurate . 
The findings  als o challeng e th e exten t  t o whic h 
unconsciou s an d consciou s processe s ca n b e considere d 
as dissociated .  However ,  i t  coul d b e argue d tha t  th e 
presen t  stud y di d no t  adequatel y demonstrat e 
unconsciou s reasonin g processes ,  an d thi s i s th e reaso n 
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w hy th e claim s wer e no t  supported .  Certainl y ther e i s 
some doub t  ove r  wha t  th e method s use d presentl y 
actuall y demonstrate ,  bu t  i t  wa s though t  tha t  th e mos t 
appropriat e metho d o f  examinin g th e proposal s o f  dua l 
proces s theorie s wa s t o us e simila r  type s o f  tas k 
designs ,  th e finding s o f  whic h th e theorie s hav e use d t o 
siq̂ por t  thei r  claims . 

Card Selections in the Rapid Response Tasks 
T h e R R T task s wer e designe d t o separat e ou t 
attentiona l  processe s fro m decisio n makin g processes . 
Thus ,  th e brie f  exposur e o f  th e card s di d no t  allo w 
participant s t o thin k abou t  selectin g card s whil e 
viewin g them .  Th e les s restricte d interva l  fo r  choosin g 
enable d participant s t o reflec t  o n thei r  choice s unde r 
some degre e o f  uncertaint y a s t o wha t  card s the y saw . 

The analyse s suggeste d tha t  participant s differe d i n 
thei r  car d selection s durin g R R T s .  I f  unconsciou s 
processe s ar e inflexible ,  the n ther e shoul d b e a 
correspondenc e betwee n th e card s selecte d i n bot h 
R R T s,  an d tutorin g shoul d hav e n o effect ,  howeve r  thi s 
was no t  foun d i n th e presen t  study .  Instead ,  th e finding s 
sugges t  tha t  tutorin g influence d reasonin g processe s 
employe d i n restricte d a s wel l  a s i n fre e tim e tasks , 
implyin g tha t  unconsciou s processe s ar e no t  inflexible . 

Comparison s betwee n car d choice s i n th e firs t  R R T 
and it s proceedin g task ,  whic h wa s a  fre e tim e versio n 
presente d i n th e booklet ,  reveale d significan t 
differences .  Furthermore ,  17/4 8 participant s selecte d 
matche d car d selection s unde r  restricte d tim e 
conditions ,  compare d t o 34/4 8 i n th e firs t  bookle t  task . 
I f  matche d car d selection s ar e indicativ e o f  unconsciou s 
reasonin g processe s the n th e proportio n o f  matche d 
car d selection s shoul d b e th e sam e fo r  bot h tasks .  17/4 8 
participant s selecte d th e sam e car d combination s i n th e 
firs t  R R T an d th e firs t  bookle t  task ,  (compare d wit h 
24/4 8 consisten t  car d selection s betwee n th e secon d 
R RT an d th e generatio n task) ,  however ,  13/1 7 
participant s selecte d matche d card s i n thes e tasks . 
Whil e th e late r  resul t  lend s som e suppor t  t o dua l 
proces s theorist s vie w o f  matche d car d selections ,  th e 
othe r  finding s reporte d her e provid e a  stronge r  cas e 
agains t  thei r  proposals . 

Decifion Latendei 
Attentiona l  bia s ha s bee n propose d a s a n explanatio n 
fo r  th e longe r  latencie s foun d fo r  card s selecte d tha n 
rejecte d i n inspectio n tim e studie s (e.g. ,  Evans ,  1996 ; 
Evans ,  Ball ,  &  Brook ,  1987) .  Th e presen t  finding s 
sugges t  tha t  participant s decisio n time s wer e no t 
markedl y differen t  fo r  differen t  type s o f  car d selectin g 
decisions .  Ther e were ,  however ,  difference s betwee n 
overal l  response s latencie s i n th e R R T s .  Participant s 
m a de quicke r  decision s durin g th e secon d R R T 
compare d t o th e first.  Th e tutorin g participant s receive d 
befor e th e secon d R R T m a y hav e influence d thi s result . 

becaus e the y wer e bette r  informe d abou t  th e tas k 
requirements .  Furthermore ,  ther e wer e n o difference s 
betwee n th e tw o R R T s base d o n confidenc e ratings . 
However ,  th e onl y significan t  differenc e wa s foun d fo r 
rating s o f  th e Q  card ,  participant s wer e mor e confiden t 
of  thei r  decision s durin g th e secon d R R T compare d t o 
th e first .  On e reaso n fo r  thi s ma y hav e bee n th e tutorin g 
receive d prio r  t o th e secon d R R T ,  suggestin g tha t  a n 
increas e i n understandin g als o result s i n a n increas e i n 
confidence . 

Tutoring 
Ther e hav e bee n m a n y example s o f  unsuccessfu l 
attempt s t o tuto r  participant s o n conditiona l  reasonin g 
(e.g. .  Wason ,  1968 ;  W a s o n &  Johnson-Laird ,  1970 ; 
W a s on &  Shapiro ,  1971) .  W a s o n (1968 )  first 
introduce d remedia l  procedure s o r  'therapies '  t o invok e 
insigh t  int o th e task .  Johnson-Lair d an d Waso n (1970 ) 
propose d tha t  participant s faile d t o solv e th e tas k 
correctl y becaus e ther e wa s a  disassociatio n betwee n 
participant s selectio n an d evaluatio n processes .  Waso n 
and Johnson-Lair d (1970 )  suggeste d tha t  selectin g i s a n 
activ e proces s an d occur s immediatel y befor e 
evaluatio n becaus e th e evaluatio n proces s i s effortfu l 
and mor e cognitivel y demanding . 

The lac k o f  transfe r  reporte d i n tutorin g studie s ha s 
bee n use d t o demonstrat e dissociation s betwee n 
consciou s an d unconsciou s reasonin g processes . 
Participant s inabilit y  t o adop t  n e w concepts ,  take n 
togethe r  wit h th e fac t  tha t  the y rever t  t o previou s car d 
choices ,  typicall y P  an d Q ,  sugges t  tha t  eithe r  th e 
method s o f  tutorin g ar e inadequate ,  o r  th e processe s 
guidin g car d selection s i n th e abstrac t  tas k ar e 
inflexible .  Th e result s fro m th e presen t  experimen t 
challeng e bot h views . 

A reductio n i n th e proportio n o f  matche d car d 
choice s (i.e. ,  P  Q )  followin g hitoring ,  an d a n increas e i n 
correc t  car d selection s (i.e. ,  P~Q )  sugges t  tha t  mtorin g 
was effective ,  an d tha t  participant s reasonin g processe s 
ar e no t  inflexible .  Also ,  individua l  difference s wer e 
reveale d i n th e tutorin g session ,  indicatin g tha t 
participant s hel d a  variet y o f  misconception s o f  th e 
statemen t  an d th e cards ,  whic h wer e correcte d 
followin g tutoring .  Moreover ,  man y participant s di d no t 
shar e th e sam e misconceptions  despit e havin g selecte d 
th e sam e car d combination s i n previou s tasks .  Thus ,  th e 
selectio n o f  P  an d Q  card s doe s no t  impl y tha t 
participant s hav e th e sam e understandin g o f  th e cards , 
or  tha t  the y ar e employin g th e sam e underlyin g 
reasonin g process . 

Conclusions 

The findings  fro m thi s stud y d o no t  suppor t  th e claim s 
made b y dua l  proces s theorie s o f  reasoning .  However ,  i t 
i s  no t  possibl e t o rul e ou t  th e possibilit y  tha t 
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unconsciou s processe s ar e involve d i n reasoning .  Thi s 
cautionar y approac h i s base d o n problem s concernin g 
methodology .  Th e technique s use d t o expos e 
unconsciou s reasonin g processe s ar e no t  sufficientl y 
refine d t o decid e whethe r  th e descriptio n o f  th e 
processe s i s inaccurat e an d tha t  unconsciou s processe s 
ar e stil l  present ,  o r  whethe r  ther e ar c actuall y n o 
unconsciou s processe s i n reasoning . 
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Abstrac t 

Human sound systems are invariably phonemically 
coded ,  whic h mean s tha t  ther e ar e part s o f  syl -
lable s tha t  ar e re-use d i n othe r  syllables .  I t  i s 
one o f  th e mos t  primitiv e compositiona l  syste m i n 
language .  T o explai n thi s phenomenon ,  ther e ex -
iste d s o fa r  thre e kind s o f  approache s :  "Chom -
skyan"/cognitiv e innatism ,  morpho-perceptua l  in -
natis m an d th e mor e recen t  approac h o f  "languag e 
as a  comple x cultura l  syste m whic h adapt s unde r 
th e pressur e o f  eflScien t  communication" .  W e pro -
pose d i n (Oudeye r  2002 )  a  ne w hypothesi s base d 
on a  low-leve l  mode l  o f  sensory-moto r  interactions , 
characterize d b y th e absenc e o f  functiona l  pressur e 
and th e us e o f  ver y generi c neura l  devices .  Thi s 
pape r  present s a  unifie d mode l  o f  th e origin s o f  syl -
labl e system s whic h doe s allo w a  compariso n o f  th e 
differen t  hypothesi s o n th e sam e ground .  W e sho w 
tha t  ou r  hypothesi s i s th e onl y on e t o b e sufficient , 
and tha t  al l  other s ar e no t  necesary .  Moreover ,  th e 
model  w e presen t  th e first  tha t  show s ho w a  popula -
tio n o f  agent s ca n buil d culturall y a  comple x soun d 
system s withou t  th e assumptio n tha t  the y alread y 
shar e a  phonenu c repertoire . W h at  doe s explai n phonemicall y 

code d syllabl e system s ? 

Human soun d system s hav e ver y particula r  proper -
ties .  Perhap s th e mos t  baai c  i s tha t  the y ar e phone -
micall y coded .  Thi s mean s tha t  syllable s ar e com -
pose d o f  re-usabl e parts .  Thes e ar e calle d phonemes . 
Thus ,  syllable s o f  a  languag e ma y loo k rathe r  lik e la , 
li ,  na ,  ni ,  bla ,  bli ,  et c .. .  tha n lik e la ,  ze ,  fri ,  won ,  et c 
... .  Thi s migh t  see m unavoidabl e fo r  u s w h o hav e a 
phoneti c writin g alphabet ,  bu t  i n fac t  ou r  vocj J trac t 
allow s t o produc e syllabl e system s i n whic h eac h syl -
labl e i s holisticall y code d an d ha s n o part s whic h i s 
als o use d i n anothe r  syllable .  Yet ,  a s oppose d t o 
writin g system s fo r  whic h ther e exist s bot h "pho -
netic "  codin g an d hoUstic/pictographi c codin g (fo r 
e.g .  Chinese) ,  al l  h u m c m language s ar e invariabl y 
phonemicall y coded . 

T h e questio n i s  the n :  W h y i s  thi s s o ?  H o w 
di d i t  appea r  ?  W h a t  ar e th e genetic ,  glosso -
genetic/cultural ,  an d ontogeneti c component s o f  thi s 
formatio n proces s ?  Thes e question s ar e o f  particu -
lei r  interes t  an d generaUt y sinc e phonemi c codin g i s a 

for m o f  primitiv e compositionality .  Compositional -
it y i s  though t  t o b e th e keyston e o f  syntax ,  an d thu s 
understandin g ho w i t  appeare d migh t  hel p a  lo t  t o 
understan d syntacti c language s whic h mak e hmnan s 
unique .  Severa l  approjwiie s hav e ahead y bee n pro -
pose d i n th e literature . 

T h e firs t  one ,  know n a s th e "post-structurailist " 
Chomskia n view ,  defend s th e ide a tha t  ou r  genom e 
contain s som e sor t  o f  progra m whic h i s suppose d t o 
gro w a  lamguag e specifi c  neura l  devic e (th e so-cjJle d 
Languag e Acquisitio n Device )  whic h know s a  prior i 
al l  th e algebrai c structure s o f  language .  Thi s con -
cern s £l1 1 aspect s o f  language ,  rangin g fi:o m synta x t o 
phonetic s (Chomsk y an d Halle ,  1968) .  I n pzuticula r 
thi s neura l  devic e i s suppose d t o kno w tha t  sylla -
ble s ar e compose d o f  phoneme s whic h ar e m a d e u p 
by th e combinatio n o f  a  fe w binar y feature s lik e th e 
nasalit y o r  th e roundedness .  Learnin g a  particula r 
languag e onl y amount s t o th e tunin g o f  a  fe w param -
eter s lik e th e o n o r  of f  stat e o f  thes e features .  I t  i s 
importan t  t o not e tha t  i n thi s approach ,  th e iimat e 
knowledg e i s completel y cognitive ,  an d n o referenc e 
t o morpho-perceptua l  propertie s o f  th e h u m a n artic -
ulator y an d perceptua l  apparatuse s appears .  Thi s 
vie w i s becomin g mor e an d mor e incompatibl e wit h 
neuro-biologica l  findings  (whic h hav e basicall y faile d 
t o find  a  L A D ) ,  an d genetics/embryolog y whic h ten d 
t o sho w tha t  th e genom e ca n no t  contai n specifi c  an d 
detaile d informatio n fo r  th e growt h o f  s o comple x 
neura l  devices . 

Anothe r  approac h i s tha t  o f  "morpho-perceptual " 
iimatists .  The y argu e (Steven s 1972 )  tha t  th e prop -
ertie s o f  h u m a n articulator y an d perceptua l  sys -
tem s explai n totall y th e propertie s o f  soim d systems . 
Mor e precisely ,  thei r  theor y relie s o n th e fac t  tha t 
th e mappin g betwee n th e articulator y spac e an d th e 
acousti c an d the n perceptua l  space s i s highl y non -
linea r  :  ther e ai e a  numbe r  o f  "plateaus "  sepaurate d 
by shar p boundaries .  Eajc h platea u i s suppose d t o 
naturall y defin e a  category .  Henc e i n thi s view , 
phonemi c codin g an d phonem e inventorie s ar e di -
rec t  consequence s o f  th e physica l  propertie s o f  th e 
body .  Yet ,  i t  seem s tha t  ther e ar e flaws  t o thi s 
vie w :  first  o f  all ,  i t  give s a  poo r  accoun t  o f  th e 
grea t  diversit y tha t  characteriz e h u m a n languages . 
Al l  human s hav e approximatel y th e sam e articu -
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latory/perceptua l  mapping ,  an d ye t  differen t  lan -
guag e conununitie s us e differen t  system s o f  rate -
gories .  O n e coul d imagin e tha t  i t  i s  becaus e som e 
"plateaus"/natura l  categorie s ar e jus t  lef t  unuse d i n 
certai n languages ,  bu t  perceptua l  experiment s (Kuh l 
2000 )  hav e show n tha t  ver y ofte n ther e ar e shar p 
perceptua l  non-linejuritie s i n som e par t  o f  th e soun d 
spac e fo r  peopl e speakin g languag e LI ,  correspond -
in g t o boundarie s i n thei r  categor y system ,  whic h 
ar e no t  perceive d a t  al l  b y peopl e speakin g anothe r 
languag e L2 .  Thi s meams fo r  instanc e tha t  Japanes e 
speaker s canno t  hea r  th e differenc e betwee n th e "1 " 
i n "lead "  aui d th e "r "  i n "read" .  A s a  consequence , 
i t  seem s tha t  ther e ar e n o natura l  categories .  Thi s 
pape r  wil l  provid e quantitativ e evidenc e tha t  th e 
morpho-perceptua l  innatis m hypothesi s i s no t  a  sat -
isfyin g candidate . 

A mor e recen t  approac h propose s tha t  th e phe -
nomena w e ar e intereste d i n com e fro m self -
organizatio n processe s unde r  functiona l  pressure s 
occurrin g mainl y a t  th e cultura l  an d ontogeneti c 
scale .  Th e basi c ide a i s tha t  soun d system s ar e 
goo d solution s t o th e proble m o f  finding  a n effi -
cien t  communicativ e syste m give n articulatory ,  per -
ceptua l  an d cognitiv e constraints .  A n d goo d solu -
tion s ar e characterize d b y th e regularitie s tha t  w e 
tr y t o explain ,  i n particula r  phonemi c coding .  Thi s 
approac h wa s initiall y  defende d b y (Lindblo m 1992 ) 
w ho showe d fo r  exampl e tha t  i f  on e optimize s th e 
energ y o f  vowe l  system s a s define d b y a  compro -
mis e betwee n articulator y cos t  an d perceptua l  dis -
tinctiveness ,  on e finds  system s whic h ar e phonemi -
call y code d whic h mean s tha t  som e target s compos -
in g syllable s ar e re-use d (not e tha t  Lindblo m presup -
pose s tha t  syllable s ar e sequence s o f  targets ,  whic h 
we wil l  d o als o i n thi s paper) .  Yet ,  thes e result s 
wer e obtaine d wit h ver y low-dimensionz d ain d dis -
cret e spaces ,  cin d i t  remain s t o b e see n i f  the y remai n 
vaUd whe n on e deal s wit h realisti c spaces . 

Thes e experiment s wer e a  brejikthroug h a s com -
pare d t o innatist s theories ,  bu t  provid e unsatisfy -
in g hypothetica l  explanation s :  indeed ,  the y rel y o n 
expUci t  optimizatio n procedures ,  whic h neve r  occu r 
as suc h i n nature .  Ther e ar e n o Uttl e scientist s i n 
th e hea d o f  human s whic h mak e calculation s t o find 
out  whic h vowe l  syste m i s cheaper .  Rather ,  natu -
ra l  processe s adap t  an d self-organize .  Thus ,  Lind -
blom' s mode l  doe s no t  reall y provid e explanations , 
and on e ha s t o find  th e processe s wliic h forme d thes e 
soun d systems ,  an d ca n b e viewe d onl y a  posteri -
or i  a s optimizations .  Thi s ha s bee n don e fo r  th e 
question s o f  vowe l  inventorie s reguleiritie s :  indeed , 
i n spit e o f  th e fac t  tha t  ou r  voca l  trac t  allow s u s 
t o produc e thousjind s o f  differen t  vowels ,  language s 
of  th e worl d us e rarel y mor e tha n 1 0 o f  them ,  an d 
most  ofte n 5  o f  them .  Moreover ,  aunon g thes e ac -
tuall y use d vowels ,  som e o f  the m appea r  ver y ofte n 
(e.g .  [a] ,  [i ]  o r  [u ]  i n 8 9 percen t  o f  languages )  an d 
other s ar e ver y rar e (e.g .  [y]) .  Lindblo m propose d 

a mode l  whic h agai n optimize d moto r  an d percep -
tua l  constraints ,  whic h predicte d thes e regularities . 
(d e Boe r  2001 )  develope d a n explanator y mode l  i n 
whic h th e basi c processe s whic h d o produc e real -
isti c vowe l  system s ar e imitatio n behavior s amon g 
humans/agents .  H e buil t  a  computationa l  mode l 
whic h consiste d o f  a  societ y o f  agent s playin g cul -
turall y th e so-calle d "imitatio n game" .  Agent s wer e 
give n a  physica l  mode l  o f  th e voca l  tract ,  a  mode l 
of  th e cochlea ,  an d a  simpl e prototyp e base d cogni -
tiv e memory .  (Oudeye r  2001b )  extende d thi s mode l 
by lettin g agent s produc e comple x utterance s (syl -
lables) ,  an d showe d ho w realisti c phonotacti c reg -
ularitie s (e.g .  th e sonorit y hiereu-ch y principle ,  th e 
hig h occurrenc e o f  C V syllables ,  etc.. )  coul d emerg e 
withou t  bein g explicitl y  programme d in .  Yet ,  a s fa r 
as phonemi c codin g i s concerned ,  whic h i s th e fo -
cu s o f  interes t  i n thi s paper ,  (Oudeye r  2001b )  doe s 
not  provid e explanation s :  possibl e phoneme s tha t 
agent s ca n us e wer e pre-give n an d phonemi c codin g 
wer e pre-programmed .  Ther e i s clearl y a  nee d t o ex -
ten d thi s mode l  b y no t  givin g initiall y  a  limite d an d 
discret e se t  o f  possibl e phoneme s an d b y no t  cod -
in g i n phonemi c coding .  Thi s i s wha t  w e ar e goin g 
t o presen t  i n thi s paper .  Interestingly ,  th e solutio n 
wil l  rel y o n a  mode l  b y (Oudeye r  2002 )  whic h wa s 
initiall y  develope d t o explor e th e las t  hypothesi s o f 
phonemi c coding . 

Indeed ,  (Oudeye r  2002 )  i s s o fau :  th e onl y trul y 
explanator y mode l  fo r  th e phenomeno n o f  phone -
mi c coding .  Th e hypothesi s i t  propose s i s tha t 
phonemi c codin g migh t  b e a  non-functiona l  conse -
quenc e o f  sensory-moto r  coupling .  "Non-functional " 
means tha t  a s oppose d t o model s presente d i n las t 
pau-agraph ,  ther e i s n o pressur e o f  efficien t  c o m m u -
nication .  Phonemi c coding ,  whic h i s indee d use -
fu l  t o develo p efficien t  communicatio n system ,  ye t 
woul d no t  hav e appezu'e d fo r  thi s tas k bu t  m a y 
hav e bee n recruite d onl y afterwards ,  bein g availabl e 
"b y chance "  :  thi s kin d o f  phenomeno n i s some -
time s calle d "exaptationism" .  Th e mode l  i s a t  a 
lower-leve l  tha n other s sinc e i t  use s neura l  corti -
cal  maps ,  an d thei r  dynamics ,  couplin g perceptio n 
an d action ,  provide s on e explanatio n fo r  phonemi c 
coding .  (Oudeye r  2002 )  explaine d tha t  thi s mode l 
was no t  incompatibl e wit h functiona l  model s suc h 
as (d e Boe r  2000 ,  Oudeye r  2001b) ,  bu t  rathe r  coul d 
be a  possibl e manne r  t o bootstra p imitatio n games . 
Thi s i s wha t  w e ax e goin g t o sho w i n thi s pape r  b y 
integratin g (Oudeye r  2001b )  an d (Oudeye r  2002) . 
A proble m appeare d i n previou s researc h whe n on e 
trie d t o hav e agent s pla y imitatio n game s wit h com -
ple x uttereince s :  ther e wer e tw o levels ,  i.e .  th e leve l 
of  articulator y targets/phonemes ,  an d th e leve l  o f 
syllable s (sequence s o f  phonemes) .  Wit h simpl e bi -
nar y feedb£u; k signal ,  i t  wa s difficul t  t o kno w wha t 
kin d o f  error s on e agent s m a y hav e don e :  wron g 
number  o f  phoneme s ?  righ t  numbe r  bu t  on e i s 
badl y imitate d ?  on e phonem e i s unknow n ?  o r 
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i s  thi s th e ne w comple x soun d whic h i s unknow n ? 
I n th e mode l  presente d here ,  thes e problem s disap -
pear  sinc e th e lo w leve l  o f  targets/phoneme s work s 
withou t  supervision .  Finally ,  th e mode l  i s flexible 
enoug h t o allo w a n implementatio n o f  al l  th e non -
cognitiv e innatis t  hypothesis '  :  morpho-perceptua l 
innatism ,  functionalis m o f  Lindblom ,  an d exapta -
tionis m o f  Oudeyer . 

We wil l  first  presen t  a n overvie w o f  th e mode l  i n 
(Oudeye r  2002) ,  the n exten d i t  s o a s t o unif y i t  wit h 
(Oudeye r  2001b) ,  an d fin2dl y sho w ho w th e tunin g 
of  som e psurameter s 2illow s t o instantiat e th e variou s 
hypothesi s concernin g th e origin s o f  phonemi c cod -
ing .  The n w e wil l  presen t  result s evaluatin g eac h 
hypothesis . 

The coupled neural maps model 

The mode l  i s base d o n topologica l  neura l  maps . 
Thi s typ e o f  neura l  networ k ha s bee n widel y use d 
fo r  m a n y model s o f  cortica l  map s (Morass o e t  al. , 
1998) .  I t  relie s o n tw o neuroscientifi c  findings  (Geor -
gopoulo s 1988 )  :  o n th e on e hand ,  fo r  eac h neu -
ron/receptiv e field  i n th e m a p ther e exis t  a  stimulu s 
vecto r  t o whic h i t  respond s maximall y (an d th e re -
spons e decrease s whe n stimul i  ge t  furthe r  fro m thi s 
vector )  ;  o n th e othe r  hand ,  from  th e se t  o f  activi -
tie s o f  al l  neuron s a t  a  give n m o m e n t  on e ca n pre -
dic t  th e perceive d stimulu s o r  th e moto r  output ,  b y 
computin g wha t  i s terme d th e populatio n vecto r  (se e 
Georgopoulo s 1988 )  :  i t  i s  th e su m o f  al l  preferre d 
vector s o f  th e neuron s ponderate d b y thei r  activity . 
W h en ther e ar e m a n y neuron s an d th e preferre d vec -
tor s ar e uniforml y sprea d acros s th e space ,  th e pop -
ulatio n vecto r  correspond s accuratel y t o th e stimu -
lu s tha t  gav e rise  t o th e activitie s o f  neurons ,  whil e 
when th e distributio n i s inhomogeneous ,  som e im -
precision s appear .  (Oudeye r  2001a )  showe d tha t  thi s 
imprecisio n allow s t o explai n th e well-know n phe -
nomenon o f  "perceptua l  magne t  effect "  (Kuh l  2000) , 
whic h i s a  perceptua l  warpin g o f  th e acousti c space . 
Moreover ,  th e neura l  map s ar e recurrent ,  an d thei r 
relaxatio n consist s i n iteratin g th e coding/decodin g 
wit h th e populatio n vecto r  :  th e imprecisio n couple d 
wit h positiv e feedbac k loo p formin g neuro n cluster s 
provide s well-defin e non-trivici l  attraw;tor s whic h ca n 
be interprete d a s (phonemic )  categories . 

Ther e ar e tw o neura l  map s :  on e articulator y 
whic h represent s th e moto r  space ,  an d on e acous -
ti c whic h represen t  th e perceptua l  space .  Th e tw o 
maps ar e full y  connecte d t o eac h othe r  wit h sym -
metri c weights .  Thes e weight s ar e suppose d t o rep -
resen t  th e correlatio n o f  eictivit y betwee n neurons , 
an d allo w t o perfor m th e doubl e directio n acous -
tic/articulator y mapping .  The y ar e learn t  wit h a 
hebbia m leaunin g rule . 

Th e networ k i s initiall y  m a d e b y initializin g th e 
preferre d vector s o f  neuron s t o rando m vector s fol -
lowin g a  unifor m distribution .  Par t  o f  th e initia l 
stat e ca n b e visuahze d b y plottin g al l  th e preferre d 

vector s a s i n on e o f  th e uppe r  square s o f  figure  1 
whic h represent s th e acousti c map s o f  tw o agent s 
(th e perceptua l  spac e i s 2-dimensional ,  an d point s 
represent s th e preferre d vector s o f  neurons) .  On e 
ca n als o visualiz e th e initia l  attractor s o f  th e acous -
ti c neura l  map s :  th e lowe r  square s o f  figure  1  sho w 
examples ,  i n whic h eac h arro w ha s it s endin g poin t 
bein g th e populatio n code d vecto r  afte r  on e itera -
tio n o f  th e relaxatio n rul e wit h initia l  activatio n o f 
neuron s correspondin g t o th e populatio n vecto r  rep -
resente d a s th e beginnin g o f  th e arrow .  W h a t  on e 
ca n notic e i s tha t  initially ,  attractor s ar e few ,  trivia l 
an d rando m (mos t  ofte n ther e i s onl y one) . 

The n ther e i s a  learnin g mechanis m use d t o up -
dat e th e weights/preferre d vector s i n th e tw o neura l 
maps whe n on e agen t  hear s a  soun d stimulu s whic h 
i s represente d b y a  tempora l  sequenc e o f  featur e vec -
tors ,  typicall y correspondin g t o th e formant s o f  th e 
soun d a t  a  moment  t  (formzmt s ar e th e frequencies 
fo r  whic h ther e i s a  pea k i n th e powe r  spectrum) . 
For  eac h o f  thes e featxu- e vectors ,  th e activatio n o f 
th e neuron s i n th e acousti c m a p i s computed ,  whic h 
propagate s t o th e moto r  map .  Then ,  eac h neuro n 
of  eac h m a p i s update d s o a s t o b e a  littl e bi t  mor e 
responsiv e t o th e perceive d inpu t  nex t  tim e i t  wil l 
occu r  (whic h mean s tha t  thei r  preferre d vector s ar e 
shifte d toward s th e perceive d vectors) . 

Th e agent s i n thi s mode l  produc e dynami c artic -
ulations .  Thes e cur e generate d b y choosin g N  auticu -
lator y targets ,  an d the n usin g a  contro l  mechanis m 
whic h drive s th e articulator s successivel y t o thes e 
targets .  I n th e experiment s presente d here ,  N = 3 fo r 
sak e o f  simplicity .  Th e choic e o f  th e articulator y tar -
get s i s m a d e b y eictivatin g successivel y Jin d randoml y 
3 neuron s o f  th e articulator y map .  Thei r  preferre d 
vector s cod e fo r  th e articulator y configuratio n o f  th e 
tju-get .  Finally ,  gaussia n nois e i s introduce d jus t  be -
for e sendin g th e targe t  value s t o th e contro l  system . 
By default ,  th e varianc e o f  th e gaussia n equal s 5  per -
cen t  o f  th e exten t  o f  eac h articulator y dimension . 

W h en a n articulatio n i s  performed ,  a  mode l  o f 
th e voca l  trac t  i s  use d t o comput e th e correspond -
in g acousti c trajectory .  Ther e ar e tw o models .  Th e 
first  on e i s abstrac t  an d serve s a s a  tes t  mode l  t o 
see whic h propertie s ar e du e t o th e particula r  shap e 
of  th e articulatory/acousti c mappin g an d whic h ar e 
not .  Thi s i s simpl y a  rando m linea r  mappin g be -
twee n h e jirticulator y spac e an d th e acousti c space . 

Th e secon d mode l  i s  realisti c i n th e sens e tha t 
i t  reproduce s th e himia n articulator y t o perceptua l 
mappin g concernin g th e productio n o f  vowels .  W e 
model  onl y vowel s her e fo r  sak e o f  computationa l  ef -
ficiency.  T h e thre e majo r  vowe l  articulator y param -
eter s ar e use d :  (Ladefoge d an d Maddieson ,  1996 ) 
tongu e height ,  tongu e positio n an d U p rounding .  T o 
produc e th e acousti c outpu t  o f  a n articulator y con -
figuration,  a  simpl e mode l  o f  th e voca l  trac t  wa s 
used ,  a s describe d i n (d e Boer ,  2000) ,  whic h gener -
ate s th e first  an d secon d effectiv e formant s whic h ar e 
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k n o w n t o represen t  wel l  h u m a n perceptio n o f  vow -
el s (d e Boer ,  2000) .  Thi s mode l  doe s no t  allo w t o 
dea l  wit h consonants ,  bu t  i s  enoug h t o investigat e 
at  leas t  th e phonemi c codin g o f  vowe l  targets . 

The experiment presented consists in having a 
populatio n o f  agent s (typicall y 2 0 agents )  w h o ar e 
goin g t o interac t  throug h th e productio n an d per -
ceptio n o f  sounds .  T h e y ar e endowe d wit h th e neu -
ra l  syste m an d on e o f  th e articulator y synthesizer s 
describe d previously .  T h e y interac t  b y pair s o f  tw o 
:  a t  eac h round ,  on e agen t  i s  chose n randoml y an d 
produce s a  dynami c articulatio n accordin g t o it s ar -
ticulator y neura l  m a p a s describe d ejirlier .  Thi s pro -
duce s a  sound .  T h e n anothe r  r a n d o m agen t  i s  cho -
sen ,  perceive s th e sound ,  an d update s it s neura l  m a p 
wit h th e learnin g rul e describe d earlier . 

Let us describe first what we obtain when agents 
us e th e abstrac t  articulator .  Initially ,  a s th e recep -
tiv e fields  o f  neuron s ar e randoml y an d uniforml y 
distribute d acros s th e space ,  th e differen t  target s 
tha t  compos e th e production s o f  agent s ai e als o ran -
doml y an d imiforml y distributed .  W h a t  i s  ver y in -
teresting ,  i s tha t  thi s initie d stat e situatio n i s no t  sta -
bl e :  rapidly ,  agent s ge t  i n a  situatio n lik e o n figures 
2 whic h correspond s t o figures  1  afte r  100 0 interac -
tion s i n a  populatio n o f  2 0 agents .  Thes e show s tha t 
th e distributio n o f  receptiv e fields  i s no t  anymor e 
unifor m bu t  clustered .  T h e associate d poin t  attrac -
tor s ar e n o w several ,  ver y well-defined ,  an d non -
trivial .  Moreover ,  th e receptiv e fields  distributio n 
an d attractor s ar e approximatel y th e sjim e fo r  al l 
agents .  Thi s mean s tha t  n o w th e target s tha t  agent s 
us e belon g t o on e o f  well-define d clusters ,  an d more -
ove r  ca n b e classifie d automaticall y a s suc h b y th e 
relaxatio n o f  th e network .  I n brief ,  agent s produc e 
phonemicall y code d sounds .  T h e cod e i s th e sam e 
fo r  al l  agent s a t  th e en d o f  a  simulation ,  bu t  differen t 
acros s simulation s du e t o th e inheren t  stochasticit y 
of  th e process . 

Now, (Oudeyer 2002) showed that when you use 
th e realisti c articulator y synthesizer ,  yo u ge t  addi -
tionall y vowe l  system s (define d a s th e se t  o f  poin t 
attractors )  whic h d o follo w ver y wel l  th e tendencie s 
observe d i n h u m a n languages .  A s a  consequence , 
thi s mode l  propose s an d sho w th e plausibilit y  o f  th e 
hypothesi s :  phonemi c codin g an d th e existenc e o f 
share d categorica l  system s migh t  b e a  resul t  o f  th e 
dynauni c propertie s o f  ver y generi c neura d tissue s 
(th e sam e m a p s ca n b e use d fo r  hand-ey e coordi -
natio n fo r  instance) ,  bu t  whic h particula r  categorie s 
appea r  i s du e t o th e particula r  shap e o f  th e articu -
lator y t o perceptua l  mappin g (bu t  thi s alon e i s no t 
necessar y fo r  phonemi c coding ,  an d w e wil l  argu e 
her e tha t  i s i t  als o no t  suflacient) . 

*  M # 
'.-• '  '  ••" '  • . 

•.  * 
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Figur e 1 :  Acousti c 2- D neura l  map s a t  th e beginnin g 
(top) ,  an d associate d populatio n vecto r  functio n (bot -
tom )  fo r  tw o agent s 

I n teg ra t i o n w i t h i n a  func t i ona l  m o d e l 

o f  t h e origin s o f  syl labl e s y s t e m s 

I n th e couple d neura l  map s model ,  ther e wa s n o 
share d repertoir e o f  comple x soun d categorizatio n 
whic h wa s constructed .  Obviously ,  whe n on e agen t 
woul d hea r  a  comple x utterance ,  th e perceptua l  tra -
jector y woul d g o throug h zone s o f  th e spac e eac h be -
longin g t o th e basi n o f  attr£u;tio n o f  a  category .  Bu t 
thi s doe s no t  allo w t o decod e appropriatel y fo r  in -
stanc e comple x utterance s mad e o f  articulator y tar -
get s whos e basin s o f  attraction s ar e no t  conne x :  th e 
interpolatio n takin g plac e durin g th e actua l  articu -
latio n wil l  lea d t o airticulator y an d perceptua l  tra -
jector y w h o g o throug h basin s o f  attractio n o f  cate -
gorie s whic h d o no t  correspon d t o an y o f  th e initia l 
targets .  A s a  consequence ,  i f  on e want s t o hav e a 
model  o f  th e origin s o f  syllabl e systems ,  i t  i s  nec -
essar y t o ad d anothe r  mechanism .  Her e thi s mech -
anis m wil l  b e jus t  th e on e describe d i n (Oudeye r 
2001b) ,  an d a s oppose d t o th e couple d neura l  maps , 
i s functional . 

Basically ,  agent s ar e goin g t o pla y th e imitatio n 
game (d e Boe r  2000) .  The y posses s th e tw o neu -
ra l  map s presente d earlier ,  whic h wor k i n th e sam e 
manner .  Additionally ,  eac h o f  the m hav e repertoire s 
of  syllable s (her e sequence s o f  N = 3 targets) ,  an d 
one gam e consist s i n havin g on e agent ,  th e speedcer , 
choos e on e o f  it s items ,  the n utte r  it ,  an d the n hav e 
anothe r  rando m agent ,  th e hearer ,  tr y t o imitat e i t 
by producin g th e closes t  syllabl e i n it s repertoire . 
Afte r  th e imitation ,  th e speake r  categorize s th e ut -
teranc e h e hear d an d check s i f  i t  correspond s t o th e 
categor y o f  th e syllabl e h e pronoimce d initially .  H e 
the n give s a  binar y (goo d o r  bad )  feedbac k t o th e 
hearer .  Th e item s o f  thei r  memorie s hav e score s 
(niun .  o f  time s use d successfull y /  num .  o f  tune s 
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F i g u r e 2 :  Neura l  m a p s a n d attractor s afte r  100 0 inter -
actions ,  correspondin g t o th e intia d state s o f  figure  1 ) 
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used) .  Thi s i s use d t o prun e th e syllable s whic h ar e 
not  efficient .  Initiedly ,  repertoire s ax e empty .  The y 
gro w eithe r  b y imitatio n (agent s hea r  a  syllabl e tha t 
the y ca n no t  imitat e an d ye t  hav e use d a  usuall y effi -
cien t  syllabl e prototype) ,  o r  b y invention .  Inventin g 
a syllabl e consis t  i n choosin g randoml y N = 3 target s 
by activatin g thre e ramdo m neuron s o f  th e aurticula -
tor y m a p .  A s th e receptiv e field  o f  thes e neiu-on s 
«ir e initiall y  uniforml y sprea d acros s th e space ,  in -
vention s a t  th e beginnin g o f  simulation s wil l  produc e 
syllable s whos e target s ar e uniforml y sprea d acros s 
th e space .  Thi s mean s exactl y no n phonemicall y 
coded . 

Thi s mode l  ca n b e tune d t o sho w tha t  onl y ou r 
non-functiona l  hypothesi s i s plausibl e i n a  realisti c 
explanator y settin g :  thi s ca n b e don e b y usin g a 
realisti c synthesize r  o r  not ,  couple d wit h th e abiUt y 
t o deactivat e th e learnin g rul e o f  neurci l  m a p s (neu -
ron s d o no t  updat e thei r  receptiv e fields  whe n the y 
perceiv e a  stimulus) .  I f  th e us e o f  a  realisti c  syn -
thesize r  wit h a  deaictivate d learnin g rul e doe s no t 
provid e phonemi c coding ,  thi s doe s sho w tha t  th e 

Dlh»dp̂ < ••vah*igiij«p « Oitihi m 

Figur e 4 : 

morpho-innatis t  hypothesi s i s no t  sufficient ,  an d a s 
(Oudeye r  2002 )  showe d i t  wa s no t  necessar y either , 
th e conclusio n i s tha t  thi s i s no t  a  goo d candidat e 
(i n fact ,  her e w e woul d sho w eve n mor e :  th e combi -
natio n o f  morpho-perceptua l  constraint s an d func -
tionalis m i s no t  sufficient) .  I f  w e us e a n abstrac t 
8)Tithesize r  wit h a  deactivate d learnin g rule ,  the n i f 
we d o no t  ge t  phonemi c coding ,  Lindlom' s function -
alis m i s no t  sufficien t  eithe r  (an d again ,  w e showe d 
i t  wa s no t  necessary) .  Then ,  i f  eac h tim e w e acti -
vat e th e learnin g rul e w e d o ge t  phonemi c coding , 
thi s wil l  confir m th e plausibilit y  o f  th e exaptationis t 
hypothesi s o f  (Oudeye r  2002) . 

A measur e o f  phonemi c codin g o f  a  syllabl e sys -
tem s wa s develope d i n (Oudeye r  2002) .  Thi s con -
sist s i n makin g model s o f  th e distribution s o f  targets , 
base d o n parze n window s :  a t  point s correspondin g 
t o a  th e crossing s o f  a  regula r  grid ,  on e approxi -
mate s th e loca l  probabilit y  densit y fimctio n b y aver -
agin g th e value s o f  a  gaussia n functio n (centere d o n 
thi s point )  take n a t  al l  point s code d b y eac h targets . 
Thi s  i s ver y simila r  t o makin g multi-dimensiona l  his -
tograms ,  £m d countin g h o w m a n y target s faJ l  i n eac h 
bin .  Yet ,  usin g gaussian s give s a  fuzz y binnin g whos e 
choic e o f  varianc e i s m u c h easie r  tha n th e choic e o f 
bi n siz e i n th e cas e o f  histogrjmis .  Thi s approxima r 
tio n i s use d t o comput e th e entrop y o f  targe t  dis -
tribution s :  i f  the y ar e uniforml y spread ,  entrop y 
i s maximal ,  an d th e mor e the y ax e clustered ,  th e 
lowe r  th e entropy .  Thus ,  thi s i s a  wa y t o automat -
icjill y  monito r  th e clusterednes s o f  targets ,  an d s o 
ho w m u c h a  syste m i s phonemicall y coded . 

A first  serie s o f  experimen t  ̂  wa s conducte d wit h 
th e abstrac t  articulator y synthesizer .  A  first  pa -
ramete r  tha t  coul d b e varie d (apar t  from  th e us e 
or  no t  o f  th e learnin g rule) ,  wa s th e dimensional -

l̂e t  u s mentio n tha t  th e mechanis m describe d her e 
does allo w th e cultura l  buildin g o f  a  syllabl e system s wit h 
whic h agent s ca n imitat e eac h othe r  successfully .  Result s 
identica l  t o wha t  wa s describe d i n (Oudeye r  2001 )  wer e 
foim d here .  Thi s i s a  significan t  progres s compare d t o 
othe r  othe r  model s o f  th e origin s o f  soun d systems ,  bu t 
we wil l  no t  giv e detail s her e sinc e i t  i s no t  th e mai n topi c 
thi s pape r 
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it y o f  th e m o t o r  a n d perceptua l  spaces .  Indeed , 
thi s i s  interestin g sinc e th e goa l  o f  agent s i s t o po -
sitio n syllabl e prototype s i n thes e space s suc h tha t 
the y ar e no t  confused .  Hence ,  th e fac t  tha t  increas -
in g linezurl y th e n u m b e r  o f  dimension s doe s increas e 
exponentiall y th e v o l u m e o f  th e space s migh t  hav e 
s o me consequences .  Figiir e 3  present s th e averag e 
entropie s o f  syllable s system s c o m p o s e d o f  4 0 sylla -
bles ,  a n d generate d b y population s o f  agent s usin g 
or  no t  th e learnin g rule .  Fo r  eac h case ,  5 0 experi -
men t s wer e ra n an d th e m e a n entrop y an d standar d 
deviatio n wer e measures .  W e adde d a  "uniform " 
co lum n correspondin g t o th e entrop y o f  syllabl e sys -
tem s targe t  distribution s generate d randoml y (uni -
forml y distributed) .  T h e value s o f  "uniform "  thu s 
characteriz e syllabl e system s whic h ar e absolutel y 
no t  phonemicall y coded .  W e d o observ e tha t  ex -
cep t  fo r  dimensio n 1  (whic h i s no t  ver y realistic) , 
th e us e o f  th e learnin g rul e doe s generat e phone -
micall y code d system s whil e w h e n i t  i s  no t  used , 
system s hav e entropie s equa l  t o th e unifor m cas e : 
the y ar e no t  phonemicedl y coded .  A  secon d se t  o f 
experiment s consiste d i n keepin g th e dimensionalit y 
of  mo to r  an d perceptua l  space s equa l  t o 2  ain d se e 
whethe r  th e a m o u n t  o f  nois e wou l d chang e anj^thin g 
(nois e prove d t o b e o f  importanc e i n th e experiment s 
of  d e Boe r  2000) .  Figur e 4  show s tha t  eve n a  larg e 
a m o u nt  o f  nois e (3 0 percent )  doe s no t  pus h th e sys -
t e m t o b e phonemicall y code d w h e n i t  doe s no t  las e 
th e learnin g rule ,  whil e usin g i t  stil l  give s phone -
micall y code d system s w h e n nois e get s hig h (ye t  i t 
become s les s an d les s phonemicall y coded ,  whic h i s 
norma l  sinc e w h e n th e nois e i s t o high ,  thi s i s equiv -
alen t  t o reshufflin g permanent l y an d completel y al l 
targets) . 

A secon d serie s o f  simila r  experiment s wer e m a d e 
usin g th e realisti c articulator y sjTithesizer .  Figur e 5 
show s th e results ,  w h e n nois e i s agai n varie d :  w e se e 
tha t  eve n i f  a  reailisti c  synthesiz e i s used ,  n o phone -
mi c codin g i s  obtaine d i f  th e learnin g rul e i s no t 
used .  A n d again ,  a s soo n a s i t  i s  used ,  a n d i f  th e 
nois e remain s reasonable ,  w e d o ge t  p h o n e m i c cod -
ing . 

A s a  consequence ,  neithe r  morpho-perceptua l  in -
natis m no r  functionjilis m i s  sufficien t  t o explai n 
phonemi c coding . 

Conclusion 

(Oudeye r  2002 )  presente d a  ne w h)T)othesi s fo r  th e 
origin s o f  phonemi c coding ,  whic h ha A th e a  pri -
or i  advantag e o f  bein g mor e simpl e an d requirin g 
les s assumption s tha n othe r  models .  I n thi s pa r 
per  w e presente d a  genera l  mode l  o f  th e origin s o f 
syllabl e systems ,  whic h i n additio n t o solv e th e 2 -
leve l  problem s face d b y previou s researc h i n th e ori -
gin s o f  soun d systems ,  allow s t o tes t  al l  hypothesi s 
on a  c o m m o n ground .  W e showe d tha t  clearl y th e 
morpho-perceptua l  innatis m an d Lindblom' s func -
tionalis m ar e neithe r  necessar y no r  sufficien t  t o ex -

fir* ) 

Figur e 5 : 

plai n p h o n e m i c coding .  W e di d no t  prov e tha t 
the non-functional side effects of our coupled neural 
m a ps m o d e l  ar e necessar y (bu t  a  bette r  hypothesi s 
has to be invented jmd vaUdated to prove they are 
not), but they are sufficient, and so the only existing 
satisfyin g candidat e t o explai n p h o n e m i c coding . 
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Abstrac t 

In terms of their semantic and pragmatic properties, 
number  expression s {one ,  two .  three... )  hav e standardl y 
been considere d simila r  t o quantifier s (some ,  a  few ,  all) . 
For  instance ,  bot h kind s o f  expressio n for m a  scale ; 
typically ,  a n assertio n containin g a  weake r  member  o f 
th e scal e {Some/Tw o o f  th e dwarf s love d Sno w White ) 
can b e use d t o implicat e tha t  th e stronge r  ter m o f  th e 
scal e doesn' t  appl y (No t  all/N o mor e tha n tw o o f  th e 
dwarf s love d Sno w White) .  W e repor t  her e result s fro m 
tw o experiment s wit h youn g speaker s o f  M o d e m Gree k 
whic h suppor t  th e opposit e conchision :  namely ,  tha t 
number  term s an d quantifier s behav e differentl y i n term s 
of  th e scala r  inference s the y support .  W e discus s 
impUcation s o f  thes e findings  fo r  linguisti c theorie s o f 
th e semantics/pragmatic s o f  numerals ,  a s wel l  a s fo r 
developmenta l  theorie s o f  th e acquisitio n o f  numbe r 
words . 

Introduction 

I n term s o f  thei r  semanti c an d pragmati c properties , 
number  expression s (one ,  two ,  three... )  hav e standardl y 
bee n considere d a s scala r  expression s simila r  t o 
quantifier s (some ,  a  few ,  all) .  Semantically ,  bot h 
numera b an d quantifier s hav e bee n assigne d a n 'a t 
least "  meanin g (Horn ,  1972 ;  Grice ,  1989) :  o n thi s 
'minimalist '  analysis ,  tw o mean s a t  leas t  tw o an d som e 
means som e (an d possibl y all) .  Pragmatically ,  bot h 
numeral s an d quantifier s ca n b e use d t o giv e ris e t o so -
calle d scala r  implicatures .  Suc h implicature s aris e 
w h en a  speake r  use s a  wea k m e m b er  o f  th e numerica l 
or  quantificationa l  scal e i n orde r  t o implicat e tha t  th e 
stronge r  ter m o f  th e scal e doe s no t  hold .  Fo r  instance , 
an utteranc e suc h a s (1 )  i s typicall y use d t o implicat e 
(2) : 

(1) Some/Two of the dwarfs loved Snow White. 
(2 )  No t  all/N o mor e tha n tw o o f  th e dwarf s love d 

S n o w White . 

The denvation of scalar implicatures is generally 
assume d t o follo w Gricea n lines :  fo r  instance ,  i f  th e 
speake r  kne w tha t  th e mor e informativ e statemen t  wit h 
al l  (o r  a  highe r  numeral )  wer e tru e an d relevant ,  othe r 

thing s bein g equal ,  s/h e woul d hav e preferre d t o us e it . 
Th e fac t  tha t  s/h e didn' t  offer s ground s fo r  assumin g 
tha t  suc h a  mor e informativ e statemen t  isn' t  true . 

Mor e recently ,  severa l  objection s hav e bee n raise d 
t o th e vie w tha t  th e scala r  semantic/pragmati c profil e o f 
numeral s i s  identica l  t o tha t  o f  quantifier s (Carston , 
1985 ;  1998 ;  Horn ,  1992) .  First ,  i t  ha s bee n observe d 
tha t  cardinals ,  bu t  no t  'inexact '  quantifiers ,  ca n featur e 
i n contextuall y induce d reversal s o f  scale :  i n (3) ,  thre e 
i s use d t o communicat e a t  mos t  three : 

(3) These houses are big enough for families with three 
kids . 

But it is not possible to use some in a similar way (e.g. 
t o implicat e a t  mos t  some) .  Second ,  numbe r  term s ar e 
regularl y use d wit h a n 'exact '  interpretatio n i n 
mathematica l  statement s (Tw o plu s thre e make s five),  a 
fac t  whic h i s  har d t o reconcil e wit h a n 'a t  least ' 
semantic s fo r  numeral s (unles s w e assum e tha t 
cardinal s ar e ambiguous) .  Third ,  th e scala r  propertie s o f 
numeral s disappea r  unde r  incorporation :  a  four-side d 
figure  ha s exactl y (no t  a t  least )  fou r  sides .  Finally , 
approximatio n seem s t o wor k differentl y wit h 
numerals :  /  hav e $30 0 i s mor e likel y t o receiv e a n 'a t 
least '  interpretatio n tha n it s unrounde d counterpar t  / 
hav e $300.17 .  Fo r  thes e an d relate d reasons ,  i t  ha s bee n 
propose d tha t  cardinal s are ,  i n fact ,  distinc t  fro m othe r 
scala r  expressions .  Accordin g t o thes e proposals , 
numeral s d o no t  hav e a n 'a t  least '  semantic s upper -
bounde d b y a  scala r  implicature ;  rather ,  the y ar e bes t 
analyze d a s underspecifie d amon g a n 'a t  least' ,  'exact ' 
and 'a t  most '  reading .  Pragmati c consideration s the n ar e 
use d t o determin e whic h readin g i s mor e appropriat e i n 
a specifi c  context . 

Ther e i s b y n o w a  vas t  linguisti c literatur e whic h 
attempt s t o adjudicat e betwee n th e 'minimalist '  proposa l 
and alternativ e theorie s fo r  numbe r  term s (fo r  reviews , 
see Carston ,  1998 ;  Levinson ,  2000) .  Th e outcom e o f 
thi s debat e i s  important ,  sinc e theorie s o f  scala r 
predicatio n ar e a  valuabl e sourc e o f  insight s abou t  ho w 
semanti c informatio n an d contextua l  cue s co-ordinat e 
wit h eac h othe r  an d contribut e t o utteranc e meaning . 
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I n thi s paper ,  w e presen t  th e result s fro m tw o 
developmenta l  studie s whic h compar e th e semantic -
pragmati c propertie s o f  bot h cardinal s an d quantifiers . 
Our  goa l  i s  t o us e th e scala r  behavio r  o f  numericall y 
modifie d an d quantifie d phrase s i n chil d languag e t o 
she d ligh t  o n th e theoretica l  debat e surroimdin g thes e 
predicates .  T o previe w ou r  discussion ,  w e fin d tha t 
number  term s an d quantifier s behav e differentl y i n 
chil d languag e i n term s o f  th e scala r  inference s the y 
support .  W e tak e thes e result s t o b e incompatibl e wit h 
\ninimalist '  semanti c account s o f  numerals .  Thu s w e 
sho w tha t  developmenta l  dat a offe r  a n additiona l  piec e 
of  evidenc e fo r  th e differen t  statu s o f  numeral s an d 
quantifier s withi n semantic/pragmati c theories . 

Our  experiment s buil d o n previou s cross-linguisti c 
studie s o f  th e acquisitio n o f  scala r  predicate s (fo r 
English ,  se e Chierchia ,  Grain ,  Guasti ,  Gualmin i  & 
Meroni ,  2001 ;  Gualmini ,  Grain ,  Meroni ,  Chierchi a & 
Guasti ,  2001 ;  Musolin o &  Lidz ,  i n press ;  fo r  French , 
see Noveck ,  2001) .  Eve n thoug h the y wer e no t 
concerne d wit h th e pragmatic s o f  numbe r  terms ,  thes e 
studie s hav e show n tha t  preschooler s hav e difficult y 
wit h th e pragmatic s o f  othe r  scala r  expression s suc h a s 
quantifier s (eve n thoug h the y see m t o k n o w th e 
semantic s o f  suc h quantifiers) .  I n ou r  experiments ,  w e 
tur n t o M o d e m Gree k fo r  furthe r  evidence .  Sinc e th e 
scala r  inference s associate d wit h number s an d 
quantifier s appl y universally ,  w e shoul d expec t  t o se e 
cross-Unguisti c similaritie s i n th e acquisitio n o f  th e 
pragmatic s o f  scala r  predicates . 

Experiment 1 

Methods 

Participants .  Participant s wer e a  grou p o f  2 0 Greek -
speakin g 5-year-old s betwee n th e age s o f  4;1 1 an d 5;1 1 
(mea n 5;3 )  an d a  grou p o f  2 0 adul t  nativ e speaker s o f 
Greek .  Th e childre n w h o participate d i n thi s stud y wer e 
recruite d fro m daycare s i n th e Athen s area .  Th e adult s 
wer e al l  undergraduat e student s a t  th e Universit y o f 
Athens . 

Procedure and Materials. In this experiment, we 
aske d childre n (an d adults )  t o offe r  pragmati c 
judgement s o n sentence s containin g eithe r  th e 
numerica l  scal e <three .  two > o r  th e quantifie r  scal e 
<all ,  some>. '  W e use d a  slightl y modifie d versio n o f 
th e Trut h Valu e Judgmen t  Tas k (Grai n &  Thornton , 
1998) .  Th e T V J T typicall y involve s tw o experimenters . 
The first  experimente r  act s ou t  shor t  storie s i n fron t  o f 
th e subject s usin g smal l  toy s an d props .  Th e secon d 
experimente r  play s th e rol e o f  a  puppe t  (i n thi s cas e 

'  Fo r  eas e o f  exposition ,  w e provid e Englis h glosse s 
throughout .  Th e Gree k term s ar e <tris ,  dio > an d <oli , 
meriki > respectively . 

Minnie )  w h o watche s th e storie s alongsid e th e subjects . 
At  th e en d o f  th e story ,  th e puppe t  i s aske d t o sa y wha t 
happene d i n th e story .  I n ou r  version ,  instea d o f  askin g 
subject s i f  th e puppe t  i s 'right '  o r  'wrong '  (a s i n th e 
origina l  T V J T ) ,  w e the n aske d whethe r  th e puppe t 
•answere d well '  (i.e. ,  Apantis e kala; ,  'Did-(she)-answe r 
well?*) .  Thi s modificatio n wa s m a d e sinc e w e wer e 
intereste d i n felicity ,  no t  truth .  Finally ,  th e subject s 
wer e aske d t o justif y thei r  answer s b y explainin g w h y 
the y though t  tha t  Minni e answere d wel l  o r  not . 

Th e childre n wer e teste d individuall y i n a  quie t 
roo m awa y fro m th e class .  Adul t  subject s wer e show n a 
videotape d versio n o f  th e storie s witnesse d b y th e 
children ,  includin g th e warm-u p stories .  The y wer e 
give n a  scor e shee t  an d wer e instructe d t o indicate ,  fo r 
eac h story ,  whethe r  Minni e ha d "answere d well '  o r  not . 
The y wer e als o aske d t o provid e a  brie f  justificatio n fo r 
thei r  answers . 

For  eac h scale ,  subject s wer e aske d t o judg e fou r 
statement s lik e th e one s i n (4-5) : 

(4) Meriki apo tus dinosavrus efagan dedra. 
'som e o f  th e dinosaur s at e trees ' 

(5 )  Di o ap o tu s dinosavru s efaga n dedra . 
'tw o o f  th e dinosaur s at e trees ' 

In each case, these utterances were used to describe 
situation s whic h satisfie d th e trut h condition s o f 
utterance s containin g stronge r  term s o n th e respectiv e 
scales ,  i.e. ,  all ,  three .  Th e critica l  storie s wer e identica l 
fo r  bot h scales .  Fo r  instance ,  fo r  bot h (4 )  an d (5) ,  a 
grou p o f  thre e dinosaur s wen t  t o ge t  somethin g t o eat . 
Afte r  contemplatin g othe r  options ,  al l  thre e dinosaur s 
ende d u p eatin g trees .  I n thi s context ,  assumin g a n 'a t 
least '  semantic s fo r  th e scala r  predicates ,  bot h 
utterance s i n (4 )  an d (5 )  expres s a  tru e bu t 
pragmaticall y infelicitou s proposition . 

Befor e th e mai n phas e o f  th e experiment ,  eac h chil d 
receive d tw o 'warm-up '  stories ,  on e designe d t o elici t  a 
'Yes '  answe r  an d th e othe r  a  'No '  answer .  Furthermore , 
i n additio n t o th e critica l  statements ,  an d fo r  eac h scale , 
subject s wer e aske d t o judg e fou r  contro l  statement s 
lik e th e one s i n (6-7) : 

(6) Donald cleaned some of the cars/airplanes. 
(7 )  Donal d cleane d tw o o f  th e cars/airplanes . 

The purpose of these controls was to ensure that 
subjects ,  an d i n particula r  children ,  coul d accep t  o r 
rejec t  th e puppet' s statement s w h e n appropriat e and , 
mor e importantly ,  tha t  the y coul d d o s o whe n thes e 
statement s involve d felicitou s use s o f  term s lik e som e 
and two .  Fo r  eac h contro l  statement ,  th e experimente r 
had a  choic e betwee n tw o versions :  on e tha t  wa s a 
correc t  descriptio n o f  th e stor y an d woul d therefor e 
elici t  a  'Yes '  respons e an d on e tha t  wa s a n incorrec t 
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descriptio n o f  th e stor y an d woul d therefor e elici t  a 
'No '  response .  T h e experimente r  selecte d th e versio n o f 
th e contro l  statemen t  (correc t  o r  incorrec t  description ) 
base d o n th e child' s respons e o f  th e precedin g critica l 
statement .  I f  th e chil d ha d rejecte d th e puppet' s 
statemen t  o n th e previou s critica l  trial ,  th e experimente r 
selecte d th e versio n o f  th e contro l  statemen t  tha t  woul d 
elici t  a  'Yes '  response ,  an d vice-versa .  Thi s ste p wa s 
take n t o kee p a  balanc e betwee n 'Yes '  an d 'No ' 
responses . 

Subject s (5-year-old s an d adults )  wer e randoml y 
assigne d t o on e o f  tw o conditions ,  determine d b y scal e 
typ e (i.e. ,  <all .  some> ,  <three .  two> )  whic h gav e rise 
t o a  2 X 2 desig n wit h ag e an d scal e typ e a s betwee n 
subjec t  fiictoR  an d 1 0 subject s pe r  cell .  Th e ag e rang e 
an d m e a n age s fo r  th e 1 0 childre n assigne d t o eac h 
scal e condition ,  i.e .  <all ,  s o m e > an d <three ,  two> ,  ar e 
5; 0 t o 5;! !  (mea n 5;4 )  an d 4;1 1 t o 5;1 0 (mean ,  5;3 ) 
respectively .  I n eac h condition ,  subject s receive d fou r 
critica l  trial s an d fou r  contro l  trial s administere d i n a 
pseudo-rando m order .  Withi n eac h condition ,  orde r  o f 
presentatio n wa s counterbalance d betwee n subjects . 

Result s 

Beginnin g wit h tes t  trials ,  w e foun d tha t  adul t  subject s 
overwhelmingl y rejecte d th e puppet' s statement s i n 
eac h o f  th e tw o conditions ,  i.e .  9 2 . 5 % o f  th e tim e i n th e 
<all ,  s o m e > an d 1 0 0 % o f  th e tim e i n th e <three .  two > 
condition .  Statistica l  analysi s reveale d n o reliabl e 
differenc e betwee n thes e rejectio n rate s (t(18 )  =  1.96 ,  p 
= 0.06) .  B y contrast ,  w e foun d tha t  whil e 5-year-old s 
rejecte d th e puppet' s statement s i n th e cas e o f  <three , 
two > 6 5 % o f  th e time ,  the y di d s o reliabl y les s ofte n i n 
th e cas e o f  <all ,  s o m e > i.e. ,  12 .5 % o f  th e tim e (t(18 )  = 
3.47 ,  p  <  0.01 )  .Th e proportion s o f  'No '  response s wer e 
entere d int o a n analysi s o f  varianc e ( A N O V A )  wit h tw o 
factors :  ag e (5-year-old s vs .  adults )  an d scal e typ e 
(<a// ,  some > vs .  <three ,  two>) .  Th e analysi s reveale d a 
mai n effec t  o f  ag e (F(l,36 )  =  54.41 ,  p  <  0.0001) ,  a  mai n 
effec t  o f  scal e typ e (F(l,36 )  =  14.81 ,  p  <  0.001 )  an d a 
reliabl e interactio n betwee n ag e an d scal e typ e (F(l,36 ) 
= 8.33 ,  p < 0.01) . 

Recal l  tha t  subject s i n thi s stud y wer e als o aske d t o 
provid e justification s fo r  thei r  answers .  Adult s i n 9 8 % 
of  th e justification s the y offere d fo r  rejectin g a 
statemen t  mad e referenc e t o th e stronge r  ter m o f  th e 
scale ,  a s expected .  Tha t  is ,  the y sai d tha t  th e puppe t  wa s 
wron g tha t  som e o r  tw o o f  th e dinosaur s at e a  tre e 
becaus e A L L o r  T H R E E o f  the m ha d eate n a  tree . 
Children' s justification s fo r  rejectin g a  numericall y 
modifie d statemen t  alway s invoke d th e pragmaticall y 
mor e appropriat e stronge r  numeral .  Th e sam e i s tru e fo r 
th e fe w case s i n whic h a  quantifie d statemen t  wit h som e 
was rejecte d b y children . 

On contro l  trials ,  adult s gav e correc t  response s 
1 0 0 % o f  th e tim e i n th e <all ,  some > conditio n an d 8 0 % 
of  th e tim e i n th e <three ,  two > condition .  N o reliabl e 
differenc e wa s foun d amon g thes e mean s (t(18 )  -  1.92 , 
p -  0.07) .  O n th e sam e items ,  childre n gav e correc t 
response s 9 0 % o f  th e tim e fo r  <all .  some > an d 9 5 % o f 
th e tim e fo r  <three ,  two> .  Again ,  n o reliabl e difference s 
among th e mean s wer e foun d (t(18 )  = •  .77 ,  p  *  0.44) . 

Discussion 

T wo mai n conclusion s emerg e fro m th e firs t 
experiment .  First ,  childre n ar e m u c h les s likel y t o 
comput e scala r  implicature s tha n adults .  Thi s findin g 
comport s wel l  wit h previou s researc h showin g tha t 
preschooler s cross-linguisticall y hav e difficultie s 
undcrsUndin g scala r  inferences ,  especiall y thos e 
associate d wit h quantifier s (Chierchi a e t  al. ,  2001 ; 
Gualmin i  e t  al .  2001 ;  Musolin o &  Lidz ,  i n press ; 
Noveck ,  2001) .  Second ,  an d mor e cruciall y fo r  presen t 
purposes,  5-year-ol d childre n ar e mor e successfu l  i n 
drawin g scala r  inference s triggere d b y numeral s tha n b y 
quantifiers .  Thi s findin g i s eve n mor e remarkabl e give n 
Aat  ou r  critica l  trial s wit h som e an d tw o use d identica l 
scenario s an d props .  Thi s resu h i s unexpecte d give n 
standar d 'minimalist '  semanti c accounts ,  sinc e i t  point s 
t o a  differenc e i n statu s betwee n numeral s an d inexac t 
quantifier s suc h a s some . 

On th e basi s o f  th e availabl e evidenc e o n children' s 
performanc e wit h scala r  inferences ,  previou s literatur e 
has conclude d tha t  childre n ar e generall y incapabl e o f 
derivin g scala r  implicature s on-lin e (Chierchi a e t  al. , 
2001) .  I t  migh t  b e temptin g t o interpre t  ou r  result s (a t 
leas t  fo r  some )  i n a  simila r  way .  However ,  ther e ar e 
alternativ e hypothese s whic h ar e wort h pursuing .  Fo r 
instance ,  i t  i s  possibl e tha t  children' s failure s ar e no t 
du e t o a n inabilit y  t o deriv e th e implicature s bu t  t o a 
misunderstandin g o f  th e natur e o f  th e task .  Perhap s 
childre n (unlik e sophisticate d adul t  communicators ) 
trea t  thi s a s a  truth-valu e judgemen t  task .  Sinc e n o 
specia l  motivatio n i s provide d fo r  drawin g th e scala r 
inferences ,  childre n m a y b e mor e willin g t o le t  th e 
puppe t  scor e a n appropriat e respons e i f  sh e ha s simpl y 
give n a  tru e (albei t  infelicitous )  descriptio n o f  wha t 
happened .  Thi s inabilit y  t o correctl y asses s th e 
experimenta l  demand s m a y therefor e mak e 
preschooler s i n ou r  stud y appea r  les s pragmaticall y 
savv y tha n the y reall y ar e (fo r  simila r  explanation s o f 
children' s 'failures' ,  se e Shipley ,  1979 ;  Gehna n & 
Greeno ,  1989) .  Ou r  ai m i n designin g Experimen t  2  wa s 
t o investigat e whethe r  a  methodologicall y improve d 
versio n o f  th e sam e tas k migh t  rais e children' s overal l 
performanc e wit h scala r  terms .  W e wer e als o intereste d 
i n testin g whethe r  suc h a  tas k woul d yiel d a  simila r 
asymmetr y betwee n cardinal s an d quantifiers . 
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E x p e r i m e n t  2 

Methods 

Participants .  2 0 Greek-spealdn g childre n rangin g i n 
age betwee n 5; 1 an d 6; 3 (mea n S;6 )  participate d i n thi s 
experiment .  Thes e childre n wer e recruite d a t  daycar e 
center s i n th e sam e Athen s are a a s th e childre n use d i n 
Experimen t  I . 

Materials and Procedure. Experiment 2 introduces 
severa l  modification s t o th e desig n o f  ou r  previou s 
study .  First ,  w e include d a  trainin g phase ,  i n whic h w e 
presente d childre n wit h fou r  warm-u p storie s designe d 
t o enhanc e thei r  awarenes s o f  th e fac t  tha t  the y wer e 
bein g aske d t o produc e pragmati c judgments .  Childre n 
wer e tol d tha t  th e puppet ,  Minnie ,  sometime s sai d 'sill y 
things '  an d tha t  th e purpos e o f  th e gam e wa s t o hel p 
Minni e 'sa y thing s better' .  Fo r  example ,  Minni e woul d 
be shov m a  to y do g whic h sh e woul d describ e usin g th e 
truth-conditionall y accurat e -  bu t  pragmaticall y 
infelicitou s -  statemen t  'Thi s i s a  littl e anima l  wit h fou r 
legs' .  Th e chil d woul d the n b e aske d whethe r  'Mirmi e 
answere d well '  an d whethe r  "w e ca n sa y i t  better' .  I n 
cas e th e chil d faile d t o correc t  th e puppe t  an d provid e a 
bette r  description ,  th e experimente r  eventuall y 
correcte d Minni e an d provide d th e appropriat e 
description ,  i.e .  'Minni e didn' t  sa y tha t  ver y well .  Thi s 
i s a  D O G ' . 

The secon d chang e w e introduce d concern s th e tes t 
scenarios .  A s before ,  subject s witnesse d fou r  tes t  storie s 
i n whic h the y wer e aske d t o judg e statement s 
containin g th e scala r  term s som e an d tw o i n situation s 
whic h satisfie d th e trut h condition s o f  th e stronge r 
term s o f  th e respectiv e scales ,  i.e .  al l  an d three . 
However ,  th e storie s i n Experimen t  2  wer e al l  base d o n 
scenario s i n whic h th e mai n characte r  wa s involve d i n a 
contes t  o r  a  challenge .  Th e mai n character' s 
performanc e therefor e becam e th e foca l  poin t  o f  th e 
storie s an d a t  th e end ,  th e puppe t  wa s aske d t o commen t 
on h o w wel l  th e characte r  i n questio n ha d done ,  ' H o w 
di d X  do? '  {Po s t a pig e o  X?) .  I n on e o f  th e storie s fo r 
example ,  on e o f  th e character s claim s tha t  h e i s ver y 
goo d a t  throwin g hoop s aroun d a  pol e an d h e 
challenge s Micke y t o tr y an d d o th e sam e wit h thre e 
hoops .  Micke y reall y concentrate s har d an d he' s abl e t o 
put  al l  th e hoop s aroun d th e pole .  A t  th e en d o f  th e 
story ,  Minni e i s aske d " H o w di d Micke y do? "  an d sh e 
answer s b y sayin g tha t  "Micke y pu t  som e o f  th e hoop s 
aroun d th e pole" .  Th e ide a behin d thi s manipulatio n i s 
t o mak e clea r  th e demand s o f  th e communicativ e 
situation :  give n tha t  Mickey' s performanc e i s bein g 
directl y evaluated ,  onl y a n answe r  makin g referenc e t o 
al l  th e hoop s woul d satisf y th e expectation s o f  th e 
hearer . 

Childre n hear d fou r  tes t  storie s an d fou r  contro l 
storie s administere d i n a  pseudo-rando m order .  A s 
before ,  orde r  o f  presentatio n wa s counterbalance d 
betwee n subject s withi n a  singl e condition .  Finally ,  a s 
i n Experimen t  1 ,  subject s wer e randoml y assigne d t o 
eithe r  o f  th e tw o scal e conditions .  Th e ag e rang e fo r  th e 
10 childre n assigne d t o th e quantifie r  scal e conditio n 
was 5; 1 t o 6; 2 (mea n 5;6) .  Fo r  th e numbe r  scal e 
condition ,  th e rang e wa s 5; 4 t o 6; 3 (mea n 5;7) . 

Result s 

As befor e ou r  dependen t  measur e wa s children' s 
Yes/N o response s t o th e puppet' s statements .  W e foun d 
tha t  th e manipulation s describe d abov e le d childre n t o 
rejec t  th e puppet' s statement s m u c h mor e ofle n tha n i n 
Experimen t  1 .  Nevertheless ,  th e differenc e betwee n 
scale s persisted :  childre n answere d correctl y 52 .5 % o f 
th e tim e fo r  th e <all ,  some > scale ,  an d 9 0 % o f  th e tim e 
fo r  th e <three ,  two > scal e (t(18 )  =  2.39 ,  p  =  0.02) .  W e 
compare d th e rejectio n rate s fro m Experimen t  1  an d 
Experimen t  2  b y enterin g the m int o a  2  (trainin g vs .  n o 
training )  b y 2  (scal e type ;  A N O V A.  Th e analysi s 
reveale d a  mai n effec t  o f  trainin g (F(l,36 )  =  8.92 ,  p  < 
0.01) ,  a  mai n effec t  o f  scal e typ e (F(l,36 )  =  17.1 ,  p  < 
0.001 )  an d n o reliabl e interactio n betwee n trainin g an d 
scal e typ e (F(l,36 )  =  0.47 ,  p  =  0.49) .  O n contro l  items , 
childre n gav e correc t  response s 8 5 % o f  th e tim e i n th e 
quantifie r  conditio n an d 9 5 % o f  th e tim e i n th e numbe r 
condition .  N o reUabl e difference s betwee n thes e mean s 
wer e foun d (t(18 )  =  0.89 ,  p  =  0.38) .  Finally ,  th e 
justification s childre n offere d fo r  thei r  rejection s i n th e 
overwhehnin g majorit y o f  case s (93% )  mad e explici t 
referenc e t o th e stronge r  ter m o f  th e scal e (jus t  lik e 
adults '  justification s i n Experimen t  1) . 

Discussion 

The result s fro m thi s Experimen t  sho w tha t  children' s 
sensitivit y t o scala r  inference s improve s dramaticall y i f 
childre n ar e provide d wit h clea r  contextua l  cue s abou t 
th e communicativ e expectation s o f  th e task. ^  Thi s i s a n 
importan t  an d nove l  fmdin g i n itsel f  (se e Papafrago u & 
Musolino ,  2001 ,  fo r  discussion) .  Fo r  presen t  purposes , 
a mor e pertinen t  findin g i s tha t  th e asymmetr y foun d i n 
th e previou s experimen t  persists :  i n chil d language . 

'  Childre n i n Experimen t  2  ar e slightl y olde r  tha n thos e i n 
Experimen t  1 .  However ,  ther e ar e stron g reason s t o thin k tha t 
th e difference s i n performanc e ar e no t  du e t o thes e smal l  ag e 
differences .  First ,  i n th e <a// ,  some > case ,  th e ag e differenc e 
i s no t  reliabl e (mea n 5; 4 vs .  5;6 ,  t(18 )  =  0.985 ,  p = .33 )  bu t  th e 
differenc e i n perfonnanc e persists .  Second ,  an d mor e 
inqjortantly ,  previou s studie s hav e reporte d children' s 
difficultie s wit h scala r  implicature s wel l  beyon d th e ag e o f 
5; 0 (an d u p t o th e ag e o f  10;0) . 
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numericall y modifie d phrase s giv e ris e t o scala r 
inference s muc h mor e readil y tha n quantifie d phrases . 

General Discussion 

As w e mentione d i n th e introduction ,  ther e ar e severa l 
theoretica l  reason s fo r  considerin g cardinal s a s distinc t 
from  quantifier s an d othe r  scala r  terms ,  an d ou r 
experimenta l  dat a see m t o confir m thi s difference .  Ou r 
studie s demonstrat e that ,  i n chil d language ,  inexac t 
quantifier s suc h a s som e ar e assigne d a  lower-bounde d 
readin g (̂ t  leas t  some' ,  o r  ̂ o m e an d possibl y all" )  an d 
th e associate d scala r  inference s ar e ignore d i n th e 
absenc e o f  stron g contextua l  cues .  B y contrast , 
preschooler s typicall y rejec t  lower-bounde d 
interpretation s o f  numeral s an d ar e ver y attentiv e t o th e 
scala r  propertie s o f  numbe r  terms .  Sinc e th e tes t 
environmen t  wa s identica l  i n bot h situations ,  thi s 
differenc e i n interpretiv e preference s point s t o a 
differenc e i n th e semantic/pragmati c statu s o f  number s 
and quantifiers .  Specifically ,  i t  suggest s that ,  whil e a 
minimalis t  semantic s m a y b e plausibl e fo r  quantifier s 
and othe r  scala r  predicates ,  cardinal s ma y bes t  b e 
analyze d i n term s o f  eithe r  a n 'exact '  o r  a n 
underspecifie d semantics . 

A n interestin g observatio n whic h arise s from  ou r 
experiment s i s tha t  childre n ofte n use d th e countin g 
routin e a s a  mean s o f  formulatin g thei r  responses .  Fo r 
instance ,  whe n Minni e offere d T w o o f  th e dinosaur s at e 
trees ,  severa l  childre n proteste d b y sayin g No ,  one ,  two , 
T H R EE dinosaur s at e tree s (whil e a t  th e sam e tim e 
pointin g t o an d countin g th e dinosaur s on e b y one) . 
Explici t  countin g o f  thi s sor t  offer s a  specifi c  an d 
precis e wa y o f  verifyin g statement s containin g numbe r 
term s (b y placin g th e referent s o f  th e correspondin g 
N Ps i n a  on e t o on e correspondenc e wit h object s i n th e 
world )  Countin g game s m a y als o encourag e a n 'exact * 
interpretatio n o f  th e numerals .  Notic e tha t  neithe r  o f 
thes e step s i s availabl e fo r  th e inexac t  some . 

Ther e i s additiona l  evidenc e tha t  th e observe d 
asymmetr y betwee n quantifier s suc h a s som e an d 
numeral s i s relate d t o th e differenc e betwee n discret e 
and non-discret e (vague )  scala r  predicates .  Papafrago u 
(2002 )  teste d Gree k preschoolers '  understandin g o f  th e 
scala r  modifie r  hal f  (e.g .  TTi e bea r  buil t  hal f  o f  th e 
tower) .  Thi s modifie r  resemble s numeral s i n tha t  i t  i s 
discret e (i t  denote s a  precis e partitionin g o f  a  quantit y 
int o tw o equa l  parts) .  B y mean s o f  th e sam e 
methodolog y a s th e secon d experimen t  reporte d above , 
i t  wa s foun d tha t  youn g Gree k learner s rejecte d lower -
bounde d interpretation s o f  th e modifie r  hal f  i n context s 
whic h license d scala r  implicatures .  Fo r  instance , 
childre n overwhelmingl y rejecte d th e statemen t  Th e 
bea r  buil t  hal f  o f  th e towe r  i n case s wher e a  whol e 
towe r  ha d bee n built .  Thi s patter n reinforce s th e 
conclusio n tha t  discret e quantit y modifier s (e.g .  half , 

numerals )  hav e distinc t  propertie s from  inexac t 
quantifier s an d othe r  scalar s (e g some ,  a  few) . 

Althoug h ou r  result s ca n b e take n a s evidenc e 
agains t  a  minimalis t  semantic s fo r  numerals ,  the y leav e 
ope n th e questio n o f  whethe r  numbe r  term s i n natura l 
languag e hav e a n exac t  o r  a n underspecifie d semantics . 
I t  i s  wort h pointin g ou t  that ,  i n th e considerabl e 
developmenta l  literatur e whic h look s a t  children' s 
acquisitio n o f  numbe r  term s (Carey ,  2001 ;  Gelma n & 
Gallistel ,  1978 ;  W y n n ,  1992 ;  B loo m &  W y n n ,  1997 , 
among man y others) ,  i t  i s  usuall y assume d tha t  childre n 
ultimatel y arriv e a t  a n 'exact '  semantic s fo r  numbe r 
term s (whic h i s th e correc t  adul t  meaning) .  Moreover , 
accordin g t o on e influentia l  position ,  childre n assig n 
meanin g t o cardina l  expression s i n natura l  languag e b y 
placin g the m i n a  one-to-on e correspondenc e wit h a n 
innat e conceptua l  Intege r  list '  (Gelma n &  Gallistel , 
1978) .  Th e result s reporte d i n thi s paper ,  eve n thoug h 
not  univocall y i n favo r  o f  a n 'exact '  ove r  a n 
underspecifie d semantic s fo r  numerals ,  ar e certainl y 
consisten t  wit h thes e positions . 

T o conclude:  Throughou t  thi s paper ,  w e hav e 
assume d tha t  aspect s o f  chil d languag e ca n b e 
instructiv e abou t  th e natur e o f  th e semanti c 
representation s i n adults .  Thi s positio n accept s som e 
fimdamenta l  continuit y i n th e representationa l  system s 
of  childre n an d adult s -  here ,  i n th e specifi c  domai n o f 
number .  I t  thu s allow s u s t o brin g acquisitio n dat a t o 
bear  o n theoretica l  debate s abou t  th e architectur e o f  th e 
semantic-pragmati c syste m i n adults .  Eve n thoug h 
severa l  interestin g question s remai n unresolve d abou t 
bot h th e adul t  syste m an d it s acquisitio n b y youn g 
learners ,  w e hop e t o hav e show n tha t  a n approac h 
whic h treat s number s a s regula r  scala r  predicate s 
alongsid e quantifier s misse s importan t  generalization s 
abou t  thei r  developmenta l  properties . 
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Abstrac t 

Complex Problem Solving (GPS) is a hybrid between field 
studie s an d experimenta l  studies .  Thi s pape r  introduce s a  new , 
abstrac t  conceptualizatio n o f  microworld s researc h base d o n 
tw o innovations :  (1 )  a  proble m representation ,  whic h treat s 
protocol s a s object s i n a  featur e spac e and ,  (2 )  a  similarit y 
metri c w*ic h i s  define d i n dii s proble m space .  Laten t 
Semanti c Analysi s (LSA )  i s use d t o analyz e performanc e i n 
CPS,  usin g action s o r  state s a s unit s instea d o f  word s an d 
trial s instea d o f  tex t  passages .  Basi c example s o f  application s 
ar e provided ,  an d advantage s an d limitation s ar e discussed . 

Introduction 

M a ny real-wor d decisio n makin g an d proble m solvin g 
situation s ar e (1 )  dynamic ,  becaus e earl y action s determin e 
th e enviroimien t  i n whic h subsequen t  decisio n mus t  b e 
made,  an d feature s o f  th e tas k enviroiunen t  m a y chang e 
independentl y o f  th e solver' s actions ;  (2 )  time-dependent, 
becaus e decision s mus t  b e m a d e a t  th e correc t  m o m e n t  i n 
relatio n t o environmenta l  demands ;  an d (3 )  complex ,  i n th e 
sens e tha t  mos t  variable s ar e no t  relate d t o eac h othe r  i n 
one-to-on e manner .  I n thes e situations ,  th e proble m require s 
not  a  singl e decision ,  bu t  a  lon g serie s o f  decision s whic h 
ar e dependen t  o n on e another .  Fo r  a  tas k tha t  i s changin g 
continuously ,  th e sam e actio n ca n b e successfu l  a t  m o m e n t 
t l  an d useles s a t  m o m e n t  t2 .  However ,  traditional , 
experimenta l  proble m solvin g researc h ha s focuse d largel y 
o n task s suc h a s anagrams ,  concep t  identification ,  puzzles , 
etc .  tha t  ar e no t  representativ e o f  th e feature s describe d 
above . 

In Europe, researchers led by Broadbent (e.g., Broadbent, 
1977 )  i n th e U K an d D o m e r  (e.g. ,  Doraer ,  1975 )  i n 
Germany ,  wer e concerne d abou t  tihat  fac t  an d starte d 
workin g o n a  se t  o f  computer-based ,  experimenta l  task s tha t 
ar e dynamic ,  time-dependent ,  an d complex ,  calle d 
Microworlds^ .  Th e stud y o f  microworld s i s a n exampl e o f 
Comple x Proble m Solvin g (e.g. ,  Frenc h &  Funke ,  1995) . 

'  Thi s ter m sometime s ha s othe r  meanings .  Fo r  example , 
educationa l  application s create d t o teac h physic s (Henderson , 
Klemes ,  &  Eshet ,  2000) ,  simulate d word s i n th e earl y A l  program s 
lik e th e bloc k wor d o f  S H R D L U,  (Winograd ,  1972 )  an d stati c 
task s t o stud y decisio n makin g (Green ,  2001 )  hav e bee n calle d 

Compare d t o traditiona l  Proble m Solving ,  Comple x 
Proble m Solvin g (CPS )  radicall y change d th e kin d o f 
phenomen a reported ,  th e kin d o f  explanation s looke d for , 
and eve n th e kin d o f  dat a tha t  wer e generated .  However ,  th e 
result s obtaine d t o dat e ar e fa r  fro m bein g integrate d an d 
consolidated .  Thi s fac t  le d Funk e t o affir m tha t  'Despit e 1 0 
year s o f  researc h i n th e area ,  ther e i s  neithe r  a  clearl y 
formulate d specifi c  theor y no r  i s ther e a n agreemen t  o n ho w 
t o procee d wit h respec t  t o th e researc h philosophy .  Eve n 
worse ,  n o stabl e phenomen a hav e bee n observed *  (Funke , 
1992 ,  p .  25) .  Almos t  anothe r  1 0 year s afte r  Funke' s 
argument ,  althoug h mor e empirica l  researc h ha s bee n 
conducte d i n th e area ,  w e canno t  sa y tha t  th e situatio n ha s 
change d drastically .  A t  thi s moment ,  ther e i s n o theor y abl e 
t o explai n eve n par t  o f  th e specifi c  effect s tha t  hav e bee n 
describe d o r  h o w the y ca n b e generalized . 

A theory of generalization and similarity is as necessary to 
psycholog y a s Newton' s law s ar e t o physic s (Shepard , 
1987) .  However ,  fo r  C P S ther e i s  n o c o m m o n ,  explici t 
theor y t o explai n w h y a  complex ,  dynami c situatio n i s 
simila r  t o an y othe r  situatio n o r  h o w tw o slice s o f 
performanc e take n fro m a  proble m solvin g tas k ca n possibl y 
be compare d quantitativel y (Klein ,  Orasanu ,  Calderwood ,  & 
Zsambok ,  1993) .  Thi s lac k o f  formalized ,  analytica l  model s 
i s slowin g d o w n th e developmen t  o f  theor y i n th e field .  A t 
leas t  tw o problem s m a k e i t  difficul t  t o appl y th e classica l 
proble m solvin g approac h t o C P S ,  on e theoretica l  an d on e 
methodological : 
(1 )  Th e utilit y  o f  stat e spac e representatio n fo r  task s wit h 
inne r  dynamic s i s  reduce d becaus e i n mos t  C P S 
environment s i t  i s  no t  possibl e t o und o th e actions .  Fo r 
example ,  imagin e tha t  tw o participant s i n Firechie f  (se e 
below )  ar e i n a n identica l  situatio n (syste m state )  whe n th e 
dia l  starts .  O n e o f  the m proceed s t o mak e a  contro l  fir e o n 
th e eas t  sid e o f  a  fire,  whil e th e othe r  on e i s preparin g a 
contro l  fire  o n th e nort h fron t  o f  th e fire.  Afte r  thes e actions , 
th e syste m stat e i s n o longe r  identica l  fo r  them .  N o w the y 
hav e t o cop e wit h rather  diflFeren t  problems .  Moreover ,  i f 
th e first  participan t  want s t o appl y th e sam e techniqu e tha t 

Microworlds. However, we are concerned here only with tasks that 
fulfil l  th e condition s describe d above . 

750 

mailto:egoinez@ugr.es


th e secon d participan t  used ,  ther e i s absolutel y n o wa y t o 
come bacl c t o th e initia l  stat e an d begi n wit h a  ne w strategy . 
Thi s situatio n i s no t  a n issu e i n suti c task s lik e th e towe r  o f 
Hanoi  proble m becaus e i t  i s  alway s possibl e t o und o a 
wron g action .  Feedbac k delay s (e.g. ,  Brehmer ,  1995 ; 
Gibson ,  2000 )  an d a n upsettingl y larg e numbe r  o f  possibl e 
state s (e.g. ,  Domer ,  1975 ;  Omode i  an d Wearing ,  1995 ) 
contribut e t o th e reduce d utilit y  o f  th e stat e spac e approach . 
(2 )  Traditiona l  method s o f  knowledg e elicitatio n ar e no t 
alway s applicable :  Concurren t  verba l  protocol s consistentl y 
interfer e wit h performanc e (Dickson ,  Omode i  &  Wearin g 
2000) ;  measure s base d o n relatednes s judgment s lik e ratin g 
correlation s o r  pathfinde r  distanc e correlation s ar e no t 
sensitiv e t o contex t  manipulation s i n naturalisti c tas k lik e 
fir e fightin g (Calderwood ,  1989) . 

In this paper we introduce a theory and methodology for 
C PS task s base d o n Laten t  Semanti c Analysi s (LSA , 
Landaue r  an d Dumais ,  1997) .  Th e theor y addresse s issue s 
concernin g th e induction ,  representation ,  an d applicatio n o f 
knowledge .  Basically ,  L S A infer s knowledg e from  th e man y 
weak constraint s tha t  ar e presen t  i n comple x proble m 
solvin g situations . 

LSA does not represent all the possibilities of a system (the 
system' s stat e space) ,  bu t  onl y th e path s tha t  peopl e hav e 
actuall y followe d whe n interactin g wit h it .  Thi s offer s a 
realisti c vie w o f  h o w th e syste m i s understoo d an d use d b y 
humans.  L S A i s a  computationa l  theor y o n h o w 
environmenta l  constraint s ar e learne d an d h o w the y ca n b e 
described .  I n term s o f  Simon' s classica l  parabl e o f  'th e an t 
an d th e beach '  (Simon ,  1981 ,  p .  63) ,  on e coul d sa y tha t 
L S A describe s an d infer s th e shap e o f  th e beac h from  th e 
thousand s o f  track s th e ant s hav e lef t  o n th e beach .  I n thi s 
sense ,  L S A ca n b e conceive d a s a  computationa l  extensio n 
t o theorie s fo r  describin g environmenta l  constraints ,  suc h a s 
th e abstractio n hierarch y (Rasmussen ,  1985 ;  Vicente ,  1999) . 

LSA has several interesting features that make it a suitable 
techniqu e fo r  analyzin g performanc e o n a  complex , 
dynami c task : 
(1 )  I t  doe s no t  assum e independenc e o f  decisions ;  indeed ,  i t 
use s dependencie s betwee n decision s t o infe r  structure . 
Some method s employe d i n th e pas t  treate d C P S 
performanc e i n a  w a y tha t  assume d tha t  decision s ar e 
independen t  o r  hav e short-ter m dependencie s only . 
(2 )  L S A reduce s th e dimensionalit y o f  th e space .  Imagin e a 

hypothetica l  proble m solvin g tas k that ,  whe n performe d 
from  th e begiimin g t o th e end ,  traverse s 30 0 states . 
Furthermore ,  le t  u s assum e tha t  ever y stat e i s describe d b y 6 
dichotomou s variable s (2'̂ 6 =  6 4 possibl e states) .  Sinc e w e 
hav e 30 0 state s i n ou r  sampl e o f  performance ,  ther e ar e 6 4 ' ^ 
30 0 =  7e54 1 possibl e path s i n thi s task .  Ever y sampl e woul d 
be represente d a s a  matri x o f  6  x  30 0 =  180 0 values .  Wit h 
LSA,  ever y sampl e i s represente d a s a  vecto r  o f  onl y 100 -
30 0 values . 
(3 )  Ther e ar e n o a-prior i  assumption s about '  th e beach' .  I n 

most  o f  th e analysi s performe d o n microworl d dat a th e 

experimente r  ha s t o impos e som e structur e {a-priori , 
theoreticall y drive n assumptions )  o n th e data .  However ,  th e 
selectio n o f  thi s theoretica l  structur e ( H o w m a n y strategie s 
ar e possible ? H o w man y strategie s ar e representative ? Ar e 
the y generalizabl e t o differen t  conditions? )  ca n bia s th e 
analysis .  Th e L S A approac h i s self-organizing ,  an d doe s no t 
requir e defmin g a n a  prior i  theoretica l  structure ,  a s wil l  b e 
show n below . 

Before we start describing what LSA is and how it can be 
applie d t o C P S ,  w e woul d lik e t o stres s som e abstrac t 
consideration s tha t  underli e th e approac h tha t  w e ar e abou t 
t o implement .  Thes e consideration s ar e independen t  o f  th e 
procedur e itsel f  (othe r  procedure s coul d b e define d usin g 
thi s framework),  but ,  i n ou r  opinion ,  a n essentia l  ste p t o 
dealin g wit h th e complexit y o f  th e task s a t  hand :  (1 )  eac h 
microworl d ca n b e conceptualize d a s a  complex , 
multidimensiona l  featur e space .  (2 )  T o addres s th e 
intractabilit y  problem ,  w e usuall y nee d t o creat e a 
representatio n o r  transformatio n o f  thi s origina l 
multidimensiona l  featur e space .  T o d o this ,  w e nee d t o fin d 
a se t  o f  feature s tha t  represen t  th e characteristic s tha t  m a k e 
participant s different ,  an d t o delet e thos e tha t  ar e no t 
important .  (3 )  Last ,  eac h tria l  o f  ever y subjec t  ca n b e 
conceptualize d a s a n implementatio n o f  severa l  value s i n th e 
featur e space .  No t  onl y a  trial ,  bu t  ever y subpar t  o r 
superpar t  o f  a  participant' s performanc e (strategie s o r 
performanc e patterns )  ca n b e though t  o f  a s a n objec t  i n thi s 
space . 

We shall illustrate how LSA can be used to analyze CPS 
tasks ,  usin g th e Fi>ec/iie/microworl d a s a n example . 

Description of the example application task 

Firechie f  (Omode i  &  Wearing ,  1995 )  simulate s a  fores t 
wher e a  fir e i s spreading .  Participants '  tas k i s t o extinguis h 
th e fir e a s soo n a s possible .  I n orde r  t o d o so ,  the y ca n us e 
helicopter s an d truck s (eac h on e wit h particula r 
characteristics )  tha t  ca n b e controlle d b y mous e movement s 
and ke y presses .  Ther e ar e thre e command s tha t  ar e use d t o 
contro l  th e movemen t  an d function s o f  th e appliances :  (1 ) 
Dro p wate r  o n th e curren t  landscap e segment ;  (2 )  Star t  a 
contro l  fire  (truck s only )  o n th e curren t  landscap e segment ; 
(3 )  M o v e a n applianc e t o a  specifie d landscap e segment . 

Every time a participant performs an action, it is saved in a 
lo g file  a s a  ro w containin g actio n number ,  c o m m a n d (e.g . 
dro p wate r  o r  move )  o r  event ^  (e.g. ,  a  win d chang e o r  a  n e w 
fire) ,  curren t  performanc e score ,  applianc e number , 
applianc e type ,  position ,  an d landscap e type .  Mos t  o f  thes e 
variable s ar e no t  continuous ,  bu t  o n a  nomina l  scale ,  suc h a s 
typ e o f  movement .  Fo r  mor e informatio n o n th e structur e o f 
th e lo g files,  se e Omode i  an d Wearin g (1995) . 

^  Event s ar e generate d b y th e system ,  whil e action s ar e generate d 
by th e user .  Event s ar e als o line s i n th e lo g file .  Onl y 1-2 % o f  th e 
line s i n a  lo g fil e ar e events . 
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Th e se t  o f  trial s tha t  wa s use d i n thi s repor t  (referre d a s 
corpus )  wa s obtaine d i n fou r  experiment s describe d i n 
Quesada .  CaAas ,  &  Antol i  (2000 )  an d CaAas ,  Quesada , 
Antol i  &  Fajard o (submitted) . 

Description of LSA 

L S A i s a  machine-learnin g mode l  tha t  induce s 
representation s o f  th e meanin g o f  word s b y analyzin g th e 
relatio n betwee n word s an d passage s i n larg e bodie s o f  text . 
L S A i s bot h a  metho d (tool )  use d t o develo p technolog y t o 
improv e educationa l  applications ,  an d a  theor y o f 
knowledg e representatio n use d t o mode l  wel l  know n 
experimenta l  effect s i n tex t  comprehensio n an d priming , 
among other s (Landaue r  &  Dumais ,  1997) .  Laten t  Semanti c 
Analysi s wa s originall y develope d i n th e contex t  o f 
informatio n retrieva l  (Deerwester ,  Dumais ,  Furnas , 
Landauer ,  &  Harshman ,  1991 )  a s a  wa y o f  overcomin g 
problem s wit h polysem y an d synonymy .  S o m e word s 
appea r  i n th e sam e context s (synonyms )  an d a n importan t 
par t  o f  wor d usag e pattern s i s blurre d b y accidenta l  an d 
inessentia l  information .  Th e metho d use d b y L S A t o captur e 
ttie  essentia l  semanti c informatio n i s dimensio n reduction , 
selectin g th e mos t  importan t  dimension s fix)m a  co -
occurrenc e matri x decompose d usin g Singula r  Valu e 
Decompositio n (se c below) .  A s a  result ,  L S A offer s a  wa y 
of  assessin g semanti c similarit y betwee n an y tw o sample s o f 
tex t  i n a n automatic ,  unsupervise d way . 

LSA has been used in applied settings with a high degree of 
succes s i n area s lik e automati c essa y gradin g (Foltz ,  Laham , 
& Landauer ,  1999 )  an d automati c tutorin g t o improv e 
summarizatio n skill s  i n childre n (E .  Kintsch ,  Steinhart , 
Stahl ,  Matthews ,  Lamb ,  &  th e L S A Researc h Group ,  2000) . 
As a  model ,  LSA' s mos t  impressiv e achievement s hav e 
bee n i n huma n languag e acquisitio n simulation s (Landaue r 
& Dumais ,  1997 )  an d i n modelin g o f  high-leve l 
comprehensio n phenomen a lik e metapho r  understanding , 
causa l  inference s an d judgment s o f  similarit y (Kintsch , 
2001) . 

Although LSA has been mostly used on text corpora, our 
basi c poin t  i s  tha t  L S A ca n b e applie d t o an y domai n o f 
knowledg e wher e ther e ar e a  hig h numbe r  o f  wea k relation s 
betwee n tokens ,  a s i n C P S lo g files.  Instea d o f  wor d usag e 
statistic s obtaine d from  hug e sample s o f  text ,  w e hav e use d 
a representativ e amoun t  o f  activit y i n controllin g dynami c 
systems ,  an d action s o r  state s hav e bee n use d t o develo p a n 
objectiv e measur e o f  similarit y i n th e changing ,  time -
dependent ,  highl y comple x experimenta l  task s know n a s 
microworlds .  Th e nex t  section s sho w th e basi c step s 
involve d i n thi s analysi s an d present s som e example s o f  th e 
powerfu l  result s tha t  ca n b e obtaine d thereby . 

LSA applied to Microworlds 

L S A start s wit h th e creatio n o f  a  matri x o f  action s b y trials . 
Not e tha t  thi s i s no t  a n exhaustiv e stat e space ,  o r  a  mappin g 

of  al l  possibl e transition s betwee n actions ,  sinc e i n mos t  o f 
th e system s -  othe r  tha n smal l  one s lik e Haye s & 
Broadbent' s (1988 )  suga r  factor y an d th e lik e -  thi s tas k 
woul d b e excessivel y demandin g (se e Buchner ,  Funk e & 
Berry ,  1995) .  Ou r  corpu s wa s compose d o f  360,19 9 action s 
i n 344 1 trials .  A m o n g them ,  onl y 7S,S6 S wer e differen t 
actions ,  whic h mean s tha t  o n averag e eac h actio n appear s 
6.2 5 time s i n th e corpus .  Not e tha t  w e ar e representin g onl y 
th e informatio n tha t  actua l  peopl e interactin g wit h th e 
syste m experienced ,  no t  al l  possibl e action s i n thi s 
microworld . 

Each of these 75,565 rows stands for a unique action, and 
eac h o f  th e 344 1 column s stan d fo r  a  trial .  Eac h cel l 
contain s th e frequenc y wit h whic h th e actio n o f  it s  ro w 
appear s i n th e tria l  denote d b y it s column .  Not e tha t  mos t  o f 
th e cell s wil l  contai n a  frequency  o f  zero ,  sinc e mos t  action s 
appea r  i n onl y a  fe w trial s an d no t  i n th e rest . 

This matrix of frequencies is decomposed using Singular 
Valu e Decompositio n (SVD) .  A n y matri x ca n b e 
decompose d an d the n recompose d perfectl y usin g onl y a s 
many factor s a s th e smalles t  dimensio n o f  th e origina l 
matrix .  However ,  a n interestin g phenomeno n occur s whe n 
th e origina l  matri x i s recompose d usin g fewe r  dimension s 
tha n necessary :  th e reconstructe d matri x i s a  least-square s 
bes t  fit.  W h e n th e actions-by-trial s matri x i s recompose d 
usin g a  smal l  fraction  o f  th e availabl e dimension s (usuall y 
betwee n 10 0 an d 30 0 dimensions) ,  th e ne w matri x contain s 
informatio n tha t  ha s bee n inferre d from  th e dependencie s 
betwee n action s an d th e contex t  wher e thes e action s 
appeared .  I n fact ,  th e context s wher e thes e action s di d no t 
appea r  ar e a s importan t  -  carr y a s muc h informatio n -  a s 
thos e wher e the y did .  Th e microworl d i s a  ne w 
multidimensiona l  featur e space ,  wher e bot h action s an d 
contex t  (trials )  ar e represente d i n a  wa y tha t  ampHfie s thos e 
characteristic s tha t  mak e participant s different ,  an d delet e 
thos e tha t  ar e no t  importan t  fo r  classifyin g thei r 
performance . 

Some examples of possible analysis 

L S A allow s u s t o measur e th e functiona l  similarit y betwee n 
action s i n C P S tasks .  S o m e action s ca n b e considere d a s 

Junctiona l  synonyms :  the y appea r  i n th e sam e contexts ,  an d 
fiilfill  approximatel y th e sam e fiinction .  Th e followin g 
exampl e illustrate s thi s idea . 

Table 1: Example of how LSA captures similarity at a 
molecula r  (action )  leve l 

Timer ; Tim e ( 2 

Exampl e 1  movc_ l  l_9_fores t 

Exampl e 2  move_15_15_fores t 

Exampl e 3  movc _ 10_9_fores t 

Drop_ l  l_9_fores t 

Drop_15_l5_fores t 

Drop_10_9_fores t 

Exampl e 4  move_ l  l_9_fore5 t  controL l  l_9_fores t 
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I n Tabl e 1 ,  fou r  differen t  action s som e action s ar c shown . 
For  simplicity ,  som e variable s tha t  ar e normall y containe d 
i n th e lo g file s hav e bee n removed .  Exampl e 1  contoin s a 
movement  t o th e poin t  (11 ,  9 )  i n th e screen ,  whic h i s o f  typ e 
forest ,  an d then ,  a  dro p wate r  actio n there .  Exampl e 3  show s 
a ver y simila r  picture ,  wher e th e movemen t  i s don e t o a 
contiguou s cel l  (10,9 )  tha t  i s  als o o f  typ e forest .  Fro m a 
human poin t  o f  view ,  thes e tw o example s ar e highl y similar . 
For  L S A the y ar e too ,  a s ca n b e see n i n thei r  similarit y 
expresse d a s a  cosin e o f  0.85 4 i n Tabl e 2 . 

Table 2: Similarities between Table 1 examples (cosines). 

Example 1 Example 2 Example 3 Example 4 

Exampl e 1 

Exampl e 2 

Exampl e 3 

Exampl e 4 

0.12 4 0.85 4 

0.125 9 

0.66 2 

0.07 7 

0.56 6 

The secon d exan^)l e ha s a  rathe r  differen t  meanin g sinc e th e 
cel l  targete d i s  (15,15) ,  quit e fa r  fro m th e cel l  use d i n 
example s 1  an d 3 .  Th e cosine s betwee n the m an d example 2 
(.12 4 an d .125 )  are ,  accordingly ,  smalle r  tha n th e on e 
betwee n 1  an d 3 . 

Example 4 describes an action that has been performed in 
th e sam e cel l  a s i n exampl e 1  (11,9) ,  bu t  thi s tim e i s a 
contro l  fire  instea d o f  a  drop-wate r  action .  Th e cosin e 
betwee n 1  an d 4  i s hig h (0.56) ,  expressin g a  certai n 
similarit y betwee n th e tw o actions ,  bu t  no t  a s hig h a s i n 
example s 1  an d 3 ,  wher e th e objectiv e similarit y i s mor e 
evident . 

Tables 3 and 4 present a more complex example where 
wide r  slice s o f  performanc e ( 8 actions )  ar e compared .  Th e 
sample s labele d Examplel ,  Example2 ,  an d Exampl e 3  ar e 
beginning s o f  trial s tha t  hav e bee n selecte d randoml y fro m 
th e corpus .  Thi s time ,  al l  th e usabl e informatio n containe d 
i n th e lo g fil e i s displayed .  Eac h actio n ha s si x components : 
typ e o f  action ,  applianc e number ,  applianc e type ,  departur e 
cell ,  arriva l  cel l  an d typ e o f  arriva l  cell . 

One difficult y arises .  W h e n L S A i s use d o n text ,  cosine s ar e 
easil y understoo d sinc e ever y reade r  ha s a n intuitiv e 
experienc e o f  meanin g (e.g. ,  th e sentence s 'Th e m a n wa s 
drivin g a  yello w car '  an d 'Th e m a n wa s travelin g i n a  re d 
car '  hav e a  cosin e o f  .89 ,  an d ou r  c o m m o n sens e tell s u s tha t 
thes e sentence s conve y simila r  information) .  W h e n L S A i s 
use d o n sample s o f  performanc e from a  micro-world ,  ther e i s 
no wa y th e reade r  ca n understan d th e meanin g o f  th e lo g 
files  withou t  watchin g a  repla y o r  havin g a n extraordinaril y 
vivi d imaginatio n plu s experienc e wit h th e task .  Fo r  mos t 
people ,  th e followin g extract s i n Tabl e 3  ar e hardl y 
understandable .  Fo r  researcher s familia r  wit h Firechief ,  the y 
shoul d b e a s clea r  a s a  piec e o f  shee t  musi c t o a  musician . 
However ,  understandin g th e content s o f  thes e example s i s 
not  conditi o sin e qu a no n fo r  understandin g th e advantag e 
of  L S A analysi s ove r  tw o othe r  methods ,  namel y exac t 
matchin g an d correlatio n betwee n transitio n matrices . 
Suffic e i t  t o sa y tha t  Example s 1  an d 2  ar e ver y simila r  an d 
Exampl e 3  i s ver y differen t  from  them .  Th e attentiv e 
observe r  coul d induc e thi s from  th e location s (coordinate s i n 
th e Firechie f  map ) ,  th e typ e o f  actions ,  an d typ e o f 
landscap e cell .  A n exac t  matchin g metho d woul d coun t  th e 
number  o f  time s tha t  th e sam e actio n occur s i n tw o 
examples .  Then ,  th e numbe r  o f  matche s divide d b y th e tota l 
number  o f  action s i n th e exampl e provide s a  measur e o f  th e 
similarit y betwee n tw o samples .  Thi s metho d woul d rende r 
a similarit y o f  1/ 8 betwee n exampl e 1  an d 2 ,  an d zer o i n 
comparison s 1  vs .  3  an d 2  vs .  3 .  Thi s metho d i s equivalen t 
t o keywor d countin g i n text ,  whic h i s know n t o b e incapabl e 
of  capturin g similaritie s i n meaning ,  becaus e o f  th e 
polysem y an d synonym y effect s discusse d above . 

A somewhat more flexible method is the use of transitions 
betwee n actions ,  a s propose d b y Howi e an d Vicent e (1998 ) 
and use d i n Quesad a e t  al .  (2000 )  an d Cada s e t  al . 
(submitted) .  I t  i s  base d o n countin g th e numbe r  o f  time s tha t 
one typ e o f  actio n precede s an y othe r  type .  Th e frequencies 
of  ever y transitio n ar e registere d i n cell s i n a  table ,  an d the n 
th e resultin g table s fo r  tw o example s ar e correlated .  Th e 
metho d canno t  accoun t  fo r  al l  th e variabilit y  i n actions , 
becaus e o f  th e hug e amoun t  o f  zer o entrie s tha t  artificiall y 

Tabl e 3 :  Firs t  8  movement s i n 3  slice s randoml y sample d from  th e Firechie f  experiment s describe d i n Quesad a e t  al . 
(2000 )  an d Caiia s e t  al .  (submitted) .  W h e n a n actio n i s share d b y tw o extracts ,  i t  i s marke d a s a  shade d cell . 

Exampl e 1 Exampl e 2 Exampl e 3 

move_2_tnjck_4_ l  1_13_3_fores t 

move_ 1  _tnick_4 _ 14 _ 16 _ 14_fores t 

move_3_copter_8_6 _ 1 1 _  12_fores t 

jneye-4-p<»fWL.y-4-UJLfpi?« 
Control_fire_2_truck _ 13_3_fores t 

Control_fire_ l  _truck _ 16 _ 14_fores t 

move_2_truck_ l  3_3_17_7_clearin g 

move 1  truc k 1 6 1 4 2 0 1 2 fores t 

mo ve_2_truck_4 _ 1 1 _  12 _ 15_fores t 

move_ 1  _truck_4 _ 14 _ 13_5_fores t 

,,^.>«_.4-.copW*r_l]JL}l_9«/oreg t 

drop_water_4_copter _ 1 1 _9_fores t 

move_4_copter_ l  l_9_13_8_fores t 

control_fire_2_truck_ l  2_15_fores t 

mo ve_2_truck _ 12 _ 15 _ 13 _ 14_fores t 

contro l  fir e 2  truc k 1 3 1 4 fores t 

move_2_truck_4_ l  l_2_2_pastur e 

move_ 1  _truck_4 _ 14_0_5_fores t 

move_4_copter_8_6_8_4_clearin g 

move_3_copter_8_6_8 _ 10_clearin g 

control_fire_2_truck_2_2_pastur e 

control_fu-e _ 1  _tnjck_0_5_fores t 

move_4_copter_8_4_4_2_fores t 

move_3_copter_8 _ 10_2_3_clearin g 
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increas e th e correlation ,  s o onl y actio n typ e wa s considered . 
Thi s analysi s i s show n i n table s 4(a.6,c) .  Sinc e lot s o f 
informatio n containe d i n th e lo g file s ha s bee n dropped ,  th e 
metho d doe s no t  distinguis h betwee n thes e examples .  Th e 
correlatio n betwee n tabl e a  an d b  i s 0.971 ;  exactl y th e sam e 
correlatio n i s obtaine d fo r  table s b  an d c ,  an d th e 
compariso n betwee n a  an d c  i s 1  sinc e th e sequenc e o f  typ e 
of  actio n i s exactl y th e same .  Thus ,  thi s metho d i s seriousl y 
flawe d becaus e i t  yield s implausibl e similarit y estimates . 

Finally, let us look at the results of similarity estimation 
usin g L S A cosines .  Th e vecto r  representin g th e sampl e ha s 
bee n calculate d a s th e averag e o f  th e 8  actio n vectors . 
Exampl e 1  vs .  exampl e 2  ha s a  cosin e o f  0.721 ,  a  hig h 
similarit y value .  Eve n thoug h thes e sample s shar e onl y 1/ 8 
of  th e actions ,  L S A ha s correctl y inferre d tha t  th e remainin g 
actions ,  althoug h different ,  ar e functionall y related . 
Comparison s betwee n 1- 3 an d 2- 3 hav e cosine s a s lo w a s 
0.05 0 an d 0.07 1 respectively ,  showin g tha t  thes e actio n 
sequence s ar e differen t  indeed . 

Correlations between LSA and Human 

J u d g m e n t 

Mor e forma l  comparison s betwee n th e performanc e o f  L S A 
and huma n observer s tha n mer e plausibilit y  judgment s ar e 
als o possible .  Th e proble m i s that ,  contrar y t o wha t  happen s 
when on e use s L S A t o mode l  tex t  comprehension ,  i t  i s  no t 
eas y t o fin d expert s i n th e tas k a t  hand .  Everybod y i s a  goo d 
exarapX e o f  th e exper t  reader ,  bu t  fe w peopl e ar e exper t  i n 
controllin g th e particula r  dynami c syste m calle d Firecshief . 
To tes t  ou r  assertion s abou t  LSA ,  w e recruite d 3  person s 
and gav e the m extende d practice ,  s o the y coul d lear n th e 
constraint s o f  th e task . 

After 24 practice trials, these participants were used to 
asses s th e externa l  validit y o f  L S A similarities .  Usin g 
Firechief s repla y option ,  participant s ha d t o watc h 7  pair s 
of  trial s (a t  a  pac e faste r  tha n normal )  an d expres s similarit y 
judgment s abou t  thes e pairs .  Peopl e watche d a  randoml y 
ordere d serie s o f  trials ,  i n a  differen t  orde r  fo r  eac h 
participant ,  whic h wer e selecte d a s a  functio n o f  th e L S A 
cosine s (pair s A ,  B ,  C ,  D ,  E ,  F ,  G  wit h cosine s 0.75 ,  0.90 , 
0.53 ,  0.60 ,  0.1 2 an d 0.0 6 respectively) .  On e o f  th e pair s 
was presente d twic e t o measur e test-retes t  reliability .  Tha t 
is ,  fo r  example ,  pai r  G  wa s exactl y th e sam e a s pai r  A  fo r 

one participant ,  th e sam e a s pai r  F  fo r  anothe r  participant , 
etc .  Al l  th e possibl e stimulu s pair s wer e presente d t o eac h 
participant .  Participant s ha d t o answe r  whic h pai r  seeme d 
more similar .  Fo r  example ,  L S A woul d sa y tha t  pai r  B  i s 
more relate d tha n pai r  C ,  sinc e th e cosine s ar c 0.9 0 an d .5 3 
respectively . 

LSA cosines predicted human similarity judgments quite 
well .  Fo r  3  participant s i n thi s pilo t  study ,  th e proportio n o f 
agreemen t  LSA-huma n wa s 6/19 ,  14/19 ,  an d 13/1 9 
respectively .  Participant s wit h stron g agreemen t  wit h L S A 
als o showe d mor e consistenc y i n thei r  judgments ,  tha t  i s 
the y answere d t o th e repeate d ite m i n th e sam e way .  Th e 
participan t  wh o ha d lo w agreemen t  wit h L S A ha d 
performe d poorl y o n th e repeate d item ,  whic h suggest s tha t 
she ma y no t  hav e learne d enoug h abou t  th e tas k o r  wa s no t 
payin g sufficien t  attention .  Eve n so ,  th e averag e agreemen t 
betwee n L S A cosine s an d huma n judgment s wa s 0.57 ,  fa r 
superio r  t o th e agreemen t  expecte d b y chance ,  0. 5 ' ^  1 9 = 
2e-5 . 

Conclusions 

L S A seem s t o b e a  promisin g ne w wa y o f  approachin g 
Comple x Proble m Solvin g performanc e tha t  overcome s 
some o f  th e know n limitation s o f  previou s methods .  Apar t 
fhi m th e feature s liste d i n th e introduction ,  ther e ar e som e 
additiona l  pragmati c L S A advantage s wort h noting :  (1 ) 
Sinc e th e basi c uni t  o f  analysi s i s th e toke n (actio n o r  state) , 
eve n system s tha t  ar e describe d i n term s o f  nomina l 
(discrete )  variable s ca n b e analyzed .  Bot h action s an d state s 
can b e use d a s units .  (2 )  Th e semanti c matchin g mechanis m 
permit s discover y o f  similaritie s beyon d simpl e coincidenc e 
i n th e lo g file s containin g action s o r  states .  Tha t  is , 
participant s wh o ar e usin g differen t  intervention s t o realiz e 
th e sam e strateg y wil l  b e considere d simila r  eve n i f  thei r  lo g 
files  shar e n o action s (o r  states) .  (3 )  Th e leve l  o f  granularit y 
(whethe r  w e ar e workin g wit h individua l  tokens ,  slice s o f 
performance ,  whol e trials ,  o r  collection s o f  trials )  nee d no t 
be define d a-priori .  Sinc e ever y object ,  fro m on e toke n t o 
th e participant' s whol e performance ,  ca n b e represente d a s a 
vecto r  i n th e high-dimensiona l  proble m spac e constructe d 
by LSA ,  analyse s ca n b e performe d a t  an y leve l  o f  detail . 

There are, however, a number of limitations to the proposed 
method :  (1 )  A  hug e sampl e o f  dat a i s neede d t o construc t 

Tabl e 4 :  Transition s betwee n action s considerin g typ e o f  actio n onl y a s describe d i n Quesad a e t  al .  (Quesad a e t  al. ,  2000 )  an d 
Canas e t  al .  (submitted) ,  fo r  th e example s 1, 2 an d 3 .  Cell s contai n frequencie s o f  th e transitio n define d b y it s ro w an d it s 
column .  Fo r  instance ,  th e numbe r  4  i n th e cente r  cel l  i n tabl e 4 a mean s tha t  i n exampl e 1  th e transitio n move-mov e ha s 

appeare d fou r  times . 

dre p 
Drop 
Move 
Contro l 

(• ) 
Eiampl e 1 

Coatra l J r j i L 
Dro p 
Move 
Contro l 

(b ) 
Einapl e 2 

contro l _droi! _ 
dro p 
move 
contro l 

(c ) 
Einmpl e 3 

coatra l 
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th e proble m space .  (2 )  Orde r  effect s ar e no t  take n int o 
account .  Thi s mean s that ,  fo r  L S A ,  a  tria l  wher e th e token s 
hav e bee n scramble d t o a  rando m orde r  ha s exactl y th e sam e 
meanin g a s th e origina l  versio n Thi s i s a  seriou s but ,  a s w e 
hav e shown ,  no t  a  fata l  limitation ,  a s lon g a s L S A i s use d 
wit h car e i n C P S tasks .  (3 )  Thoug h th e S V D analysi s i s 
c o m m on practic e an d ca n b e foun d i n severa l  statistica l 
packages ,  a  powerfu l  compute r  i s neede d t o ru n larg e 
analyses . 
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Abstrac t 

Conceptual change can be accounted for at various levels of 
explanation .  Th e cognitiv e leve l  (Marr' s computationa l  level) , 
th e representationa l  (Marr' s "algorithmic") ,  an d th e 
implementationa l  level .  I n thi s paper ,  w e offe r  a  dynamica l 
accoun t  o f  type s o f  concephia l  chang e a t  th e represenUtiona l 
level .  Ou r  ai m i s t o sho w tha t  som e classe s o f  neura l  model s ca n 
inclemen t  th e type s o f  chang e tha t  w e hav e propose d elsewhere . 
Firs t  w e briefl y describ e a t  th e cognitiv e leve l  certai n type s o f 
chang e tha t  purpor t  t o accoun t  fo r  som e o f  th e kind s o f 
conceptua l  change .  The n w e la y fort h th e framewor k o f 
dynamica l  connectionism ;  w e discus s th e representationa l  leve l 
realization s o f  th e cognitiv e leve l  an d clai m tha t  thes e ca n b e 
depicte d a s point s i n th e system' s activationa l  landscape .  W e 
offer ,  third ,  a  dynamica l  accoun t  o f  som e type s chang e an d w e 
clai m tha t  conceptua l  chang e ca n b e modele d a s a  proces s o f 
modificatioa ,  appearanc e o f  ne w an d disappearanc e o f  attractor s 
and/o r  basin s o f  attractio n tha t  shap e th e system' s landscqie . 
Finally ,  w e discus s th e kind s o f  mechanism s a t  th e 
rq>resentationa l  leve l  tha t  coul d produc e th e type s o f  chang e 
observe d a t  th e cognitiv e level ,  a s modele d b y mean s o f 
dynami c connectionism . 

Introduction 
Conceptua l  chang e ca n b e accounte d fo r  a t  variou s 

level s o f  explanation .  Followin g Mar r  (1980) ,  on e ca n 
distinguis h betwee n thre e levels :  th e computational ,  th e 
algorithmic ,  an d th e implementationa l  leve l  o f  explanatio n 
of  cognitiv e systems .  W e prefe r  th e ter m "cognitive "  t o 
"computational" ,  an d th e ter m "representational "  t o 
"algorithmic" ,  sinc e ther e ar e account s o f  cognitio n tha t 
den y th e algorithmi c natur e o f  menta l  operations . 

At  th e cognitiv e level ,  on e ca n discus s cognitiv e 
operation s tha t  ^ p l y t o information-processin g conten t 
(suc h a s additio n an d subtraction) ,  operation s tha t  appl y t o 
structure s a s wholes ,  suc h a s differentiatio n o r  coalescenc e 
(Carey ,  1985 ;  Chi ,  1992) ,  or ,  conceptua l  combination , 
generalizatio n an d abduction ,  an d hypothesi s formatio n 
(Thagard ,  1992) .  Thi s leve l  addresse s th e issu e o f  th e 
function s compute d b y th e informatio n processin g system . 

At  th e representationa l  leve l  on e ca n examin e th e 
algoriduni c processe s dia t  realiz e conceptua l  chang e a t  th e 

cognitiv e leve l  b y transformin g representations ,  suc h a s 
Newel l  an d Simon' s (1972 )  "proble m behavio r  graph "  i n 
productio n systems .  I n th e connectionis t  paradig m on e ca n 
stud y th e processe s o f  th e emergenc e o f  ne w attractors ,  an d 
repositionin g o f  point s realizin g representationa l  state s i n 
high-dimensiona l  stat e space s (Morga n an d Tienson ,  1996) , 
or  th e change s i n th e connectio n weight s an d networ k 
structur e (Elma n c t  al. ,  1996 ;  Schult z et .  al. ,  1995 ;  Plunket t 
&Sinha,1992) . 

I n thi s p^er ,  w e wil l  discus s a  theor y o f  differen t  type s 
of  cognitiv e chang e an d thei r  implementatio n a t  th e 
representatio n level .  Ou r  ai m i s t o sho w ho w certai n classe s 
of  neura l  network s coul d implemen t  som e o f  th e type s o f 
chang e tha t  th e author s hav e propose d (Demetrio u an d 
Raftopoulos ,  1999) .  First ,  w e wil l  summariz e thes e type s o f 
change .  I n th e secon d par t  w e wil l  sketc h th e framewor k fo r 
th e dynamic s o f  change ,  relyin g o n th e dynamica l 
interpretatio n o f  connectionis t  network s t o explor e possibl e 
means o f  modelin g th e stipulate d types .  I n th e thir d par t  w e 
offe r  a  dynamica l  accoun t  o f  som e type s chang e an d w e 
clai m tha t  conceptua l  chang e ca n b e modele d a s a  proces s o f 
modification ,  appearanc e o f  ne w an d disappearanc e o f 
attractor s and/o r  basin s o f  attractio n tha t  shap e th e system' s 
landscape .  Finally ,  w e discus s th e kind s o f  mechanism s a t 
th e representationa l  leve l  tha t  coul d produc e th e type s o f 
cognitiv e change . 

T o tha t  en d w e wil l  emplo y neura l  network s whos e 
behavio r  ca n b e viewe d a s fallin g unde r  on e o r  th e othe r  o f 
our  kind s o f  change ,  an d describ e th e behavio r  tha t  neura l 
network s shoul d exhibi t  i f  the y ar e t o implemen t  typ e o f 
change . 

Types of Change 
Demetrio u an d Raftopoulo s (1999 )  previousl y publishe d a 
theor y o f  conceptua l  chang e ̂ a t  addresse s th e issu e o f  ho w 
a learnin g syste m make s th e transitio n fro m on e stat e t o 
another .  Th e theor y provide s a  detaile d analysi s o f  th e type s 
of  chang e tha t  ar e observe d bot h i n cognitiv e developmen t 
and durin g leaming .  Th e type s o f  chang e ar e summarize d i n 
Figur e I . 
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Fig. 1. The types of change 

We will briefly present here combination, and fusion. 
Bridgin g i s a  clas s o f  type s o f  change ,  whos e unifyin g 
featur e i s tha t  (a )  tw o o r  mor e existin g structure s ar e 
brough t  togethe r  t o bea r  o n eac h othe r  an d for m a  mor e 
comple x structure ,  an d (b )  afte r  bridgin g th e constituen t 
structure s retai n thei r  functiona l  autonomy ,  eve n thoug h 
the y m a y hav e bee n modified .  Th e blende d structure s m a y 
remai n unaltere d an d th e resultin g structure(s )  m a y retai n 
th e characteristic s o f  th e constituen t  structure s (a s whe n 
"striped "  an d "apple "  ar e combine d t o produc e "stripe d 
apple" .  I n thi s case ,  th e typ e o f  chang e i s combination . 

Fusio n differ s fro m bridgin g i n tha t  th e mappe d 
structure s d o no t  retai n thei r  relativ e autonom y afte r  th e 
mapping ;  instead ,  the y fus e t o on e o f  th e existin g structures , 
or  for m a  ne w structure .  A n exampl e woul d b e th e fusio n o f 
retrieva l  an d countin g strategies ,  whic h ar e involve d i n 
simpl e operation s o f  additio n an d subtractio n perfoiroe d b y 
childre n age d 4-6 .  Afte r  ftision,  aroun d th e ag e 6-7 ,  th e 
predominan t  strateg y i s retrieva l  b y rot e m e m o r y (Sicgler , 
1996) . 

The Representational Level 
We discus s her e th e w a y representation s ca n b e 

modele d a s propertie s o f  cognitiv e systems .  A t  thi s leve l 
one examine s th e mathematica l  implementatio n o f  th e 
cognitiv e level .  I n othe r  words ,  w e examin e th e w a y 
cognitiv e state s ar e represente d an d h o w the y ar e 
transforme d an d processe d b y mean s o f  operation s 
performe d o n dat a structures . 

Thes e transformation s ca n b e eithe r  algorithmi c 
(determine d b y a  se t  o f  rule s tha t  appl y t o discret e stati c 
symbol s tha t  ar e th e representation s o f  th e system )  o r 
dynamica l  (determine d b y mathematica l  relation s tha t  appl y 
t o continuou s variable s an d specif y thei r  interrelation s an d 
evolutio n i n time) .  Thi s i s w h y w e cal l  thes e transformativ e 
processe s mathematical-stat e transitions ;  the y describ e th e 
w ay th e syste m move s betwee n point s i n it s state-space .  W e 
wil l  addres s th e issu e o f  chang e fro m th e perspectiv e o f 
connectionis t  theor y interprete d i n a  dynamica l  way .  Thus , 
wil l  assum e tha t  a  cognitiv e syste m i s associate d wit h a 
dynamica l  syste m physicall y realize d b y a  neura l  network . 

Neu ra l  N e t w o r k s a s D y n a m i c a l  S y s t e m s 
Recurren t  neura l  network s (Elman ,  1990 )  wit h 

distribute d representation s an d continuou s activatio n level s 
ca n naturall y b e construe d i n a  dynamica l  way .  The y ca n b e 
describe d b y mean s o f  th e evolutio n o f  th e activatio n value s 
of  thei r  unit s ove r  time .  T o b e abl e t o mode l  growt h an d 
avoi d problem s o f  lifelon g (mainly  catastrophi c 
interference) ,  on e need s t o conside r  a  specia l  clas s o f 
networks ,  namel y adaptiv e o r  generativ e netwoiics .  Thes e 
network s ca n modif y thei r  structur e durin g learnin g b y 
addin g o r  deletin g node s an d ca n chang e thei r  learnin g rates . 

The numbe r  o f  unit s o f  th e networ k determine s th e 
number  o f  dimension s o f  th e state-spac e associate d wit h th e 
system .  Thei r  activatio n value s constitut e th e actua l  positio n 
i n th e state-spac e o f  th e system .  Addin g a  time-dependen t 
paramete r  yield s th e phase-spac e o f  th e system .  Bot h i n 
state -  an d phase-space ,  on e ca n represen t  al l  th e possibl e 
state s tha t  a  syste m ca n tak e i n time .  Hence ,  i n th e 
connectionis t  account ,  th e state s o f  a  cognitiv e syste m ar e 
depicte d b y th e set s o f  activatio n value s o f  th e unit s tha t 
distributivel y encod e thes e states . 

Thes e activatio n value s ar e th e variable s o f  th e 
dynamica l  syste m an d thei r  tempora l  variatio n constitute s 
th e interna l  dynamic s o f  th e system .  I n additio n t o th e state -
spac e o f  a  system ,  a n externa l  contro l  spac e i s als o defined . 
The externa l  spac e contain s th e real-valu e contro l 
parameter s tha t  contro l  th e behavio r  o f  th e system ,  i.e. ,  th e 
connectio n weights ,  biases ,  thresholds ,  and ,  i n network s i n 
whos e structura l  propertie s ar e implemente d a s real-valu e 
parameter s (Raijmaker s et .  al. ,  1996) ,  th e structur e o f  th e 
system .  I n dynamica l  system s th e fas t  interna l  dynamic s i s 
ofte n accompanie d b y a  slo w externa l  dynamics .  Th e 
externa l  dynamic s consis t  o f  th e tempora l  path s i n th e 
externa l  contro l  space .  Th e externa l  dynamic s consis t  o f  th e 
network' s learnin g dynamic s (th e variou s learnin g rules ) 
an d th e dynamic s tha t  determin e structura l  changes ,  suc h a s 
th e rule s fo r  insertin g node s i n cascad e correlatio n an d 
growin g radia l  basi s functio n networks . 

W h en th e networ k receive s input ,  activatio n spread s 
from  th e inpu t  unit s t o th e res t  o f  th e network .  Eac h patter n 
of  activatio n value s define s a  vecto r  o r  a  point ,  withi n th e 
activationa l  spac e o f  th e syste m whos e coordinate s ar e th e 
activatio n value s o f  th e pattern .  Th e activatio n rule s 
determin e th e stat e transition s tha t  specif y th e intema l 
dynamic s o f  th e system,  i.e. ,  th e function s o f  th e evolutio n 
of  th e syste m i n time .  Thus ,  th e behavio r  o f  suc h a  syste m i s 
depicte d a s a  trajector y betwee n point s i n th e activationa l 
stat e space . 

Th e activatio n rules ,  th e numbe r  o f  units ,  th e patter n o f 
thei r  connectivity ,  an d th e learnin g rate(s )  o f  th e networ k 
determin e th e architectur e o f  th e system .  Thes e factor s ar e 
determine d b y it s long-ter m histor y o f  experiences ,  sinc e th e 
clas s o f  network s discusse d her e m a y modif y eithe r  thei r 
pattern s o f  connectivity ,  a s the y learn ,  b y addin g nodes , 
deletin g nodes ,  an d sharpenin g thei r  connections ,  o r  thei r 
biase s an d learnin g rates .  Th e activatio n vector s an d th e 
behavio r  o f  th e syste m evolv e a s a  resul t  o f  th e synergie s 
among th e architectur e o f  th e network ,  th e inpu t  i t  receives , 
an d th e previou s activit y o f  th e network ,  unde r  th e contro l 
of  th e externa l  dynamics . 
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Th e behavio r  o f  th e syste m i s a  collectiv e effec t  o f 
cooperatio n an d competition ,  (Kelso ,  199S) .  Th e 
competitio n i s du e t o th e effor t  o f  th e syste m t o retai n it s 
curren t  stat e i n th e fac e o f  incomin g information .  I f  thi s 
informatio n canno t  b e assimilate d b y th e system ,  the n th e 
weight s o f  a  networ k chang e an d th e networ k m a y alte r  it s 
structur e t o accommodat e th e n e w input . 

Th e activatio n states ,  i n whic h a  networ k m a y settl e int o 
afte r  i t  i s  provide d wit h a n inpu t  signal ,  ar e th e attractor s o f 
th e system .  Thes e ar e th e region s i n sute-spac e towar d 
whic h th e syste m evolve s i n time .  Th e point s i n state-spac e 
fro m whic h th e syste m evolve s towar d a  certai n attracto r  li e 
withi n th e basi n o f  attractio n o f  thi s particula r  attractor . 
Thus ,  th e input s tha t  lan d withi n th e basi n o f  attractio n o f  a n 
attracto r  wil l  b e transforme d b y th e connectivit y o f  th e 
networ k s o tha t  the y en d u p a t  thi s attracto r  wher e th e 
syste m wil l  settle . 

Network s i n whic h th e output s chang e ove r  tim e unti l 
th e patter n o f  activatio n o f  th e syste m settle s int o on e o f 
severa l  sutes ,  dependin g upo n th e input ,  ar e calle d attracto r 
networks .  Th e set s o f  possibl e state s int o whic h th e syste m 
ca n settl e ar e th e attractors .  I f  th e networ k i s use d t o mode l 
cognitiv e behavior ,  the n th e attractor s ca n b e construe d a s 
realizin g cognitiv e state s t o whic h th e syste m move s from 
othe r  cognitiv e state s tha t  li e withi n th e attractor' s basi n o f 
attraction . 

Th e signa l  o f  th e inpu t  i s transforme d a s i t  move s 
throug h di e hidde n unit s int o a n attracto r  patter n a s follows : 
a give n inpu t  move s th e syste m int o a n initia l  stat e realize d 
by a n initia l  poin t  Thi s inpu t  feed s th e syste m wit h a n 
activatio n tha t  spread s causin g th e unit s o f  th e syste m t o 
chang e thei r  states .  Th e processin g m a y tak e severa l  steps , 
as th e signa l  i s  recycle d throug h th e recurren t  connection s i n 
th e network .  Sinc e an y patter n o f  activit y o f  th e unit s 
correspond s t o a  poin t  i n activatio n space ,  thes e change s 
correspon d t o a  movemen t  o f  th e initia l  poin t  i n thi s stat e 
space .  W h e n th e networ k settles ,  thi s poin t  arrive s a t  th e 
attracto r  tha t  lie s a t  th e botto m o f  th e basi n i n whic h th e 
initia l  poin t  ha d landed .  I n thi s sense ,  th e input s fe d int o th e 
syste m ar e th e initia l  condition s o f  th e dynami c system . 
Similarl y t o a  dynamica l  syste m tha t  settle s int o a  m o d e 
dependin g o n it s initia l  conditions ,  a  neura l  networ k settle s 
int o th e attracto r  stat e i n whos e basi n o f  attractio n th e inpu t 
falls . 

For  instance ,  i n a  semanti c networ k meaning s o f  word s 
ar e represente d a s pattern s o f  activit y ove r  a  larg e numbe r  o f 
semanti c features .  However ,  onl y som e o f  th e combination s 
of  semanti c feature s ar e feature s o f  objects .  Th e pattern s 
tha t  correspon d t o thes e combination s ar e th e attractor s o f 
th e network ,  whic h ar e point s i n th e stat e spac e 
correspondin g t o th e semanti c feature s o f  th e prototyp e o f 
th e objec t  signifie d b y th e word .  Thes e attractor s ar e th e 
meaning s o f  words . 

Th e concept s "attractor "  an d "basi n o f  attraction " 
sugges t  a  w a y o f  simulatin g th e classica l  notio n o f  symbol . 
Th e attracto r  basin s tha t  emerg e a s th e networ k interact s 
wit h specifi c  input s migh t  b e construe d t o hav e symbolic -
lik e properties ,  i n tha t  input s wit h smal l  variation s tha t  fal l 
withi n th e sam e attracto r  basi n ar e pulle d towar d th e sam e 
attracto r  (o r  cognitiv e state )  o f  th e system .  Thus ,  variou s 

input s (tokens )  giv e ris e t o th e sam e stabl e poin t  o f 
attraction ,  th e attracto r  (type) ,  whic h i n thi s sens e ofTer s a 
dynamica l  analo g o f  th e classica l  symbo l  (Elman ,  1995) . 

Th e dynamica l  "symbols" ,  unlik e th e symbol s o f 
classica l  cognitivism ,  ar e dynami c an d flui d rathe r  tha n 
stati c an d contex t  independent .  Th e dynami c propertie s 
resul t  fro m th e dynamica l  natur e o f  tfie  activation s o f 
associativ e pattern s o f  units .  A s th e networ k learn s an d 
develops ,  th e connectio n strength s continuousl y change . 
Th e sam e happen s w h e n n e w unit s emerg e an d ol d unit s 
"die "  an d th e syste m reconfigure s t o maintai n it s knowledg e 
an d skills .  Al l  thes e caus e change s i n th e origina l  patter n i n 
whic h a n attractor/symbo l  wa s create d i n th e firs t  place ,  an d 
as a  result ,  subsequen t  activation s differ .  Th e sam e effect s 
ar e cause d b y th e differen t  context s i n whic h th e "symbol " 
m ay b e activated .  Thi s happen s becaus e connection s fro m 
th e differin g contextua l  feamre s bia s th e activatio n o f  th e 
unit s o f  th e origina l  patter n i n differen t  way s emphasizin g 
some featur e o f  th e patter n o r  other .  Thus ,  th e 
attractor/symbo l  i s almos t  neve r  instantiate d wit h th e sam e 
activatio n value s o f  th e unit s tha t  realiz e it . 

Th e activationa l  state-spac e o f  a  networ k i s a  high -
dimensiona l  mathematica l  landscape .  Th e stat e transition s i n 
suc h a  syste m ar e trajectorie s fro m on e poin t  o n t o another . 
Attractor s correspon d t o cognitiv e state s an d th e activatio n 
patter n tha t  realize s eac h stat e i s a  vector ,  o r  a  point .  Thus , 
cognitiv e state s ar e realize d b y point s o n thi s landscape . 
Sinc e th e distribute d encodin g o f  a  cognitiv e stat e doe s no t 
involv e al l  unit s o f  th e system ,  ther e wil l  b e point s o n th e 
activationa l  landscap e tha t  wil l  realiz e mor e tha n on e 
cognitiv e state s (th e se t  o f  coordinate s o f  a  poin t  m a y satisf y 
th e partia l  coordinate s give n b y severa l  activationa l 
vectors) . 

Dvuin g th e phas e o f  activation-valu e change s th e syste m 
passe s throug h variou s possibl e outputs .  Al l  thes e ou^ut s 
ca n b e viewe d a s lyin g o n a n energ y surface .  W h e n th e 
syste m passe s throug h a  certai n output-stat e whos e energ y i s 
not  lowe r  tha n th e energie s o f  th e neighborin g states ,  i t  goe s 
throug h anothe r  phas e o f  activation-valu e change s i n orde r 
t o reduc e th e energ y o f  th e outpu t  state .  W h e n i t  reache s a 
poin t  a t  whic h al l  th e neighborin g state s hav e highe r 
energies ,  i t  settles . 

Thes e state s o f  m i n i m u m loca l  energ y ar e th e attractor s 
an d ca n b e construe d a s valle y bottom s o n energ y surfaces . 
Thus ,  attractor s shoul d b e distinguishe d from  th e networks ' 
output s i n general .  No t  al l  output s ar e settlin g points . 
Attractor s for m a  subse t  o f  th e se t  o f  output s o f  a  network , 
i n tha t  the y ar e thos e output s a t  whic h th e syste m ca n settle . 
W h en th e inpu t  o f  th e syste m i s suc h tha t  th e activatio n stat e 
o f  th e syste m lie s withi n th e wall s o f  th e valley ,  th e syste m 
wil l  settl e a t  th e atfracto r  a t  it s  bottom .  Hence ,  th e valle y i s 
th e basi n o f  attractio n tha t  lead s t o th e specifi c  attractor -
stat e o f  m i n i m u m energy .  Sinc e th e networ k ha s man y 
attractor s an d basin s o f  attraction ,  thei r  relativ e positio n 
shape s th e relie f  o f  th e activationa l  landscap e o f  th e system . 

Modeling the Dynamics of Cognitive Cliange 
I n thi s theoretica l  framework,  cognitiv e chang e result s 

from  th e moldin g o f  th e activationa l  landscape ,  a s a  resul t  o f 
change s i n th e weight s an d th e architectur e o f  th e network , 
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as th e networ k attempt s t o accommodat e ne w inpu t  signali . 
The moldin g m a y resul t  eithe r  i n th e emergenc e o f  new , 
and/o r  disappearanc e o f  old ,  attractors ,  o r  i n th e reshapin g 
of  th e basin s o f  attraction .  Thi s proces s correspond s t o a 
trajector y o n th e activationa l  landscape .  Th e ide a tha t 
chang e i s t o b e modele d b y mean s o f  transition s i n th e stat e 
spac e o f  a  dynami c syste m i s a t  th e hear t  o f  dynamica l 
theorie s o f  cognition .  Transition s i n th e stat e spac e o f  a 
dynami c syste m substitut e fo r  th e algorithmi c syntacticall y 
governe d transition s o f  cognitivism . 

The relie f  o f  th e landscap e determine s th e trajectorie s 
tha t  ar e allowed ,  an d th e possibl e transformation s a m o n g 
cognitiv e states .  Cognitiv e change ,  thus ,  depend s o n th e 
activationa l  landscap e o f  th e syste m tha t  leams .  W h e n 
informatio n enters ,  th e syste m tend s t o assimilat e i t  withi n 
th e existin g framewor k o f  knowledge ,  which ,  i n neura l 
networks ,  i s  determine d b y th e connectio n weight s an d th e 
architectur e o f  th e network ,  which ,  i n thei r  turn ,  distribut e 
th e point s tha t  realiz e cognitiv e state s o n th e network' s 
landscape .  W e hav e posite d certai n type s o f  cognitiv e 
change .  I n wha t  follow s w e wil l  sketc h thei r  dynami c 
realizatio n a t  th e representationa l  level . 

Combination 
Thi s typ e o f  chang e involve s th e combinatio n o f 

structure s i n suc h a  w a y tha t  th e existin g attractor s an d th e 
landscape' s relie f  (thei r  basin s o f  attraction )  o f  th e syste m 
ar e no t  affected .  Th e ne w structur e i s superimposed ,  a s i t 
were ,  o n th e constituen t  structures .  Conside r  th e network s 
tha t  simulat e learnin g t o pronounc e word s an d non-word s 
(Plau t  et .  al .  1996) .  Thes e network s lea m th e pronunciatio n 
of  bot h regula r  an d irregula r  words ,  b y buildin g th e 
appropriat e attractors .  Th e attractor s o f  regula r  word s 
consis t  o f  componentia l  attractors ,  i n whic h cas e th e basi n 
of  attractio n i s th e intersectio n o f  th e sub-basin s o f  attractio n 
of  th e componentia l  attractors .  Th e exceptio n word s hav e 
thei r  o w n attractor s wit h a  lesse r  degre e o f  componentiality . 
Combinatio n explain s th e abilit y  o f  th e networ k t o lea m th e 
pronunciatio n o f  word s an d non-words ,  i n tha t  thi s 
knowledg e i s th e resul t  o f  th e combinatio n o f  th e sub -
knowledg e encode d b y th e componentia l  attractors ,  a s i s 
show n i n Figur e 2 . 

I n thi s figur e onl y tw o componentia l  attractor s ar e 
depicted ,  fo r  onse t  an d th e vowe l  i n th e reduce d two -
dimensiona l  activatio n spac e o f  th e phonemi c unit s o f  th e 
network .  Th e basin s o f  attractio n fo r  th e wor d "by "  an d th e 
non-wor d "dy "  ar e th e intersection s o f  th e sub-basin s fo r 
pronunciatio n o f  b ,  d ,  an d y ,  tha t  is ,  th e region s i n th e stat e 
spac e i n whic h thes e sub-basin s overlap .  Th e blac k circl e i s 
th e attracto r  fo r  th e wor d by ,  an d th e stripe d circl e i s th e 
attracto r  fo r  th e non-wor d dy .  Th e traine d networ k leam s t o 
pronounc e word s b y applyin g it s knowledg e regardin g th e 
pronunciatio n o f  th e part s o f  th e word s (an d o f  th e rol e o f 
contex t  i n pronunciatio n whe n i t  come s t o exceptio n words) . 
The reduce d componentialit y  o f  th e exceptio n word s i s 
depicte d b y mean s o f  a  deformatio n o f  th e intersectio n o f 
th e salien t  attractor s fo r  th e onse t  d  an d th e vowe l  o .  Th e 
componentia l  attractor s an d thei r  basin s o f  attractio n remai n 
unaltered . 

B 

D 

N 

L 

^ 

do dy 

Figur e 2 .  Componentia l  attractor s 

After the new pronunciation is teamed, the two basins 
chang e thei r  relativ e positicMi s s o tha t  the y intersect .  Thei r 
intersectio n (i.e. ,  th e patter n correspondin g t o bot h set s o f 
features )  form s a  n e w basin ,  whic h i s th e are a i n whic h th e 
tw o basin s overlap .  Th e appearanc e o f  a  n e w basi n o f 
attractio n represent s th e learnin g o f  a  ne w concept .  Th e n e w 
basi n o f  attractio n i s superimpose d ont o th e tw o intersectin g 
basins .  Th e basin s o f  attractio n (sub-basins )  an d th e 
attractor s d o no t  change .  Whateve r  inpu t  wa s fallin g withi n 
on e o f  th e tw o basin s befor e learning ,  stil l  doe s s o afte r  th e 
networ k ha s leame d th e n e w concept .  Th e onl y chang e afte r 
learnin g i s tha t  som e input s fal l  withi n bot h th e n e w basi n 
and th e ol d basin s o f  attraction .  Thi s i s a  resul t  o f  th e 
superimpositio n o f  th e n e w basi n o f  attractio n ont o th e tw o 
sub-basins . 

Fusion 
Stabl e structure s withi n th e neura l  ne t  ca n b e though t 

of  a s attracto r  states .  Thus ,  th e activatio n patter n o f  th e 
structur e attract s al l  othe r  activatio n pattern s tha t  ar e simila r 
enoug h wit h i t  (tha t  is ,  al l  activatio n pattem s tha t  fal l  withi n 
th e basi n o f  attractio n o f  th e attractor) .  A s a  networ k leams , 
a n e w attracto r  stat e m a y emerge ,  whic h swallow s th e 
attractor s tha t  existe d before .  Thi s i s wha t  happen s i n fusion . 
Th e tw o initia l  basin s o f  attractio n ar e als o swallowe d b y 
th e n e w one ,  s o tha t  al l  pattern s tha t  wer e fallin g withi n th e 
on e o r  th e othe r  n o w fal l  withi n th e n e w basi n o f  attraction . 
Th e syste m undergoe s a  phas e transitio n tha t  ca n b e 
describe d a s a  revers e H o p f  bifurcatio n (Figur e 3) ,  i n whic h 
tw o stabl e state s (bistability )  ar e fiise d an d disappear ,  an d 
on e stabl e stat e emerge s (unistability) . 

Figur e 4  display s th e phas e transition s associate d wit h 
th e fusio n o f  "countin g fro m one "  an d " m e m o r y retrieval " 
strategie s (use d b y 4- 6 yea r  ol d childre n i n simpl e arithmeti c 
tasks )  t o th e " m e m o r y retrieval "  strateg y tha t  become s 
predominan t  betwee n 6  an d 7  year s o f  age . 
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Figur e 3 .  Fusio n a s a n invers e H o p f  bifurcatio n 

Th e generativ e network s designe d b y Schult z e t  al. , 
(199S )  t o mode l  a  serie s o f  cognitiv e task s simulat e th e 
variabilit y  o f  th e strategie s availabl e t o children .  Network s 
at  som e stag e o f  thei r  trainin g i n th e balance-bea m task s 
m ay "employ "  tw o differen t  strategie s t o solv e th e sam e 
proble m and ,  a s trainin g continues ,  progres s t o usin g 
reliabl y th e mor e advance d strategy .  Thes e network s 
implemen t  "fusion" ,  b y movin g from  bistabilit y  t o 
unistability . 

counting retrtevil 

coUecdv e variabl e (age ) 

Figur e 4 .  Fusio n o f  tw o countin g strategie s 

S t r o n g a n d W e a k C o g n i t i v e C l i a n g e 
I n thi s contex t  o f  dynamica l  coimectionism ,  cognitiv e 

chang e consist s i n c h w g e s i n connectio n weights ,  th e 
structure ,  an d th e learnin g rate s o f  th e network .  I n 
connectionis t  netwoilc s a n individual' s stat e o f  knowledg e i s 
determine d b y th e weight s o f  th e hidde n units .  Cognitiv e 
representationa l  chang e i s regarde d a s th e individual' s 
actua l  pat h throug h th e spac e o f  possibl e synapti c 
configurations ,  tha t  is ,  a s th e transformation s o f  th e weigh t 
vecto r  i n a n n-dimensiona l  weigh t  space ,  wher e n  i s di e 
number  o f  th e weights . 

Th e appearanc e o f  nove l  cognitiv e states ,  an d thus ,  th e 
appearanc e o f  n e w attractor s an d th e disappearanc e o f  ol d 
ones ,  implie s a  chang e o f  relie f  i n th e network' s landscap e 
(molding) .  Sinc e th e relie f  depend s o n th e structur e o f  th e 
network ,  tha t  is ,  th e numbe r  o f  nodes ,  thei r  connectivity , 

an d th e activatio n functions ,  it s  moldin g i s th e resul t  o f 
change s i n th e structur e o f  th e network .  Network s evolv e a s 
a resul t  o f  th e system' s effor t  t o adap t  t o a  ne w 
environment ,  b y superimposin g ne w representation s t o ol d 
ones .  Thus ,  th e syste m modifie s th e "knowin g assumptions " 
tha t  d o no t  fi t  in . 

Th e accoun t  o f  cognitiv e chang e a t  th e representationa l 
leve l  allow s u s t o recas t  th e discussio n regardin g stron g an d 
weak representationa l  chang e i n term s o f  dynami c system s 
theory .  Whethe r  a  cognitiv e chang e i s wea k o r  stron g 
depend s o n whethe r  th e n e w structur e increase s th e 
representationa l  resource s o f  th e system .  Sinc e 
representation s ar e point s i n th e stat e spac e o f  th e system , 
th e expressiv e content s o f  th e syste m correspon d t o suc h 
points .  I f  th e relie f  o f  th e landscap e i s suc h tha t  th e syste m 
caimo t  settl e a t  a  conten t  realizin g point ,  tha t  is ,  i f  thi s poin t 
i s  no t  a  possibl e attracto r  state ,  th e conten t  tha t  i s  realize d 
by thi s poin t  i s  no t  withi n th e expressiv e capabilitie s o f  th e 
system .  W h e n change s i n th e relie f  rende r  thi s poin t  a n 
attractor ,  th e chang e i s strong ;  i t  result s i n a n increas e i n 
representationa l  power . 

But  th e mer e appearanc e o f  a n attracto r  doe s no t 
necessaril y  impl y tha t  a  radica l  chang e ha s take n place ,  tha t 
is ,  tha t  thi s i s a  nove l  attracto r  state .  Thi s i s s o i f  th e conten t 
realizin g poin t  tha t  appear s a s a  ne w attracto r  wa s i n fac t 
expressibl e withi n th e system ;  tha t  is ,  i f  th e syste m coul d 
hav e settle d a t  tha t  point ,  eve n i f  i t  ha d no t  don e so ,  u p t o 
tha t  time .  W h e n th e strucmre s "striped "  an d "apple "  ar e 
combine d a n attracto r  stat e "appear s an d th e syste m 
acquire s th e ne w concep t  o f  "stripe d apple" .  Thi s "new " 
attracto r  i s a  regio n i n th e stat e space ,  whic h realize s th e 
conten t  "stripe d apple "  an d i s superimpose d o n th e 
attractor s o f  "apple "  an d "striped" .  Bu t  thi s i s no t  a  nove l 
attractor ,  becaus e thi s conten t  wa s alread y withi n th e 
expressiv e powe r  o f  th e system ,  sinc e th e relie f  o f  th e 
landscap e wa s suc h tha t  th e syste m coul d hav e settle d i f  fe d 
wit h th e appropriat e inpu t  a t  thi s point .  I n othe r  words ,  th e 
"new "  attracto r  wa s situate d a t  a  loca l  energ y m in imu m i n 
whic h th e syste m coul d hav e settle d i f  i t  ha d bee n fe d wit h 
th e appropriat e inpu t  (th e experienc e o f  a  stripe d apple) .  Th e 
attracto r  appear s withou t  th e landscap e bein g molde d an d 
thi s attracto r  i s jus t  th e su m o f  informatio n expresse d b y th e 
othe r  attractors ,  whic h remai n intact .  I n thi s case ,  th e 
ensuin g chang e i s weak . 

W e ak chang e refer s t o change s i n th e semanti c conten t 
of  representations ,  whic h broade n thei r  fiel d o f  applicatio n 
but  d o no t  increas e th e expressiv e capabilitie s o f  th e system . 
Attractor s ar e merel y repositione d i n th e landscape ,  whic h 
means tha t  th e activatio n pattern s tha t  defin e the m d o 
change .  Repositio n o f  an y content-realizin g poin t  i s 
accompanie d b y change s i n th e activatio n value s tha t 
constitut e th e point' s activatio n pattern ,  an d change s i n it s 
spatia l  relation s wit h othe r  conten t  realizin g points .  Sinc e 
semanti c informatio n i n dynami c system s i s capture d b y th e 
relativ e position s o f  conten t  realizin g points ,  repositionin g i s 
accompanie d b y semanti c change . 

Thi s scenari o doe s no t  appl y t o th e cas e o f  fusion .  N o 
mer e intersectio n o f  existin g basin s o f  attractio n o r  an y 
simpl e repositioning ,  coul d accommodat e th e salien t  input . 
A reshapin g o f  attracto r  basin s i s required ,  a s wel l  a s th e 
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disappearanc e o f  a n olde r  attracto r  an d th e emergenc e o f  a 
nove l  one .  Thes e change s moul d th e landscape . 

Thus ,  whe n ne w informatio n i s learne d wit h 
repositionin g o f  attractor s an d basin s o f  attraction ,  an d 
attractor s ar e preserve d (thoug h th e slop e o f  th e basin s ma y 
change ,  wit h som e becomin g steepe r  an d other s becomin g 
les s steep) ,  th e resultin g chang e i s weak .  Updatin g th e 
connectio n weight s seem s t o suffic e fo r  this .  I f  th e chang e i n 
weight s doe s no t  suffic e fo r  learning ,  th e landscap e i s 
molde d b y change s i n th e network' s structur e (Morga n an d 
Tienson ,  1996) .  Thi s ma y induc e th e appearanc e o f  ne w 
attractors ;  sinc e th e attractor s ar e point s o n th e landscape , 
th e appearanc e o f  ne w cognitiv e state s realizin g point s o n 
thi s landscape ,  an d th e disappearanc e o f  ol d constitut e 
stron g changes ,  sinc e th e content-expressiv e powe r  o f  th e 
syste m increases .  Thi s proces s ma y requir e structural ,  i.e. , 
qualitative ,  change . 

Mechanisms of Change 
At  th e cognitiv e level ,  th e mai n Piagetia n mechanism s 

drivin g conceptua l  change s ar e assimilation , 
accommodation ,  an d equilibration .  I t  i s  tim e n o w t o 
conside r  th e mechanism s drivin g chang e a t  th e 
representationa l  level .  I n eac h o f  th e type s o f  chang e 
discusse d previousl y th e processe s tha t  lea d t o th e chang e 
ar e th e same ,  alway s reducin g t o quantitativ e an d qualitativ e 
change s i n coimectio n weight s an d th e architectura l 
structur e o f  th e network .  Thes e processe s caus e th e 
repositionin g o f  existin g attractors ,  th e disappearanc e o f  ol d 
ones ,  th e appearanc e o f  ne w ones ,  an d change s i n th e basin s 
of  attractio n tha t  shap e th e relie f  o f  th e landscape .  I t  coul d 
hardl y b e otiierwise .  I n connectionis m th e computationa l 
mechanism s ar e domai n general ,  statistica l  learnin g 
mechanisms ,  base d o n brain-styl e computation ,  tha t  is ,  (a ) 
on th e spreadin g o f  th e activatio n o f  eac h uni t  t o othe r  units , 
(b )  o n th e modificatio n o f  th e connectio n weights ,  an d (c ) 
on th e modificatio n o f  th e networ k structure . 

McClellan d (1989 )  argue d tha t  Piagetia n "assimilation " 
correspond s t o th e activatio n sprea d i n a  networ k whe n a 
signa l  i s presente d t o th e inpu t  unit s an d propagate s throug h 
th e networ k causin g th e activatio n o f  it s  units .  Th e alteratio n 
of  th e weights ,  a s a  resul t  o f  th e network' s learning ,  model s 
Piaget' s "accommodation" ,  tha t  is ,  th e chang e tha t  th e 
netwoH c undergoe s tryin g t o fi t  i n ne w experiences .  Shultz , 
et  al. ,  (1995) ,  an d others ,  hav e propose d networic s tha t  adap t 
thei r  structur e a s the y lear n b y increasin g thei r  hidde n unit s 
t o accommodat e th e demand s o f  th e task .  The y offe r  a 
variatio n o f  McClelland' s accoun t  tha t  i s  suite d bette r  fo r 
network s tha t  ca n modif y thei r  structure .  Th e quantitativ e 
phas e o f  erro r  reductio n an d weigh t  chang e ma y correspon d 
t o Piaget' s "assimilation "  o f  informatio n i n a  pre-existin g 
structure ,  wherea s th e qualitativ e structura l  chang e 
correspond s t o Piaget' s "'accommodation "  o f  th e system . 
Quantitativ e chang e render s possibl e knowledg e acquisitio n 
withi n a  fixe d representationa l  framework,  wherea s 
qualitativ e chang e allow s a n increas e i n representationa l 
power . 
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Abstrac t 
I n thi s pape r  w e addres s th e issu e o f  groundin g fo r  experien -
tia l  concepts .  Give n tha t  perceptua l  demonstrative s ar e a  basi c 
form  o f  suc h concepts ,  w e examin e way s o f  fixing  th e refer -
ent s o f  suc h dentonstratives .  T o avoi d 'encodingism' ,  tha t  is , 
relatin g representations  t o representations ,  w e postulat e tha t 
th e proces s o f  referenc e fixin g mus t  b e bottom-u p an d non -
conceptual ,  s o tha t  i t  ca n brea k th e circl e o f  conceptua l  con -
ten t  an d touc h th e world .  Fo r  tha t  purpose ,  a n appropriat e 
causa l  relatio n betwee n representation s an d th e worl d i s 
needed .  W e clai m tha t  thi s relation  i s provide d b y spatia l  an d 
object-centere d attentio n tha t  lead s t o th e formatio n o f  object -
files  throug h th e functio n o f  deicti c  acts .  Thi s entir e causa l 
proces s take s plac e a t  a  pre-conceptua l  level ,  meetin g th e re-
quiremen t  fo r  a  sohitio n t o th e groundin g problem .  Finall y w e 
clai m tha t  ou r  accoun t  capture s fundamenta l  insight s i n Put -
nam' s an d Kiipke' s wor k o n "new "  reference. 

Introduction 
Joh n Campbel l  (1997 )  claim s tha t  th e proble m o f  th e 

referenc e o f  concept s i s th e proble m o f  relatin g concept s 
wit h imagisti c conten t  Hi s 'imagisti c content '  i s  th e conten t 
o f  ou r  experience s a s w e consciousl y acces s i t  an d us e i t  t o 
see thing s a s 'bein g suc h an d such' .  Th e mos t  basi c for m o f 
referenc e i s w h e n on e perceive s a  thin g an d refer s t o i t  o n 
th e basi s o f  one' s perceptio n b y usin g a  demonstrative ,  suc h 
as ,  "that "  o r  "diis" .  Th e referenc e o f  suc h a  perceptua l  de -
monstrativ e i s determine d b y spatia l  attention . 

Thoug h Campbell' s  thesi s regardin g th e importanc e o f 
spatia l  attentio n an d perceptua l  demonstrative s i n estab -
lishin g th e referenc e o f  concept s t o spatiotcmpora l  object s 
goe s i n th e right  direction ,  hi s accoun t  ha s som e seriou s 
problems .  Th e mai n issu e w e wis h t o tak e o n her e i s hi s 
vie w tha t  th e matte r  o f  th e referenc e o f  concept s i s ex -
hauste d b y relatin g prepositiona l  wit h pictoria l  content .  Th e 
proble m i s tha t  bot h propositiona l  an d experientia l  conten t 
ar e representations ,  whil e th e issu e o f  referenc e i s suppose d 
t o b e a  matte r  o f  groundin g representation s t o th e world ,  no t 
o f  relatin g representation s o f  differen t  kind s t o eac h other . 
Thi s classica l  threa t  o f  infinit e regres s i s n o w k n o w n unde r 
th e labe l  o f  'encodingism' ,  th e vie w tha t  representation s ar e 
connecte d wit h th e represente d entitie s vi a som e kin d o f 
correspondenc e betwee n th e tw o (se e th e critiqu e i n Bick -
hard ,  199 3 an d Christianse n an d Chater ,  1993) .  Solution s 
tha t  propos e som e suc h correspondenc e that ,  i n turn ,  stand s 
i n nee d o f  a n 'interpretation '  canno t  answe r  th e symbo l 
groundin g problem ,  sinc e the y fai l  t o accoun t  fo r  h o w 
"symbo l  meanin g [is ]  t o b e grounde d i n somethin g othe r 

tha n jus t  mor e meaningles s symbols. "  (Hamad ,  1990 )  Th e 
encodin g o f  symbol s i n furthe r  symbol s canno t  b e th e solu -
tion . 

We k n o w tha t  th e proble m ha s a  solutio n sinc e (som e 
of )  ou r  concept s d o hav e reference .  A  solutio n tha t  doe s no t 
fal l  int o th e tra p o f  encodingis m coul d b e provide d i f  w e 
coul d singl e ou t  a  non-symboli c connectio n betwee n ou r 
representation s an d th e world .  I t  seem s plausibl e tha t  suc h a 
connectio n i s a  causa l  on e an d tha t  i t  woul d tak e plac e with -
out  th e involvemen t  o f  conceptua l  (i .  e .  symbolic )  means . 
Thi s i s wher e Campbel l  ha s pointe d i n th e right  direction . 

So,  ou r  tas k i s t o giv e a  contributio n t o th e proble m 
h o w th e concept s i n th e min d o f  a  particula r  speake r  ca n re -
fe r  t o object s i n th e worid .  H o w i s i t  possibl e tha t  I  ca n us e 
th e concep t  "house "  t o refe r  successfull y t o certai n objects ? 
We nee d t o singl e ou t  a  causa l  process ,  tha t  coul d b e a 
groundin g fo r  suc h referenc e (an d tha t  woul d no t  presup -
pos e concepts) .  Onc e suc h a  groundin g i s laid ,  th e speake r 
ca n expan d th e initia l  groundin g fro m experientiall y  acces -
sibl e kind s o f  object s t o object s t o whic h h e ha s n o suc h ac -
ces s (fo r  contingen t  o r  principle d reasons ,  a s i n th e cas e o f 
abstrac t  objects) .  Eac h us e o f  a  concep t  woul d depen d o n 
suc h a  groundin g throug h a  causa l  chain ,  startin g fi-om  th e 
initia l  grounding(s) .  H o w th e groundin g o f  non-experientia l 
concept s take s plac e i s no t  discusse d i n thi s paper . 

I n thi s pape r  w e argu e tha t  spatia l  attentio n and/o r  ob -
ject-centere d attentio n establis h th e referent s o f  certai n 
kind s o f  concepts ,  namel y perceptua l  demonstratives .  De -
monstrative s ar e a  promisin g star t  becaus e die y migh t  rel y 
on bodil y movement s i n a  context ,  no t  o n conceptua l  enti -
tie s tha t  woul d requir e a n interpretation .  W e firs t  discus s 
thes e form s o f  attentio n an d th e w a y the y individuat e ob -
jects ,  arguin g tha t  spatiotcmpora l  informatio n individuate s 
th e referent s an d tha t  thi s ca n b e don e i n a  bottom-up ,  non -
conceptua l  way . 

The n w e emplo y Garcia-Carpintero' s (2000 )  an d De -
vitt' s  (1996 )  theor y o f  demonstrative s t o sho w h o w th e 
sense s o f  demonstrative s individuat e thei r  referent s (demon -
strata) .  W e clai m tha t  th e sense s o f  demonstrative s us e th e 
spatio-tempora l  informatio n containe d i n th e objec t  file s t o 
fi x  reference .  Th e non-conceptua l  us e o f  thi s informatio n 
provide s th e causa l  relatio n tha t  ground s representation s i n 
th e world .  T o explai n h o w individuatio n take s plac e w e em -
plo y Ballar d et .  al.' s  (1997 )  theor y o f  deicti c code s an d 
K a h n e m an an d Treisman' s (1984 )  theor y o f  object-files . 
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Finally ,  i n th e thir d par t  o f  th e paper ,  ou r  thesi s regard -
in g referenc e i s discusse d i n th e contex t  o f  Putnam' s (1975 , 
1983 ;  1991 )  an d Kripke' s (1980 )  "new "  theor y o f  reference. 
We clai m tha t  th e notio n o f  a n object-fil e containin g pre -
dominantl y spatio-tempora l  informatio n provide s th e causa l 
connectio n wit h th e worl d tha t  Putna m an d Kripk e sough t  t o 
establish .  W e discus s th e groundin g o f  concept s whos e ref -
erent s ar e th e basi s o f  one' s perceptio n w h e n on e use s a  de -
monstrative .  I n thi s sens e th e solutio n provide d here ,  eve n i f 
successful ,  i s  onl y th e fu^ t  ste p towar d solvin g th e proble m 
of  concep t  groundin g i n general . 

Individuating Objects 
Campbel l  (1997 )  argue s tha t  objec t  individuatio n take s 

plac e b y mean s o f  selectiv e spatia l  attentio n tha t  pick s ou t 
object s features ,  form s featur e maps ,  an d integrate s thos e 
tha t  ar e foun d a t  th e sam e locatio n int o formin g object s i n 
th e w a y describe d b y Treisman' s Featur e Integratio n The -
or y (FIT) .  I n vision ,  informatio n from  differen t  featur e map s 
i s boun d togethe r  b y extractin g th e locatio n encode d im -
plicitl y  i n an y featur e information .  Spatia l  attentio n make s 
th e implici t  locatio n explici t  Informatio n localize d a t  th e 
same locatio n i s boun d togethe r  an d though t  t o pertai n t o a 
certai n objec t  tha t  occupie s tha t  space . 

F I T belong s t o a  famil y o f  dieorie s tha t  hol d tha t  w h e n 
one attend s t o a n objec t  the n on e automaticall y encode s al l 
of  it s  feamre s i n visua l  workin g memory .  Agains t  this ,  ther e 
i s evidenc e fo r  th e existenc e o f  object-base d attentio n whic h 
override s featura l  informatio n (othe r  tha n spatiotempora l  in -
formation )  an d whic h o n certai n occasion s m a y pic k ou t 
object s withou t  an y regar d eve n fo r  spatia l  informatio n 
(Schol l  &  Leslie ,  2000 ;  Scholl ,  2001) .  Th e rol e o f  objec t 
centere d attentio n i s primaril y  th e parsin g o f  a  scen e int o 
discret e persistin g objects ,  an d th e selectio n o f  som e amon g 
thes e objects .  Th e sam e evidenc e suggest s tha t  selectio n 
base d o n spatio-tempora l  informatio n occur s ver y earl y i n 
informatio n processin g (thoug h segmentation s o f  a  scen e 
int o variou s discret e object s probabl y occur s a t  al l  level s o f 
vision) ;  i n th e cas e o f  visio n i t  take s plac e i n mid-leve l  vi -
sion .  Mid-leve l  visio n i s bottom-u p an d cognitivel y im -
penetrabl e (Pylyshy n 1999 ;  Raftopoulos ,  2001) ,  i .  e .  no t  ac -
cessibl e t o consciou s cognition ,  s o i t  i s  no t  conceptual .  I n 
othe r  words ,  som e for m o f  th e selectio n o f  object s an d th e 
parsin g o f  a  scen e i s a  bottom-up ,  cognitivel y impenetrabl e 
proces s (Care y an d X u ,  2001 ;  Scholl ,  2001) .  Suc h a  proces s 
woul d b e a  goo d candidat e fo r  th e causa l  proces s w e ar e 
lookin g for . 

Give n th e pre-consciou s processe s i n mid-leve l  vision , 
we nee d t o distinguis h tw o steps :  1 )  objec t  individuation , 
th e processe s tha t  select s object s a s discret e entitie s tha t  per -
sis t  i n time ,  an d 2 )  objec t  identification ,  th e processe s tha t 
lea d t o th e representatio n o f  object s unde r  a  certai n descrip -
tion .  Th e latte r  involve s a  stron g semantica l  component ,  i n 
th e sens e tha t  th e objec t  represente d ha s bee n identifie d a s 
bein g suc h an d suc h (e .  g .  a  house) .  Th e forme r  involve s a 
much weake r  leve l  o f  representation .  I t  purport s t o conve y 
th e sens e tha t  a n objec t  fil e ha s bee n opene d fo r  tha t  specifi c 
object ,  tha t  is ,  tha t  th e objec t  ha s bee n "catalogued "  o r  "in -
dexed "  a s somethin g tha t  exist s an d persist s separatel y o f 
othe r  object s wit h it s o w n continuou s spatio-tempora l  his -

tor y -  no t  as  somethin g tha t  ha s certai n propertie s (suc h as 
tha t  o f  bein g a  house) .  Object-file s ar e allocate d an d main -
taine d primaril y o n th e basi s o f  spatiotempora l  information . 
Object s ca n b e parse d an d tracke d withou t  bein g identified . 
Thi s representatio n allow s acces s t o th e objec t  bu t  i t  doe s 
not  describ e th e object .  Objec t  individuatio n doe s no t  re -
quir e th e existenc e o f  a  concep t  associate d wit h tha t  object . 
(O f  course ,  i n theor y successfii l  objec t  identificatio n coul d 
als o b e use d fo r  individuation ,  a s i n definit e description s 
lik e "th e larg e hous e wit h th e porch" ,  bu t  thi s presuppose s 
grounde d symbols ,  s o w e ar e intereste d i n th e inverse :  indi -
viduatio n withou t  identification. ) 

As a n exampl e fo r  objec t  individuation ,  thin k o f  tw o 
identica l  re d square s tha t  ar e situate d i n differen t  locations . 
Sinc e the y ar e identica l  wit h regar d t o thei r  features ,  th e 
onl y w a y the y coul d b e treate d a s tw o distinc t  object s i s b y 
considerin g Uiei r  spatiotempora l  history .  Thi s presuppose s 
tha t  ther e i s a n object-centere d attentiona l  mechanis m tha t  i s 
sensitiv e onl y t o spatiotempora l  informatio n an d no t  t o fea -
tur e information ,  whic h ca n pic k u p thes e object s b y open -
in g object-files .  Precisel y thi s conclusio n i s reached  i n th e 
M OT (Multipl e Objec t  Tracking )  experimen t  (Pylyshy n & 
Storm ,  1988) .  I n thes e experiment s subject s mus t  trac k a 
number  o f  independentl y movin g identica l  objects ,  tha t  ar e 
initiall y  tagge d b y attentiona l  cues ,  amon g identica l  dis -
tractors .  Th e succes s i n M O T presuppose s tha t  th e subject s 
atten d t o spatiotempora l  informatio n (relativ e locatio n an d 
directio n o f  motion )  an d no t  t o features ,  suc h a s colo r  an d 
shape ,  o r  eve n th e actua l  locatio n o f  th e objects .  O n e coul d 
sa y tha t  th e attentiona l  cue s individuate/inde x i n paralle l  th e 
target s b y assignin g the m tag s tha t  th e subjec t  ca n follo w 
afterward s throug h motion .  Thus ,  thi s mechanis m individu -
ate s thes e object s an d allow s th e subjec t  t o follo w thei r 
path s an d transformation s whil e maintaining  thei r  identit y 
as distinc t  objects . 

Care y an d X u (2001 )  argu e tha t  a  mechanis m trackin g 
th e spatiotempora l  histor y o f  object s precede s featur e 
trackin g mechanisms ,  an d tha t  thi s mechanis m m a y overrid e 
conflictin g featura l  information .  I n othe r  words ,  objec t  indi -
viduatio n precede s featur e identificatio n -  a s w e sai d above . 
Th e cognize r  doe s no t  " know "  o r  "believe "  tha t  a n objec t 
moves i n continuou s paths ,  tha t  i t  persist s i n time ,  thoug h i t 
use s thi s informatio n t o inde x an d follo w th e object .  Sh e 
doe s no t  encod e th e object' s feature s i n som e concept .  Sh e 
m ay no t  eve n hav e acquire d th e concep t  "object "  (i n thi s 
sense ,  yo u ca n se e a  hous e withou t  havin g th e concep t  o f 
"house") .  Objec t  individuatio n m a y eventuall y resul t  i n th e 
belie f  tha t  a n objec t  i s  her e o r  there ,  bu t  thi s indexin g itsel f 
doe s no t  appea l  t o som e store d concept s regardin g objects . 
Hence ,  i f  objec t  individuatio n establishe s reference ,  the n th e 
reference  o f  demonstrative s i s no t  determine d b y a  se t  o f  de -
scription s o f  features . 

The discussio n o f  objec t  base d attentio n show s tha t  ob -
jec t  file s ar e opene d an d maintaine d o n th e basi s o f  spatio -
tempora l  informatio n b y mean s o f  cognitivel y impenetrabl e 
mechanisms .  Petito t  (1995 )  talk s o f  th e "positiona l  (local ) 
content-structure "  o f  th e scene .  Thi s positiona l  structur e i s 
nonconceptual ,  an d convey s informatio n abou t  nonvisua l 
properties ,  suc h a s causa l  relation s (e.g. ,  X  "transfers " 
somethin g t o y) .  I n thi s latte r  categor y on e ca n includ e th e 
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functiona l  propertie s o f  objects ,  referre d t o a s 'affordances ' 
of  objects .  Suppos e tha t  on e witnesse s a  scen e i n whic h X 
give s Z  t o Y .  Th e semantic s o f  th e scen e consist s o f  tw o 
parts :  (i )  th e semanti c conten t  o f  ̂ ,  Z ,  Y  an d "give "  a s a  spe -
cifi c  action ,  an d (ii )  th e purel y positiona l  loca l  content .  Th e 
latte r  i s  i n fac t  th e imag e schem e o f  th e "transfer "  type .  X ,  Y , 
an d Z  occup y a  specifi c  locatio n i n th e spac e occupie d b y 
th e scene .  I n th e imag e scheme ,  X , Y , Z a i t  thu s reduce d t o 
featureles s object s tha t  occup y specifi c  relativ e locations , 
and i n tha t  sens e ca n b e viewe d a s pur e abstrac t  places . 
M o r e specifically ,  X ,  Y ,  an d Z ,  whic h i n a  linguisti c descrip -
tio n o f  th e scen e ar e th e semanti c roles,  "ar e reduce d t o pur e 
abstrac t  places ,  location s tha t  mus t  b e filled  b y 'true '  par -
ticipants. "  Thes e place s ar e relate d b y mean s o f  a n action ,  o f 
a "transfer "  type . 

Petitot' s  "places "  d o no t  refe r  t o th e actua l  location s 
tha t  ar e occupie d b y th e object s i n a  scene .  W h a t  Petito t 
seems t o allud e t o usin g th e spatia l  metapho r  i s th e notio n o f 
an objec t  devoi d o f  ai l  feature s (includin g actua l  location) , 
excep t  tha t  i t  persist s i n time ,  an d occupie s som e spac e -
simila r  t o th e tal k o f  "two-plac e predicate" .  I t  i s  thi s indi -
viduatio n o f  a n objec t  tha t  Petito t  seek s t o describ e b y say -
in g tha t  th e objects '  onl y propert y i s tha t  the y occup y thei r 
o wn spac e an d thi s i s wha t  th e notio n o f  object s a s "pur e ab -
strac t  places "  purport s t o convey .  I n thi s framework ,  th e 
concept s tha t  ar e use d i n th e linguisti c description s o f  a 
scen e ar e locadona l  configurations ,  tha t  is ,  spatia l  struc -
tures .  Petito t  describe s th e routines  an d algorithm s o f  earl y 
visio n tha t  migh t  retriev e fium  th e morpholog y o f  a  scen e i n 
a bottom-u p manne r  th e globa l  positiona l  informatio n con -
taine d i n i t 

Severa l  theorie s o f  mechanism s o f  objec t  indexin g 
(wha t  w e cal l  "individuation" )  hav e bee n proposed .  The y 
includ e th e F I N S T theor y o f  visua l  indexin g (Pylyshyn , 
2001) ,  th e object-indexin g theor y (Schol l  &  Leslie .  1999) , 
di e object-file s theor y o f  K a h n e m a n &  Treisma n (1984 )  an d 
mor e recentl y Ballard' s e t  al. ,  (1997 )  theor y o f  deicti c 
codes .  Th e c o m m o n threa d o f  thes e theorie s i s th e clai m tha t 
ther e exist s a  leve l  o f  (visual )  processin g i n whic h object s 
presen t  i n a  scen e ar e parse d an d tracke d a s distinc t  individ -
ual  object s withou t  bein g recognize d a s particula r  object s 
tha t  ar e suc h an d such .  Thus ,  the y stres s th e poin t  tha t  objec t 
individuatio n precede s objec t  identificatio n an d tha t  ther e i s 
a leve l  o f  objec t  representatio n tha t  doe s no t  encod e feature s 
and doe s no t  presuppos e concepts ;  a  preconceptua l  leve l  o f 
objec t  representation .  W e hav e alread y discusse d «object -
files».  W e ar e n o w goin g t o describ e a  plausibl e mechanis m 
tha t  allow s objec t  individuatio n an d tracking . 

Deictic Codes, Object Individuation and Tracking 
A recen t  theor y o f  deicti c pointer s ha s bee n develope d 

by Ballard ,  e t  al. ,  (1997) .  The y clai m tha t  a t  tim e scale s o f 
approximatel y 1/ 3 o f  a  second ,  orientin g movement s o f  th e 
bod y pla y a  crucia l  role  i n cognitio n an d for m a  usefu l  com -
putationa l  level .  A t  thi s "embodimen t  level, "  th e constraint s 
of  th e physica l  syste m determin e th e natur e o f  cognitiv e op -
erations .  "Th e ke y synerg y i s tha t  a t  tim e scale s o f  abou t  1/ 3 
of  a  second ,  th e natura l  sequentialit y  o f  bod y movement s 
ca n b e matche d t o th e natura l  computationa l  economie s o f 
sequentia l  decisio n system s throug h a  syste m o f  implici t 

referenc e calle d deicti c i n whic h pointin g movement s ar e 
use d t o bin d object s i n th e worl d t o cognitiv e programs. " 

Our  discussio n revolve s aroun d th e issu e o f  relatin g in -
terna l  representationa l  state s wit h th e world .  W e hav e em -
phasize d th e potentia l  rol e playe d b y non-conceptua l  proc -
esse s i n mediatin g th e relatio n betwee n representation s an d 
th e world .  N o w ,  a s w e mentioned ,  th e shortes t  tim e a t  whic h 
bodil y action s an d movements ,  suc h a s ey e movements , 
han d movements ,  o r  spoke n words ,  ca n b e observe d i s th e 
1/3-second-tim e scale ,  th e embodimen t  level .  Thus ,  th e 
mechanism s tha t  relat e conceptua l  conten t  wit h th e worl d 
throug h actio n mus t  b e sough t  a t  thi s level .  Suppos e tha t 
on e look s a t  a  scen e an d select s a  par t  o f  i t  throu ^  ey e fo -
cusing .  Th e brain' s representatio n i s about ,  o r  refer s to ,  tha t 
specifi c  par t  o f  th e scene .  Act s suc h a s th e ey e focusin g ar e 
calle d "deicti c strategies" ,  fro m th e Gree k wor d 'deixis ' 
(pointin g at) ,  sinc e the y ar e analogou s t o pointin g wit h 
one' s hand .  W h e n one' s interna l  representatio n refer s t o a n 
objec t  throug h suc h a  deicti c representation ,  thi s i s a  "deic -
ti c  reference. " 

Eye fixatio n exemplifie s th e role  o f  deicti c mecha -
nisms ,  o r  pointers ,  a s groundin g devices ,  tha t  is ,  a s device s 
tha t  groun d interna l  representation s an d cognitiv e program s 
t o object s i n th e world ,  throug h deicti c reference .  Thi s 
bindin g i s implemente d b y tw o functiona l  routine s i n th e 
visua l  system .  W h e n a  scen e i s perceived ,  th e ey e move -
ment s perfor m tw o mai n fxmctions ;  the y extrac t  propertie s 
of  pointe r  location s (objec t  identification )  an d the y poin t  t o 
aspect s o f  th e environmen t  (objec t  localization) .  Th e secon d 
tas k i s tha t  o f  ou r  objec t  individuation . 

Perceptual Demonstratives and Reference 
Let  u s star t  b y havin g a  brie f  loo k a t  th e thre e mos t  in -

fluential  account s o f  demonstratives .  Th e standar d Fregea n 
analysi s o f  demonstrative s consider s the m simila r  t o definit e 
description s an d assign s the m a  referenc e (Bedeutung )  an d a 
sens e (th e m o d e o f  presentatio n o f  th e referre d object) . 
Frege' s sense s ar e descriptive ,  i n tha t  the y provid e descrip -
tion s i n term s o f  feature s o f  th e singula r  term .  However , 
demonstrative s d o no t  fimctio n quit e lik e definit e descrip -
tion s do ,  sinc e demonstrative s an d indexical s i n genera l  ar e 
rigid  designator s (Kripke ,  1972 )  wherea s defmit e descrip -
tion s ar e not .  A  toke n o f  "tha t  house "  refer s t o th e salien t 
house ,  whil e "th e larges t  hous e i n town "  m a y refe r  t o on e 
hous e toda y an d t o anothe r  nex t  year .  Thi s ha s bee n use d t o 
argu e tha t  th e sense s o f  demonstratives ,  i f  any ,  ar e no t  de -
scriptive .  Below ,  w e wil l  argu e tha t  th e 'senses '  o f  demon -
strative s consis t  i n causa l  chain s tha t  groun d the m i n th e 
wori d ( a thesi s simila r  t o tha t  o f  Devitt ,  1996 ,  Kripke ,  198 0 
and Putnam ,  1975 ;  1991) .  Th e causa l  chain s star t  wit h a  di -
rec t  perceptua l  encounte r  wit h a n object ,  a n encounte r  tha t 
ground s th e demonstrativ e i n th e world .  Devit t  (1996 ,  164 ) 
call s suc h a n encounte r  a  "grounding "  -  an d w e shal l  us e 
thi s fo r  th e "groundin g problem" . 

We joi n Garcia-Carpinter o (2000) ,  an d Devit t  (1996 )  i n 
th e vie w tha t  th e differenc e betwee n definit e description s 
an d demonstrative s doe s no t  discredi t  th e rol e o f  sense s o f 
demonstrative s i n determinin g thei r  content .  Ou r  thesi s i s 
tha t  th e conten t  o r  meanin g o f  a  demonstrativ e consist s bot h 
of  it s  referen t  an d it s sense .  Thi s i s th e secon d mai n accoun t 
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of  demonstratives .  W e wil l  no t  argu e i n favo r  o f  thi s view , 
though ,  becaus e i t  i s  reall y no t  crucia l  t o th e mai n argumen t 
develope d i n thi s paper ,  namel y tha t  referenc e construe d a s 
objec t  individuatio n ca n b e fixe d b y mean s o f  bottom-u p 
perceptua l  processe s tha t  involv e no n conceptua l  content . 
What  i s importan t  t o thi s argumen t  i s th e existenc e o f  suc h a 
process ;  thi s clai m i s independen t  o f  whethe r  th e referen t  i s 
par t  o f  th e meanin g o f  demonstratives .  Th e argument ,  how -
ever ,  a s w e shal l  see ,  essentiall y  involve s th e rol e o f  th e 
m o de o f  presentatio n o f  a  demonstrativ e i n individuatin g 
objects .  Thus ,  ou r  claim s g o agains t  th e thir d importan t  con -
strua l  o f  demonstratives . 

Thi s i s th e direc t  referenc e theory ,  accordin g t o whic h 
th e onl y conten t  o f  a  demonstrativ e i s it s denotation ,  o r  i n 
othe r  words ,  tha t  th e onl y linguisti c fimctio n o f  a  demon -
strativ e i s tha t  i t  refer s t o it s demonstratum ,  it s referen t 
(Kaplan ,  1989) .  I t  doe s no t  hav e a  sense .  Paraphrasin g 
Kaplan' s (1989 )  accoun t  o f  th e theory ,  on e coul d sa y tha t  a 
demonstrativ e doe s no t  describ e it s referen t  a s possessin g 
any identifyin g properties ,  i t  onl y refer s t o it .  TTioug h w e 
agre e tha t  demonstrative s d o no t  provid e identifyin g de -
scription s o f  thei r  referent ,  w e argu e tha t  the y allo w th e in -
dividuatio n o f  th e referen t  a s a  singula r  persistin g object ,  b y 
means o f  object-centere d attentio n an d spatia l  attention . 
Thes e tw o provid e th e causa l  chain s tha t  groun d th e de -
monstrative .  Thus ,  th e m o d e o f  presentatio n o f  a  demon -
strativ e i s no t  descriptiv e bu t  causal .  The y ca n d o tha t  be -
caus e the y hav e a  m o d e o f  presentatio n o f  th e referent .  Bu t 
what  i s th e m o d e o f  presentatio n whe n on e say s fo r  exampl e 
"that "  pointin g t o a  house ? 

Campbel l  (1997 )  think s tha t  th e proble m o f  th e sens e o f 
a perceptua l  demonstrativ e i s a  proble m abou t  selectiv e at -
tention ,  i n s o fa r  a s h e consider s th e m o d e o f  presentatio n t o 
provid e imagisti c informatio n relate d t o th e referent .  I t  i s  th e 
rol e o f  selectiv e spatia l  attentio n t o isolat e tha t  informatio n 
i n a  scen e tha t  pertain s t o th e referent .  Thus ,  Campbel l  take s 
th e m o d e o f  presentatio n o f  a  demonstrativ e t o includ e in -
formatio n tha t  coul d individuat e th e referen t  o n th e basi s o f 
it s  observabl e feature s and ,  i n a n essentia l  manner ,  o n th e 
basi s o f  it s  spatia l  location .  I n fact ,  differenc e o f  locatio n 
onl y suffic e t o establis h differenc e i n th e m o d e o f  presenta -
tio n o f  th e sam e objec t  b y tw o differen t  demonstratives . 

Garcia-Carpinter o (2000 )  an d Devit t  (1996 )  offe r  a 
thoroug h accoun t  o f  th e sense s o f  demonstratives ,  whic h i s 
simila r  i n som e respect s t o tha t  o f  Campbell's .  Th e sense , 
accordin g t o Garcia-Carpintero ,  i s  a n ingredien t  o f  presup -
position s o f  acquaintanc e wit h th e referent ;  "presupposi -
tions "  meanin g "proposition s tha t  ar e take n fo r  granted " 
when a  statemen t  i s uttered .  I n thi s fashion ,  sense s ar e indi -
viduatin g propertie s tha t  allo w th e individuatio n o f  th e ref -
erent . 

Suppos e on e perceive s somethin g a s bein g a  hous e an d 
utter s th e statemen t  "tha t  i s  / *  pointin g a t  a  certai n objec t 
(th e house )  an d assignin g i t  th e propert y /(e .  g .  "beautiful") . 
The ter m "that "  i s  a  singula r  ter m associate d wit h th e de -
scriptio n "th e /  house" .  Accordin g t o Garcia-Carpintero , 
when on e use s th e singula r  ter m "that "  on e take s onesel f  t o 
be acquainte d wit h a n objec t  b y havin g a  'dossier '  fo r  " the / 
house" ,  whic h pick s i t  out .  Th e objec t  fulfill s  th e condition s 
specifie d i n th e dossier ,  i n ou r  cas e th e propositio n "ther e i s 

a uniqu e hous e mos t  salien t  w h e n th e toke n t  o f  'that '  i s 
produce d an d t  refer s t o tha t  house. "  N o w ,  th e phras e "mos t 
salien t  w h e n t  ocaxn "  i s equivalen t  t o th e expressio n "hous e 
i n suc h an d suc h a  locatio n wit h suc h an d suc h visua l  fea -
tures. "  Th e "i n suc h an d suc h a  plac e wit h suc h an d suc h 
visua l  features "  i s th e m o d e o f  presentatio n o f  th e toke n f  o f 
th e demonstrativ e "that" .  Thi s m o d e o f  presenUtio n indi -
viduate s th e objec t  t o whic h th e demonstrativ e refers . 

Th e dossie r  o f  th e objec t  tha t  acquaint s on e wit h th e 
objec t  ca n b e update d b y n e w information ,  b y addin g con -
tent s o r  b y revisin g it s content .  O n e note s a  distinctio n be -
twee n a n objec t  bein g single d ou t  a s th e referen t  o f  a  de -
monstrativ e an d it s acquaintanc e dossie r  (file) .  Th e latte r 
ontologicall y presuppose s th e former ;  on e need s a n objec t  t o 
creat e it s dossier .  O n e als o need s t o ensur e tha t  th e objec t 
wit h suc h an d suc h feature s a t  tim e f  i  i s  th e sam e objec t  wit h 
suc h an d suc h feature s a t  tim e ti .  Perceptio n mus t  provid e 
fo r  a  mechanis m tha t  establishe s th e existenc e o f  a n objec t 
as a  distinc t  entif y an d open s a  dynami c fil e o n it .  O n e 
needs ,  i n othe r  words ,  a  mechanis m tha t  individuate s th e 
demonstrat a o f  perceptua l  demonstratives . 

Object Individuation and Reference 
Let  u s se e wher e w e stan d wit h regar d t o th e issu e o f 

th e referenc e o f  perceptua l  demonstrative s relate d t o objec t 
individuation .  W h e n on e use s a  demonstrativ e on e open s a 
fil e fo r  th e objec t  bein g demonstrated .  Accordin g t o th e 
psychologica l  evidence ,  th e firs t  thin g tha t  thi s file  doe s i s 
t o individuat e th e objec t  base d o n spatiotempora l  informa -
tion .  Thi s ensure s th e existenc e o f  a  distinc t  objec t  whos e 
path s i n spac e an d tim e ca n b e tracked .  Th e objec t  fil e thu s 
allow s acquaintanc e wit h th e referen t  o f  th e demonstrative , 
an d i n thi s sense ,  i t  constitute s it s m o d e o f  presentation . 
Kahneman' s "object-file "  become s a  truncate d versio n o f 
Garcia-Carpintero' s "dossier" ,  a  dossie r  tha t  contain s onl y 
spatiotempora l  information .  A s th e objec t  move s i n space -
time ,  featur e detectio n mechanism s infus e th e file  wit h fea -
tur e informatio n allowin g featur e identificatio n (th e ful l 
"dossier". ) 

Le t  u s investigat e th e powe r  o f  th e accoun t  sketche d s o 
fa r  wit h Bria n Loar' s (1976 )  example ,  als o use d b y Garcia -
Carpinter o (2000 )  t o argu e tha t  descriptiv e sense s fi x th e 
referent s o f  th e term s wit h whic h the y ar e associated :  Sup -
pos e tha t  Smit h an d Jone s se e a  m a n o n th e trai n ever y 
morning .  O n e evenin g the y watc h a  m a n bein g interviewe d 
on a  televisio n show ,  the y ar e unawar e tha t  thi s m a n i s th e 
same m a n the y mee t  o n th e trai n ever y morning ,  an d i t  s o 
happen s tha t  durin g th e sho w the y hav e jus t  bee n talkin g 
abou t  th e m a n o n th e train .  Suppos e n o w tha t  Smit h 
switche s hi s attentio n t o th e m a n o n th e televisio n an d says , 
"h e i s a  stockbroker" ,  referrin g t o th e m a n o n th e television . 
Jones ,  unawar e o f  Smith' s attentio n switch ,  take s Smit h t o 
refe r  t o th e m a n o n th e trai n abou t  w h o m the y hav e bee n 
talking .  Thoug h Jone s ha s correctl y identifie d th e referent , 
sinc e th e m a n o n th e trai n i s th e sam e a s th e m a n o n th e 
television ,  on e feel s tha t  Jone s ha s faile d t o understan d 
Smith' s utterance .  Thi s show s tha t  th e manne r  o f  presenta -
tio n o f  singula r  term s i s importan t  eve n o n referentia l  use s 
fo r  graspin g th e meanin g o f  wha t  i s bein g commimicated . 
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Th e upsho t  o f  Loar' s exampl e i s tha t  althoug h Jones ' 
belie f  t o th e effec t  tha t  th e m a n o n th e trai n i s a  stockbroke r 
has th e sam e trut h condition s a s Smith' s belie f  tha t  th e m a n 
o n th e televisio n i s a  stockbroke r  (sinc e th e referen t  i n bot h 
belief s i s th e sam e person) .  Smit h i s justifie d i n holdin g hi s 
belief ,  wherea s Jones '  i s  not . 

Jone s misse d th e informatio n tha t  woul d hav e justifie d 
hi s belief ,  becaus e h e doc s no t  k n o w tha t  th e m a n o n th e 
televisio n an d tiie  m a n o n th e trai n ar e th e sam e person .  So , 
fo r  Jones ,  an d thu s informatio n pertainin g t o th e forme r 
doe s no t  appl y t o th e latter .  T o us e th e terminolog y o f  thi s 
paper ,  Jone s ha s tw o differen t  object-files ;  on e fo r  th e per -
so n o n th e televisio n an d on e fo r  th e perso n w h o m h e meet s 
on th e train .  Th e rol e o f  th e m o d e o f  presentatio n o f  a  sin -
gula r  ter m i s t o clarif y thi s point ,  namel y whethe r  th e objec t 
unde r  consideratio n ha s bee n individuate d th e appropriat e 
way .  Spatiotempora l  informatio n purport s t o d o exactl y that : 
had Jone s followe d th e spatiotempora l  pat h o f  th e perso n o n 
th e train ,  h e woul d hav e k n o w n tha t  i t  i s  th e sam e perso n 
tha t  appear s o n th e televisio n an d h e woul d hav e use d al l 
relevan t  informatio n t o updat e tha t  person' s object-file ;  s o 
hi s belie f  woul d hav e bee n jus t  a s justifie d a s Smith's . 

I t  seem s thus ,  tha t  objec t  individuatio n (th e m o d e o f 
presentation )  i s indispensabl e t o fbcin g th e referen t  o f  a  per -
ceptua l  demonstrative .  Th e individuatio n i s accomplishe d 
b y openin g a n object-fil e fixin g th e objec t  t o whic h th e de -
monstrativ e refer s an d allowin g it s tracking .  I n th e cours e o f 
tracking ,  additiona l  information ,  e .  g .  o n shap e an d color , 
m ay b e adde d t o th e "dossier "  t o allo w trackin g i n difficul t 
circumstance s (a s w h e n on e thin g i s insid e som e othe r 
thing) .  I t  i s  essentia l  fo r  th e succes s o f  concep t  groimdin g 
and th e escap e from  th e regres s o f  encodingis m tha t  thi s in -
dividuatio n proces s i s no t  cognitivel y penetrable .  N o con -
ceptua l  content ,  n o existin g representation s ca n b e use d i n 
th e individuatio n process ,  s o i t  ha s t o b e inaccessibl e t o con -
sciou s content-lade n processing .  Also ,  individuatio n shoul d 
not  b e see n a s establishin g a  concep t  -  thi s i s wha t  happen s 
i n th e ste p o f  identification .  Individuatio n jus t  ground s th e 
concept ,  fixin g i t  ont o a n objec t  s o tha t  th e concep t  ca n b e 
"filled "  wit h information . 

New Theoriei of Reference 
I f  objec t  individuatio n ca n fi x referenc e an d i f  objec t 

individuatio n ca n b e carrie d ou t  withou t  conceptua l  in -
volvement ,  the n referenc e ca n b e fixe d i n a  nonconceptua l 
manner .  O f  course ,  thi s goe s agains t  th e standar d descriptiv e 
theorie s o f  reference ,  accordin g t o whic h a  sig n i s associate d 
wit h a  concep t  i n th e mind ,  a  "sense" ,  whic h constitute s it s 
meanin g an d determine s wha t  th e sig n refer s to .  I t  allow s 
on e t o pic k ou t  th e object s i n th e environmen t  tha t  ar e 'fal l 
under '  th e concept .  Th e referenc e o f  a  wor d i s fixe d b y cer -
tai n o f  th e description s associate d wit h th e word :  tha t  thin g 
ove r  ther e count s a s a  "house" ,  give n tha t  i t  i s  a  buildin g 
whic h coul d b e use d a s a  h u m a n dwelling . 

A proble m wit h thes e kind s o f  theorie s ha s bee n ex -
presse d i n term s tha t  remin d strongl y o f  th e symbo l 
groundin g problem :  Devit t  (1996 ,  159 )  argue s tha t  descrip -
tiv e theorie s o f  referenc e ar e incomplet e becaus e b y ex -
plainin g reference s b y descriptions ,  the y appea l  t o th e appli -
catio n o f  description s o f  othe r  words ;  thus ,  the y explai n ref -

erenc e b y appealin g t o th e referenc e o f  othe r  words .  T o es -
cap e th e lurkin g infmit e regress ,  ther e mus t  b e som e word s 
whos e referenc e doe s no t  depen d o n tha t  o f  othe r  words , 
tha t  i s  word s tha t  ar e founde d directl y i n th e world . 

Kripk e (1972 )  an d Putna m (1975 ;  1983 ;  1991 )  hav e ar -
gue d tha t  th e standar d conceptio n o f  referenc e fail s fo r  cer -
tai n kind s o f  words ,  namel y demonstratives ,  prope r  name s 
and namra l  kin d terms .  I t  i s  interestin g t o se e whethe r  ou r 
notio n o f  referenc e i s compatibl e wit h Putnam' s (1975 ; 
1983 )  direct-referenc e theor y ("direct "  i n tha t  i t  avoid s th e 
mediatio n o f  conceptua l  conten t  i n establishin g reference) . 
Accordin g t o thi s tfieory,  description s ascribin g propertie s 
woul d identif y th e wron g referent s o f  th e terms .  Onc e a 
causa l  contac t  betwee n concep t  an d objec t  i s  established ,  th e 
worl d itsel f  ha s a  sa y o n th e fixing ,  wha t  Putna m (1991 )  wil l 
late r  cal l  th e "contributio n o f  environment" . 

Putna m (1991 )  argue s tha t  ther e i s a n indexica l  (deictic ) 
componen t  tha t  participate s i n referenc e fixing .  W h e n on e 
take s a  liqui d sampl e t o b e water ,  on e doe s s o becaus e on e 
think s tha t  thi s liqui d sampl e ha s a  property ,  namely ,  "th e 
propert y o f  behavin g lik e an y othe r  sampl e o f  pur e wate r 
from  ou r  enviroiunent "  (Putna m 1991 ,  33) .  Thi s propert y i s 
not  a  purel y qualitativ e propert y (meanin g tha t  membershi p 
i s no t  determine d b y a  se t  o f  criteria) ;  it s  descriptio n in -
volve s a  particula r  exampl e o f  water ,  on e given  b y pointin g 
or  focusin g (hence ,  th e ter m '"indexical") .  Th e stuf f  ou t 
there ,  t o whic h th e ac t  o f  pointin g i s a n essentia l  par t  o f 
fixin g referenc e o f  th e natura l  kin d ter m "water" ,  i s  th e 
contributio n o f  th e environment .  Putna m say s tha t  ".. .  th e 
extensio n o f  certai n kind s o f  term s .. .  i s  no t  fixed  b y a  se t  o f 
'criteria '  lai d d o w n i n advance ,  bu t  is ,  i n part ,  fixed  b y th e 
world .  Ther e ar e objectiv e law s obeye d b y multipl e sclero -
sis ,  b y gol d b y horses ,  b y electricity ;  an d wha t  i t  i s  rationa l 
t o includ e i n thes e classe s wil l  depen d o n wha t  thos e law s 
tur n ou t  t o be. "  (Putna m 1983 ,  71) .  Thi s bring s int o min d 
th e notio n o f  causa l  chain s b y mean s o f  whic h demonstra -
tive s refer ,  causa l  chain s tha t  ar e establishe d throug h objec t 
base d an d spatia l  attention . 

Kripk e (1980 )  refer s t o thi s assignin g o f  name s a s "ini -
tia l  baptisms" .  Suppose ,  tha t  on e point s t o a  sta r  an d says , 
"tha t  i s  t o b e Alph a Centouri "  (Kripke ,  1980 ,  95) .  B y thi s 
on e commit s himsel f  t o th e following :  "B y 'Alph a Centauri ' 
I  shal l  mea n tha t  sta r  ove r  ther e wit h suc h an d suc h coordi -
nates. "  Kripk e (1980 ,  135 )  claim s tha t  th e referenc e o f  gen -
era l  natura l  kin d term s i s similarl y fixed :  "th e referenc e (o f 
singula r  terms )  ca n b e fixe d i n variou s ways .  I n a n initia l 
baptis m ostentatio n o r  a  descriptio n typicall y fixe s i t  .. . 
Th e sam e observatio n hold s fo r  suc h a  genera l  ter m a s 
•gold'. " 

Thes e ar e tellin g examples ,  becaus e the y poin t  ou t  th e 
rol e o f  spatia l  informatio n an d o f  objec t  base d attentio n i n 
fixin g th e referenc e o f  singula r  terms .  Th e causa l  chai n tha t 
ground s th e ter m start s wit h spatio-tempora l  non-descriptiv e 
informatio n tha t  open s a n object-fil e fo r  som e objec t  Thi s 
w ay o f  fixin g th e referent s o f  singula r  an d natura l  kin d 
term s capture s adequatel y Kripke' s intuitio n tha t  "Don' t 
ask :  h o w ca n I  identif y thi s tabl e i n anothe r  possibl e world , 
excep t  b y it s properties ? I  hav e th e tabl e i n m y hands ,  I  ca n 
poin t  t o it ,  an d w h e n I  as k whethe r  i t  migh t  hav e bee n i n an -
othe r  room ,  I  a m talking ,  b y definition ,  abou t  it .  I  don' t  hav e 
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t o identif y i t  afte r  seein g i t  throug h a  telescope .  I f  I  a m 
Ulkin g abou t  it ,  I  a m talkin g abou t  il. "  (1980 ,  52-53) . 
Thoug h Kripk e speak s o f  prope r  names ,  hi s analysi s easil y 
transfer s t o al l  singula r  terms ,  an d thus ,  t o perceptua l  de -
monstrative s (Garcia-Carpintcro ,  2000) .  Name s an d indcxi -
cals ,  ar e associate d wit h somethin g extralinguistic ,  thei r  ref -
erents .  Som e existentiall y  give n thin g i s essentia l  i n fixin g 
thes e referents . 

We hav e claime d tha t  th e m o d e o f  presentatio n o f  th e 
referen t  b y it s demonstrativ e i s essentia l  i n referenc e fixing , 
and w e hav e argue d tha t  th e mod e o f  presentatio n fixe s ref -
erenc e b y openin g a n object-fil e fo r  th e referen t  o f  th e de -
monstrative .  Thi s object-fil e include s spatiotempora l  infor -
matio n an d it s functio n i s t o individuat e th e referent ,  tha t  is , 
t o establis h th e existenc e o f  a  distinc t  bod y tha t  persevere s 
throug h spac e an d time .  I t  establishe s th e causa l  continuit y 
wit h th e thin g originall y "pointe d at "  b y th e perceptua l  de -
monstrative ,  satisfyin g Putnam' s criterio n fo r  referenc e fix -
ing .  I t  als o provide s th e causa l  relatio n betwee n th e repre -
sentatio n an d th e worl d tha t  ground s th e forme r  i n th e latter . 
The object-fil e provide s th e indexica l  componen t  tha t  par -
ticipate s i n referenc e fixing .  Th e conten t  o f  th e object-fil e 
bein g retrieve d i n a  bottom-u p manne r  warrant s Aa t  thi s 
objec t  file  i s th e 'contributio n o f  th e environment '  an d no t 
th e contributio n o f  conceptua l  content . 

Conclusion 
We argu e tha t  perceptua l  demonstrative s captur e th e es -

sentia l  wa y i n whic h on e refer s t o object s i n one' s experi -
ence .  Th e sens e o f  "demonstrativ e reference "  involved , 
however ,  depart s fro m th e notio n o f  th e referen t  a s a n objec t 
tha t  i s individuate d b y som e description .  Th e representatio n 
of  th e referen t  i n th e sens e intende d her e doe s no t  encod e 
any featura l  properties ,  i s  pre-concepmal ,  an d th e proces s 
tha t  lead s t o it s formatio n i s cognitivel y impenetrable .  Th e 
onl y propert y tha t  th e individuate d referen t  ha s i s tha t  i t  i s 
bein g tagge d a s a  discret e objec t  tha t  persist s i n tim e an d 
occupie s som e space ,  an d thus ,  i s  bein g rendere d accessibl e 
t o th e viewer .  W e clai m tha t  thi s proces s o f  referenc e fixing 
provide s th e causa l  relatio n require d t o solv e th e groundin g 
problem . 
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Abstrac t 

Although  previous theories of past-tense verb inflection 
hav e considere d phonologica l  an d grammatica l 
informatio n t o b e th e onl y relevan t  factor s i n th e 
inflectio n proces s (e.g .  Bybe e &  Moder ,  1983 , 
Rumelhar t  &  McClelland ,  1986 ;  Kim ,  Pinker ,  Princ e & 
Prasada ,  1991) ,  Ramsca r  (i n press )  demonstrate d th e 
importanc e o f  semantic s i n processin g inflectiona l 
nooiphology .  Thi s pape r  present s a n experimen t  tha t 
demonstrate s di e on-lin e effisct s o f  semantic s o n 
inflection .  Thes e finding s indicat e tha t  regula r  an d 
irregula r  inflection s ar e determine d b y semanti c an d 
phonologica l  similaritie s i n memory ,  an d furthermor e 
tha t  peopl e ar e no t  responsiv e t o th e kin d o f  grammatica l 
distinction s amongs t  ver b root s tha t  defaul t  rul e theorie s 
of  inflectio n (Pinker ,  1999 )  presuppose . 

Introduction 

I n mos t  theorie s -  an d studie s ~  o f  past-tens e ver b 
inflection ,  phonologica l  an d grammatica l  informatio n 
hav e bee n considere d t o b e th e tw o relevan t  factor s i n 
th e inflectio n proces s (e.g .  Bybe e &  Moder ,  1983 ; 
Rumelhar t  &  McClelland ,  1986 ;  K i m ,  Pinker ,  Princ e & 
Prasada ,  1991 ;  Pinker ,  1991 ;  1999) .  However ,  i n som e 
model s o f  inflectiona l  processin g (MacWhinne y & 
Leinbach ,  1991 ;  Joaniss e &  Seidenberg ,  1999) , 
semanti c processe s hav e bee n include d t o hel p explai n 
th e processin g o f  homophon e verb s (e.g .  brake/break) . 
Sinc e brak e an d brea k bot h soun d th e same ,  phonolog y 
alon e caimo t  distinguis h whic h o f  brok e o r  brake d i s t o 
be th e corre a pas t  tens e for m fo r  th e inpu t  breik . 

Althoug h usin g semanti c informatio n t o guid e thi s 
proces s appear s intuitivel y plausible ,  thi s suggestio n 
has bee n fiercel y criticise d b y Pinke r  an d colleague s 
(K i m e t  al ,  1991 ;  Pinker ,  1999) ,  w h o pu t  forwar d a n 
alternative ,  nativis t  accoun t  o f  homophon e inflectio n 
(Pinker ,  1991 ;  1999) .  Thi s predict s tha t  th e 
regularisatio n o f  irregula r  soundin g ver b stem s i s drive n 
by iimat e grammatica l  sensitivity :  verb s tha t  ar e 
instinctivel y perceive d t o b e denomina l  wil l  b e 
automaticall y regularised .  Thi s accoun t  wa s supporte d 
by result s reporte d b y K i m e t  a l  (1991 )  whic h indicat e 
tha t  grammatica l  factor s correlat e bette r  tha n semanti c 
fectors  wit h people' s rating s o f  th e acceptabilit y  o f  pas t 
tens e form s i n context ,  althoug h thes e result s di d no t 
rul e ou t  an y semanti c rol e i n inflection . 

However ,  a  recen t  serie s o f  experiments ,  Ramsca r  (i n 
press )  ha s demonstrate d tha t  th e assumptio n tha t 
inflectio n i s drive n purel y b y gramma r  an d phonolog y 
i s flawed .  A  serie s o f  elicite d inflectio n task s showe d 
tha t  th e semanti c contex t  i n whic h a  nove l  ver b 
occurre d influence d th e form s participant s late r 
produce d t o mar k th e pas t  tens e o f  tha t  verb .  I f 
participant s firs t  encountere d th e nove l  ver b sprin k i n a 
contex t  tha t  involve d consumin g larg e quantitie s o f  fis h 
an d vodk a (semanticall y simila r  t o drink) ,  the y wer e 
likel y t o produc e a n irregula r  pas t  tens e for m fo r  i t 
(sprank) .  Bu t  i f  the y first  encountere d sprin k i n a 
contex t  whic h present s a s a  ver b t o describ e symptom s 
associate d wit h a  diseas e tha t  involv e rapi d movement s 
o f  th e eyeli d (semanticall y simila r  t o blink) ,  the y wer e 
likel y t o g o o n an d produc e a  regula r  pas t  tens e for m 
(sprinked) .  Further ,  a  compariso n o f  th e form s 
participant s produce d fo r  th e nonc e verb s sprin k an d 
frink  i n a  sparse ,  'neutral '  contex t  ( 7 0 % irregular )  t o 
thos e produce d i n th e contex t  involvin g rapi d 
movement s o f  th e eyeli d ( 7 0 % regular )  showe d tha t  th e 
productio n o f  regula r  pas t  tens e form s increase d whe n 
th e semanti c similarit y betwee n sprin k an A frink  an d th e 
regula r  verb s blin k an d win k wa s increased .  Fro m thes e 
result s i t  appear s tha t  no t  onl y irregula r  form s ca n b e 
produce d b y analogy ,  bu t  regula r  form s a s well . 

Semantics versus grammar in homophone 
inflectio n 

Evidenc e tha t  semantic s affect s inflectio n offer s a 
solutio n t o th e homophon e problem :  differen t  form s o f 
homophon e verb s ar e distinguishe d an d compute d b y 
referenc e t o thei r  differen t  meaning .  Further ,  Ramsca r 
(i n press )  contraste d th e semanti c accoun t  o f 
homophon e inflectio n wit h a  nativis t  attemp t  t o solv e 
thi s proble m pu t  forwar d b y Pinke r  an d colleague s 
(Ki m e t  al. ,  1991 ;  Pinker .  1991 ,  1999 ,  2001 )  whic h 
predict s tha t  th e regularizatio n o f  irregula r  soundin g 
ver b stem s i s drive n b y innat e grammatica l  sensitivity : 
tha t  an y ver b tha t  i s  perceive d t o b e denomina l  wil l  b e 
automaticall y regularized ,  resultin g i n differen t 
inflectio n pattern s fo r  denomina l  verb s tha t  ar e 
phonologicall y identica l  t o irregula r  deverba l  verbs . 
Ramscar  (i n press )  foun d tha t  participants '  sens e o f  th e 
semanti c similaritie s betwee n ver b form s correlate d 
strongl y wit h participant s preferenc e fo r  a  regula r  o r 
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irregula r  pas t  tens e fon n o f  a  homophon e ver b i n 
contex t  (afte r  partiallin g ou t  th e effect s o f  grammar , 
r=.723) ,  wherea s participant s perceptio n o f  th e 
grammatica l  origin s o f  verb s correlate d poorl y wit h 
thei r  reference s fo r  irregula r  versu s regula r  pas t  tens e 
form s (afte r  partiallin g ou t  semantics ,  i=.066) .  Furthe r 
experiment s showe d tha t  o n bot h nonc e an d existin g 
verbs ,  i f  th e semantic s o f  th e ver b wer e simila r  t o thos e 
of  a n existin g phonologicall y simila r  irregular , 
participant s woul d favo r  irregula r  inflection s eve n whe n 
the y perceive d th e verb s t o b e denominal .  Ramsca r  (i n 
press )  conclude d tha t  i n fact ,  th e grammatica l  origin s o f 
verb s ha d n o effec t  o n inflection ,  whic h wa s entirel y 
governe d b y phonolog y an d semantics . 

One or two routes to inflection? 

A fiuthe r  implicatio n o f  thes e fmding s i s tha t  the y 
undermin e th e on e i n principl e objectio n t o modelin g 
pas t  tens e inflectio n usin g a  singl e mechanis m 
(Ramscar ,  i n press) .  Pinke r  an d colleague s (e.g .  Pinke r 
& Prince ,  1988 ;  Pinker ,  1991 ,  1999 ,  2001 )  hav e 
claime d tha t  th e systemati c regularizatio n o f  verb s 
base d o n noun s woul d requir e tw o mechanism s fo r 
determinin g inflections ,  on e metho d usin g phonologica l 
analog y (t o explai n cluste r  effect s i n inflection , 
resultin g i n form s suc h a s spling/splang) ,  an d anothe r 
metho d usin g grammatica l  informatio n (i c a  rule )  t o 
explai n h o w verb s base d o n noun s ar e automaticall y 
regularized .  Th e fmding s tha t  semantic s i s use d t o 
distinguis h homophon e verb s an d tha t  th e grammatica l 
origin s o f  verb s d o no t  determin e thei r  pas t  tens e form s 
(Ramsca r  i n press ;  se e als o example s suc h a s shoe/sho d 
versu s shoo/shooe d wher e th e denomina l  ver b i s th e 
irregular )  obviat e an y requiremen t  fo r  model s t o 
accoun t  fo r  thi s second ,  grammaticall y determine d 
metho d o f  inflection . 

Sinc e i t  appear s tha t  single-rout e model s m a y b e 
entirel y capabl e o f  modelin g inflectio n pattern s base d 
on phonologica l  an d semanti c propertie s (se e e.g . 
MacWhinne y &  Leinbach ,  1991 ;  Joanisse ,  & 
Seidenberg ,  1999 )  i t  appear s tha t  Rumelhar t  an d 
McClelland' s (1986 )  clai m tha t  single-rout e account s 
provid e " a distinc t  alternativ e t o th e vie w tha t  childre n 
lea m th e rule s o f  Englis h pas t  tens e acquisitio n i n an y 
explici t  sense... "  merit s furthe r  investigation .  A s Pinke r 
(1991 ,  1999 ,  2001 )  ha s argued ,  th e peculiaritie s o f  th e 
irregula r  pas t  tens e syste m ar e bes t  explaine d b y a n 
associativ e syste m base d o n analog y t o store d forms , 
and no t  b y rules :  bu t  i f  regula r  an d irregula r  pas t  tens e 
form s ar e produce d b y th e sam e mechanis m -  base d o n 
semanti c an d phonologica l  analog y -  the n i t  m a y wel l 
be tha t  learnin g th e Englis h pas t  tens e reall y doe s no t 
involv e acquirin g a  rul e i n an y explici t  sense . 

Th e experimen t  describe d i n thi s pape r  wa s 
designe d t o fiirthe r  prob e thi s question .  I t  wa s designe d 
t o examin e th e w a y i n whic h semantic s affect s th e 
comprehensio n o f  existin g pas t  tens e forms .  Th e dual -
rout e mode l  o f  past-tens e inflectio n claim s tha t  regula r 
inflectio n i s unaffecte d b y meanin g o r  associativ e 

factor s i n m e m o r y (Pinker ,  1991 ,  1999 ,  2001) .  I n thi s 
experimen t  th e meaning s o f  existin g verb s wer e 
manipulate d t o examin e th e effect s o f  thi s o n bot h thei r 
regula r  an d irregula r  forms . 

Experiment 1 

Thi s experimen t  wa s designe d t o tes t  whethe r  meanin g 
has a n effec t  o n th e comprehensio n o f  pas t  tens e ver b 
form s b y measurin g th e reading-time s o f  regula r  an d 
irregula r  form s o f  existin g verb s i n differen t  semanti c 
contexts .  Th e dual-rout e mode l  o f  inflectiona l 
morpholog y claim s tha t  th e processin g o f  regula r  past -
tens e inflectio n i s unaffecte d b y meanin g o r  associativ e 
factor s i n memory : 

"[Regular inflection] is modular, independent 
o f  real-worl d meaning ,  non-associativ e 
(unaffecte d b y frequenc y an d similarity ) 
sensitiv e t o abstrac t  forma l  abstraction s (fo r 
example ,  roo t  versu s derived ,  nou n versu s 
verb) ,  mor e sophisticate d tha n th e kind s o f 
"rules "  tha t  ar e explicitl y  taught ,  developin g 
on a  schedul e no t  time d b y environmenta l 
input ,  organize d b y principle s tha t  coul d no t 
hav e bee n learned ,  possibl y wit h a  distinc t 
neura l  substrat e an d geneti c basis. "  (Pinker , 
1991 ,  p .  534 ;  se e als o Pinke r  1999,2001 ) 

Accordingly, the dual-route predicts that semantic 
factor s ca n onl y affec t  th e comprehensio n o f  irregula r 
forms .  I n lin e wit h th e fmding s o f  Ramsca r  (i n press . 
Experiment s 2 ,  3  an d 4) ,  wher e semantic s appeare d t o 
affec t  regula r  production ,  i t  wa s expecte d instea d tha t 
semantic s woul d affec t  th e comprehensio n o f  al l  simpl e 
pas t  tens e forms .  Th e contrastin g single-rout e 
predictio n teste d her e wa s tha t  a  regula r  past-tens e for m 
shoul d b e easie r  t o rea d i n a  contex t  tha t  i s semanticall y 
dissimila r  t o th e ordinar y usag e o f  a  phonologicall y 
identica l  irregula r  ver b an d a n irregula r  past-tens e for m 
shoul d b e easie r  t o rea d i n a  contex t  tha t  i s semanticall y 
simila r  t o th e ordinar y usag e o f  a  phonologicall y 
identica l  irregula r  verb . 

Participants 

Participant s wer e 3 6 undergraduat e student s from 
Edinburg h University .  Al l  participant s too k par t 
voluntaril y  i n th e study . 

Materials 

Four  set s o f  material s examine d fou r  existin g ver b 
form s {sink ,  fly,  drin k an d food-drive) . 

Eac h ver b wa s presente d i n on e o f  tw o contexts .  I n 
eac h context ,  th e ver b examine d wa s introduce d a s a 
nou n (t o distinguis h it s meanin g from  ordinar y use s o f 
th e correspondin g irregula r  verb) ,  an d the n late r  use d a s 
a verb .  Th e context s i n whic h th e verb s wer e presente d 
wer e identica l  apar t  from a  singl e semanti c 
contextualizin g sentenc e (show n i n italic s i n Tabl e 1 ) 
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tha t  wa s varie d acros s th e context s t o manipulat e th e 
degre e o f  semanti c similarit y betwee n th e ver b an d th e 
ordinar y irregula r  ver b from  whic h i t  wa s derived . 

Table 1 - Example Context (The denominal verb is 
hiyhlighted V 

To promote business, the pesticide shop 
a lway s stand s a  ma n i n a  g ian t  fl y 
costum e a t  th e entrcuic e o f  thei r  shop ,  t o 
gree t  customers .  Thi s i s especia l l y fu n 
fo r  ch i ldren .  Wheneve r  a  chi l d enter s th e 
shop ,  th e greete r  per form s "th e f ly" .  Th m 
grea te r  te l l s  th e chi ldre n joke s an d 
g ive s ou t  p r i zes .  I n th e shop ,  th e ter m 
t o descr ib e ho w th e greete r  greet s 
ch i ldre n i n thi s wa y i s "t o f l y  them' . 
One ho t  da y i n June ,  sweat in g i n hi s fl y 
costume ,  I  sa w th e greete r  f l y  4  0 
ch i ldre n i n a  s ingl e af ternoon .  Th e loo k 
o f  t i rednes s o n hi s fac e wa s real l y 
something . 

Alternate context sentence 
rh e chi l d s i t s betwee n th e wing s o n th e 
g ree ter ' 8 back ,  an d the y buz z u p an d dow n 
th e a is les ,  duck in g an d swooping . 

The two contextualizing sentences are italicized in 
tabl e 1 .  Th e firs t  contex t  describe d a n actio n tha t  ha d 
some semanti c similarit y t o /fyin g simpliciter .  Th e 
secon d contex t  wa s semanticall y dissimila r  t o flying 
simpliciter .  I n orde r  t o obtai n independen t  confirmatio n 
of  th e predicte d semanti c similarities ,  thre e naiv e rater s 
wer e presente d wit h th e context s o n card s i n 
randomize d orde r  an d aske d t o orde r  th e context s i n 
eac h se t  accordin g t o h o w muc h th e action s describe d i n 
the m matche d th e actio n the y normall y associate d wit h 
th e appropriat e irregula r  ver b {/ly ,  drink ,  sink ,  an d 
drive) .  Th e rater s concurre d wit h th e orderin g assigne d 
t o th e context s i n th e experiment ,  an d inter-rate r 
agreemen t  wa s 100% . 

Procedure 

Participant s tol d the y wer e takin g par t  i n a  memor y 
study .  Passage s wer e presente d on-scree n an d 
participant s wer e instructe d t o memoriz e them .  Afte r 
memorizin g a  particula r  passage ,  participant s wer e 
aske d t o indicat e whethe r  fiv e sentence s relatin g t o th e 
contex t  passag e wer e 'Tru e o r  False "  b y pressin g th e 
appropriat e butto n o n a  compute r  keyboar d a s quickl y 
as the y coul d whils t  concentratin g o n accuracy .  Th e 
correc t  answe r  t o thre e o f  thes e question s wa s "False " 
(e.g. ,  i n relatio n t o th e exampl e i n Tabl e 1  participant s 
wer e aske d t o stat e whethe r  "Th e greete r  wa s dresse d a s 
a pig "  wa s tru e o r  false) .  Th e othe r  tw o question s 
checke d tha t  participant s remembere d th e nou n us e o f 
th e ver b i n questio n (e.g .  "Th e greete r  perform s 'th e 
Fly'" )  an d als o tha t  the y ha d remembere d th e semanti c 
reinforcemen t  sentence s i n th e context .  Th e correc t 

answer s t o thes e question s wer e alway s "True. "  Th e 
presentatio n orde r  o f  thes e fiv e preliminar y question s 
was randomized . 

A final ,  sixt h sentenc e presente d t o participant s 
was als o true ,  bu t  i t  presente d a  fac t  sUte d i n th e initia l 
contex t  i n a  passiv e voic e a s a n activ e pas t  tense .  Thi s 
tens e too k eithe r  a  regula r  o r  irregula r  form ,  e.g .  i n 
relatio n t o "On e ho t  da y i n June ,  sweatin g i n hi s fl y 
costume ,  I  sa w th e greete r  fl y  4 0 children... "  th e fac t 
was presente d i n a n activel y voice d manner ,  e.g. :  "Th e 
greete r  fle w 4 0 children. "  o r  "Th e greete r  flie d 4 0 
children. " 

The dela y i n millisecond s betwee n th e presentatio n 
of  thi s sentenc e on-screen ,  an d th e onse t  o f  participants ' 
response s wa s recorded . 

Each participan t  wa s presente d wit h on e trainin g 
item ,  followe d b y on e contex t  fro m eac h o f  th e fou r  set s 
of  stimuli .  Eac h participan t  complete d on e fro m eac h o f 
th e fou r  condition s o f  th e experimen t  (e.g .  a  contex t 
describin g a n actio n tha t  wa s semanticall y simila r  t o 
tha t  implie d b y a n existin g irregula r  verb ,  wit h th e ver b 
inflecte d regularl y i n th e targe t  sentenc e (e.g .  fly -
flied),  simila r  contex t  /  irregularl y inflecte d verb , 
dissimila r  contex t  /  irregularl y inflecte d ver b an d 
dissimila r  contex t  /  regularl y inflecte d verb) . 

The experimenta l  tas k wa s embedde d i n a  serie s o f 
tinrelate d task s tha t  participant s als o completed . 

Tabl^ 2 - Mean reading times in milliseconds for the 
targe t  sentence s i n Experimen t  1 . 

Semanticall y Semanticall y 
simila r  t o dissimila r  t o 
Irregula r  irregula r 

dran k 149 0 208 4 
drinke d 275 9 164 2 
food-drov e 178 1 216 6 

food-drive d 243 5 157 7 
flew  248 3 305 1 

flied  277 6 168 6 
san k 134 2 289 0 

sinke d 187 3 158 2 

Result s 

The mea n readin g tim e fo r  eac h ite m i s give n i n Tabl e 
2.  T w o unrelate d t-test s showe d tha t  a s predicte d b y 
single-rout e model s (an d i n contras t  t o dual-rout e 
predictions )  th e targe t  sentence s containin g th e regula r 
pas t  tens e form s o f  th e verb s wer e processe d faste r  i n 
th e dissimila r  contex t  (mea n sentenc e readin g tim e = 
162 2 ms )  tha n i n th e simila r  context s (246 1 ms) ; 
t(70)=3.282 ,  p<0.001 .  Irregula r  past-tens e form s wer e 
processe d mor e easil y (177 4 ms )  whe n the y ha d firs t 
bee n presente d i n a n uninflecte d for m i n a  contex t  tha t 
was semanticall y simila r  t o thei r  ordinar y usag e a s 
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oppose d t o a  dissimila r  contex t  (254 8 m i ) ; 
t(70)=2.178,p<0.02 . 

T w o - w a y repeate d measure s analyse s o f  vananc c 
( A N O V A s )  wer e conducte d o n th e reactio n tim e data , 
treatin g bot h subject s (Fi )  an d item s (Fj )  a s rando m 
effects .  Ther e wer e n o reliabl e ma i n effect s o f  eithe r 
Mean ing ,  F)(1,35)=O.23,/j>0.87 ;  F2(1,3)=0.22,/»0.89 , 
or  Grammaticalit y (Regula r  versu s Irregula r  ver b types ) 
F,(1,35)-.235,/j=<.63 ;  F2(1.3)=.309,p>.6 .  T h e lac k o f 
a M e a n i n g m a i n effec t  indicate s that ,  collapsin g ove r 
th e paragrap h context s i n wh ic h th e verb s wer e 
embedded ,  mean in g di d no t  produc e a  processin g bia s 
fo r  th e verbs .  T h e lac k o f  a  m a i n effec t  o f 
Grammaticalit y indicate s a n analogou s absenc e o f  bia s 
fo r  regula r  o r  irregula r  verb s forms . 

Ther e w a s a  significan t  M e a n i n g x  Grammaticalit y 
interaction :  F,(l,35)=12.911 ,  ;7<0.001 ; 
F2(1,3)=I56.978 ,  p O . O O l .  A s indicate d b y Figur e 1 , 
th e interactio n w a s du e t o M e a n i n g effect s a t  eac h leve l 
o f  Grammaticalit y (Regula r  versu s Irregula r  ver b 
types) . 

Figure 1. Overall reaction times in Experiment 1. 
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Ther e wer e n o significan t  increase s i n th e erro r  rat e 
(participant s answerin g "false "  t o statement s tha t  wer e 
assume d t o b e true )  acros s al l  o f  th e tes t  sentences .  Fo r 
th e tru e tes t  sentence s tha t  wer e c o m m o n t o eac h 
contex t  (th e denomina l  an d semanti c reinforcemen t 
sentences )  i t  w a s 10 .4% .  W h e n th e semanti c contex t 
w as consisten t  wit h th e predicte d ver b tens e th e erro r 

rat e fo r  th e targe t  sentence s w a s 1 2 . 5 % an d th e 
inconsisten t  erro r  rat e =  9 .7% .  T h e erro r  rate s fo r 
particula r  tense s o f  th e targe t  verb s we r e 1 2 . 5 % fo r 
irregular s an d 9 . 7 % fo r  regular) .  Furthe r  A N O V A S 
wer e calculate d considerin g onl y th e 'T rue "  response s 
t o th e test s sentence s containin g th e targe t  verbs ,  w h i c h 
agai n s h o w e d n o m a i n effect s o f  M e a n i n g , 
F,(l,35)=0.138 ,  /»>0.7I ;  F2(l,3)=0.000 ,  o r 
Grammaticalit y F,(l,3)=1.131 ,  p=0 .3 ;  F2(l,3)=,519 , 
p>.5 ,  bu t  di d s h o w a  significan t  M e a n i n g x 
Grammaticalit y interaction :  Fi(l,35)=10.635 ,  /7<0.005 ; 
F2(1,3)=99.047,;K0.005 . 
Discussio n 
Consisten t  wit h findings  i n rating s an d elicitatio n task s 
(Ramscar ,  i n press) ,  i t  appear s from  th e result s o f  thi s 
experimen t  tha t  semantic s affec t  th e on-lin e 
comprehensio n o f  bot h regula r  an d irregula r  pas t  tens e 
forms .  Strikingly ,  th e on-lin e processin g o f  regula r 
form s w a s significantl y affecte d b y semantics :  i f 
participant s ha d t o rea d "th e greete r  flied  4 0 children " 
i n a  contex t  whe r e t o " d o th e fly "  involve d somethin g 
lik e ordinar y flying  whil e dresse d i n a n insec t  cos tume , 
i t  too k longe r  t o proces s tha n w h e n "doin g th e fly " 
involve d tellin g joke s an d givin g ou t  prize s cla d i n th e 
self-sam e fly  outfit .  Thi s w a s despit e th e fac t  tha t  th e 
participant s behaviora l  response s we r e identica l  i n 
eithe r  instance :  participant s agree d i n eac h cas e tha t  i t 
w as tru e tha t  "th e greete r  flied  4 0 children. " 

Thes e findings  ar e difTicul t  t o reconcil e wit h th e clai m 
tha t  th e processin g o f  regularl y inflecte d form s i s 
entirel y "independen t  o f  real-worl d m e a n i n g "  (Pinker , 
1991) .  Further ,  th e interactio n be twee n mean in g an d 
pas t  tens e for m (i.e .  whethe r  a  ver b take s a  regula r  o r 
irregula r  inflection )  i n thi s experimen t  i s  hardl y 
suggestiv e o f  a  m o d e l  i n wh ic h t w o independen t 
m e c h a n i s m s ar e separatel y responsibl e fo r  regula r  an d 
irregula r  pas t  tens e processing ,  wit h on e elemen t  -  th e 
regula r  -  encapsulate d an d insensitiv e t o th e semanti c 
factor s tha t  affec t  th e other .  Rather ,  i t  appear s tha t  bod i 
regula r  an d irregula r  pas t  tens e comprehensio n relie s 
u p o n a  c o m m o n ,  semanticali y -  an d phonologicall y -
sensitiv e process . 

General Discussion 

For  mor e tha n tw o decade s th e questio n o f  h o w 
inflectiona l  morpholog y i s processe d ha s serve d a s a 
battlegroun d fo r  conflictin g theorie s o f  language , 
knowledg e representation ,  an d cognitiv e processing . 
On on e sid e o f  th e debat e hav e bee n similarity-base d o r 
single-rout e approache s tha t  propos e tha t  al l  pas t  tense s 
ar e forme d simpl y throug h phonologica l  an d semanti c 
analogie s t o existin g pas t  tense s store d i n memory .  O n 
th e othe r  sid e o f  th e debat e ar e rule-base d o r  dual-rout e 
approache s whic h agre e tha t  phonologica l  analog y i s 
importan t  fo r  producin g irregula r  pas t  tenses ,  bu t  whic h 
als o argu e tha t  regula r  inflectio n ca n onl y b e explaine d 
i n term s o f  symboli c processing . 

Ramscar  (i n press )  ha s show n tha t  th e on e i n 
principl e objectio n agains t  single-rout e account s o f 
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inflectio n -  tha t  homophon e verb s base d o n noun s ar c 
processe d o n th e basi s o f  thei r  grammatica l  origins ,  an d 
not  accordin g t o thei r  phonologica l  propertie s -  i s 
empiricall y unjustified :  grammatica l  origi n doc s no t 
predic t  th e pas t  tens e for m o f  verbs ,  wherea s phonolog y 
an d semantic s does .  Thi s pape r  ha s take n on e o f  th e 
stron g claim s fo r  th e dual-rout e theor y o f  inflectio n -
tha t  th e regula r  pas t  tens e rul e i s a n informationall y 
encapsulate d modul e (se e Fodor ,  1983 )  -  an d subjecte d 
i t  t o empirica l  scrutiny .  Pinke r  an d colleague s (e.g . 
Pinker ,  1991 ,  1999 ,  2001 ;  Clahsen ,  1999 ;  K im ,  Pinker , 
Princ e &  Prasada ,  1991 )  hav e claime d tha t  th e 
processin g o f  regula r  inflectio n i s drive n b y a n innat e 
mechanis m tha t  i s imaffecte d b y phonology ,  frequenc y 
or  semantics .  Result s fro m th e tw o experiment s 
reporte d her e fai l  t o suppor t  thi s claim .  Rather ,  the y 
hav e show n conclusivel y tha t  semantic s doe s affec t 
regula r  pas t  tens e comprehension ,  bod i  o f  existin g 
form s tha t  m a y hav e bee n store d i n memory ,  an d o f 
nove l  form s tha t  neede d t o b e interprete d on-line . 

As Pinke r  (1999 )  observes ,  i t  i s  mor e tha n 
reasonabl e t o assum e tha t  th e sam e basi c proces s (o r 
processes )  ar e responsibl e fo r  bot h pas t  tens e 
productio n an d comprehension .  Ramsca r  (i n press ) 
showe d tha t  regula r  pas t  tens e productio n -  i n elicite d 
inflectio n task s -  wa s apparentl y affecte d b y semantics . 
Th e result s reporte d her e complemen t  thes e findings , 
and exten d the m i n tha t  the y provid e a n objectiv e on -
lin e measur e o f  th e effect s o f  semantic s o n inflectio n 
(mos t  previou s studie s o f  inflectio n hav e relie d o n 
subjectiv e judgment s an d rating s t o measur e inflectio n 
processes ,  e.g .  Ramscar ,  i n press ;  Ullman ,  1999 ; 
Prasad a &  Pinker ,  1993 ;  K i m e t  al ,  1991) .  Th e result s 
of  thi s experimen t  sho w tha t  -  objectivel y -  participant s 
foun d regula r  pas t  tens e form s easie r  t o proces s whe n 
th e semanti c context s the y wer e relate d t o supporte d a 
regula r  for m eve n thoug h thei r  subjectiv e response s t o 
regula r  form s wer e th e sam e a s whe n the y wer e no t 
supporte d b y semanti c contex t  (i.e .  i n bot h cases ,  the y 
considere d A c informatio n carrie d b y th e regula r  form s 
t o b e true) . 

Th e patter n o f  result s reporte d her e i s easil y 
compatibl e wit h a  mode l  o f  inflectio n tha t  assume s tha t 
pas t  tens e form s ar e compute d (i n bot h comprehensio n 
and production )  b y a  proces s o f  compariso n t o 
previousl y store d forms ,  takin g int o consideratio n 
factor s suc h a s phonologica l  an d semanti c similarit y 
and frequency. 

That  thes e result s ar e no t  compatibl e wit h th e ide a 
tha t  regula r  inflectio n i s processe d independentl y from 
th e content s o f  memory ,  an d tha t  i t  i s  entirel y 
unaffecte d b y factor s suc h a s phonologica l  an d 
semanti c similarit y an d frequency  (se e Pinker ,  1991 , 
1999 ,  2001 )  doe s not ,  o f  course ,  mea n tha t  th e dual -
rout e mode l  i s necessaril y  wron g (thes e result s n o mor e 
disprov e th e ide a tha t  som e regula r  inflectio n i s carrie d 
out  i n thi s context-independen t  manne r  tha n doe s th e 
existenc e o f  stil l  mor e whit e swan s disprov e th e ide a o f 
orang e swans) .  However ,  insofa r  a s Ramsca r  (i n press ) 

has show n tha t  on e o f  th e ke y reason s fo r  positin g a 
context-independen t  regula r  pas t  tens e rul e (t o dea l  wit h 
denomina l  verbs ,  whic h wer e supposedl y regularize d 
irrespectiv e o f  thei r  phonologica l  an d semanti c 
properties )  i s unjustified ,  an d insofa r  a s th e experiment s 
reporte d her e sugges t  tha t  semanti c an d phonologica l 
comparison s i n associativ e memor y ( a componen t  tha t 
eve n th e dual-rout e mode l  accept s i s necessar y t o mode l 
inflection )  affec t  eve n th e comprehensio n o f  nove l 
inflecte d forms ,  i t  doe s see m wort h considerin g wha t 
rol e i t  i s  tha t  a  context-independen t  rul e i s suppose d 
pla y i n a  scientifi c  accoun t  o f  inflection .  Ther e i s a n 
increasin g bod y o f  evidenc e suggestin g tha t  a  context -
independen t  rul e doe s no t  ad d anythin g substantiv e t o 
our  understandin g o f  inflectio n (se e e.g .  Hah n & 
Nakisa ,  2000 ;  Ramscar ,  i n press) ,  an d further ,  i t  appear s 
tha t  an y inflectio n ca n b e processe d i n associativ e 
m e m o ry (se e Ramscar ,  i n pres s an d th e experiment s 
reporte d here )  a  componen t  tha t  eve n dual-rout e model s 
accep t  i s necessar y t o modelin g inflectiona l 
morpholog y (se c Pinker ,  1991 ,  1999 ,  2001) . 

Thi s evidenc e (an d o n a  mor e mundan e level , 
Occam' s razor )  militate s agains t  th e inclusio n o f  a n 
explicit ,  context-independen t  rul e i n an y psychologica l 
theor y o f  inflection .  A t  present ,  i t  appear s tha t  a 
similarity-based ,  single-rout e accoun t  o f  inflectio n -  i n 
whic h form s ar e processe d b y matchin g an d analogou s 
generalizatio n accordin g t o factor s suc h a s phonologica l 
and s semanti c similarit y an d frequency -  provide s a 
mor e economica l  explanatio n of ,  an d a  bette r  fit  to ,  th e 
availabl e data .  T o retur n t o Rumelhar t  an d 
McClelland' s (1986 )  claim ,  i t  appear s tha t  childre n (an d 
adults )  m a y wel l  no t  nee d t o lear n th e rule s o f  th e 
Englis h pas t  tens e i n an y explici t  sense .  A s fa r  a s th e 
Englis h pas t  tens e syste m goes ,  i t  appear s tha t  th e 
parse r  doe s no t  mak e "basicall y th e sam e distinction s a s 
th e grammar "  (Clahsen ,  1999 ,  p .  995) .  Whil e th e 
"grammar "  o f  Englis h m a y distinguis h betwee n 
irregula r  an d regula r  pas t  tens e forms ,  thes e result s 
sugges t  tha t  th e correspondin g psychologica l  processe s 
tha t  gover n parsin g d o no t  mak e thes e explici t 
distinction s a t  all . 
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Abst rac t 

One central function of categories is to allow people to in-
fer  th e presenc e o f  fcamre s tha t  canno t  b e directl y ob -
served .  Althoug h th e effec t  o f  observin g pas t  categor y 
members o n suc h inference s ha s bee n considered ,  th e effec t 
of  theoretica l  o r  causa l  knowledg e abou t  th e categor y ha t 
not .  W e compare d di e effect s o f  causa l  law s o n featur e pre -
dictio n wit h th e effect s o f  th e inter-featur e correlation s tha t 
ar e produce d b y thos e laws ,  an d wit h th e effec t  o f  exempla r 
typicalit y o r  similarity .  Featur e prediction s wer e strongl y 
influence d b y causa l  knowledge .  However ,  the y wer e als o 
influence d b y similarity ,  i n violatio n o f  normativ e behav -
io r  a s define d b y a  Bayesia n networ k vie w o f  causa l  reason -
ing .  Finally ,  featur e prediction s wer e no t  influence d b y th e 
presenc e o f  correlation s amon g feahire s i n observe d cate -
gor y merabcre ,  indicatin g tha t  causa l  relation s versu s cor -
relation s lea d t o differen t  inference s regardin g th e presenc e 
of  unobserve d features . 

When an object has been classified as an instance of a con-
cept ,  knowledg e associate d wit h tha t  concep t  ca n b e brough t 
t o bea r  i n reasonin g abou t  th e feature s tha t  th e objec t  i s 
likel y t o possess .  Bu t  wha t  i s th e natur e o f  tha t  knowledge , 
and h o w i s i t  use d t o m a k e inference s o r  prediction s abou t 
unobsove d features ? Recen t  researc h ha s demonstrate d tha t 
task s suc h a s categor y learning ,  categorization ,  an d category -
base d inductio n ar e ofte n influence d b y th e theoretica l 
knowledg e tha t  on e possesses .  Thi s knowledg e ofte n take s 
th e for m o f  causa l  relation s betwee n feature s o f  a  category , 
an d theorie s hav e bee n propose d t o accoun t  fo r  th e effect s o f 
suc h knowledg e (Rehder ,  1999 ,  2001 ;  Wa ldmann ,  Holyoak , 
& Fratiaime ,  1995) .  I n thi s articl e w e asses s th e eflisc t  o f 
causa l  relation s o n featur e inferences ,  an d i n th e firs t  o f  th e 
followin g section s w e presen t  a  forma l  mode l  o f  causa l 
knowledg e an d it s prediction s regardin g featur e inferences . 

Of  course ,  anothe r  for m o f  knowledg e tha t  m a y guid e fia -
tur e inferenc e i s empirica l  informatio n derive d fro m th e first -
han d observatio n o f  categor y members .  Prio r  researc h sug -
gest s tw o likel y effect s o f  suc h empirica l  knowledg e o n fea -
tur e prediction .  First ,  featur e prediction s wil l  ofte n b e influ -
ence d b y th e overal l  similarit y t o th e categor y o f  th e exem -
pla r  wit h th e unobserve d feature .  I n th e secon d sectio n w e 
discus s thi s predicte d effec t  o f  similarit y an d sho w h o w i t 
ca n ru n directl y counte r  t o th e prediction s o f  ou r  forma l 
model  o f  causa l  knowledge .  Second ,  th e presenc e o f  correla -
tion s a m o n g categor y feature s m a y als o allo w on e t o infe r 

th e presenc e o f  a  featur e give n knowledg e abou t  th e presenc e 
of  on e o r  mor e othe r  features .  W e discus s th e effect s o f  ob -
serve d inter-featur e correlation s i n th e thir d section ,  an d 
compar e the m t o th e effect s produce d b y direc t  knowledg e o f 
causa l  relations—relation s tha t  wer e responsibl e fo r  generat -
in g th e featur e correlation s i n th e firs t  place . 

Feature Inference via Causal Reasoning 

I t  i s  clea r  tha t  causa l  knowledg e ha s predictiv e value .  Fo r 
example ,  give n knowledg e o f  th e cause s o f  fire ,  on e ca n 
predict ,  wit h som e certainty ,  tha t  a  flam e wil l  appea r  whe n a 
matc h i s struck ,  oxyge n i s present ,  an d s o on .  Likewise , 
give n th e causa l  relation s tha t  hol d a m o n g feanire s o f  a n 
object ,  th e presenc e o f  a n unobserve d featur e ca n b e inferre d 
b y reasonin g abou t  th e cause s o f  tha t  featur e an d whe&e r 
thos e cause s ar e presen t  i n th e objec t  a t  hand . 

I n thi s articl e w e provid e direc t  evidraic e o f  causa l  reason -
in g i n featur e inference ,  an d w e tes t  a  wel l  specifie d theor y 
abou t  h o w thi s sor t  o f  reasonin g migh t  b e done .  Thi s theor y 
involve s Bayesia n networics—graph s i n whic h variable s ar e 
represente d a s nodes ,  an d causa l  relation s betwee n th e vari -
able s a s directe d link s betwee n th e nodes .  Figur e 1  show s a 
simpl e Bayesia n networ k i n whic h thre e effec t  variable s ar e 
dependen t  o n a  singl e caus e variable . 

Rule s b y whic h inference s ca n b e draw n fro m Bayesia n 
networic s hav e bee n wel l  develope d i n artificia l  intelligence . 
O ne importan t  rul e i s th e causa l  Marko v condition ,  whic h 
state s tha t  a  variabl e X  i s independen t  o f  al l  variable s tha t 
ar e no t  themselve s descendent s o f  X  give n knowledg e abou t 
th e stat e o f  JT s (immediate )  parent s (Pearl ,  1988) .  I n Figur e 
I ,  fo r  example ,  th e stat e o f  F j  i s  independen t  o f  F j  an d F 4 
give n knowledg e abou t  F, . 

I t  ha s bee n propose d tha t  Bayesia n network s ar e goo d psy -
chologica l  model s o f  causa l  knowledge—and ,  i n particular , 
of  th e causa l  knowledg e associate d wit h objec t  concept s 

Figur e 1 .  A  common-caus e causa l  schema . 
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(Rehder ,  1999 ,  2001 ;  Waldman n e t  al. ,  1995) .  O n thi s 
causal-mode l  theor y o f  concepts ,  th e mode l  show n i n Figur e 
1 ca n b e use d t o î resen t  a  concep t  wit h fou r  features , 
wher e featur e F ,  cause s feature s Fj ,  Fj ,  an d F4 .  Representin g 
causa l  knowledg e o f  categor y feature s i n thi s wa y ha s bee n 
shown t o accoun t  wel l  fo r  classificatio n (Rehder ,  1999 , 
2001) ,  bu t  i t  i s a n ope n questio n whethe r  th e rule s o f  infer -
ence associate d wit h Bayesia n networks—and ,  i n particular , 
th e causa l  Marko v condition—accuratel y describ e people' s 
inference s abou t  unobserve d features . 

I n thi s articl e w e tackl e thi s questio n b y explicitl y  ma -
nipulatin g th e causa l  knowledg e abou t  a  categor y tha t  a  par -
ticipan t  ha s an d measurin g th e effect s o f  tha t  knowledg e o n 
subsequen t  featur e predictions .  Participant s i n a  Causa l 
Schema conditio n wer e tol d tha t  th e feature s o f  a  nove l  cate -
gor y wer e relate d a s i n th e common-caus e mode l  o f  Figur e 
1,  an d wer e the n aske d t o mak e inference s abou t  exemplar s 
i n whic h on e o f  th e fou r  feature s wa s unobservable .  W e de -
termine d whethe r  participants '  response s wer e consisten t 
wit h th e causa l  Marko v condition . 

Feature Inference via Category Similarity 

Anothe r  facto r  likel y t o influenc e th e predictio n o f  a n unob -
serve d featur e i s  th e similarit y  o f  th e exempla r  t o previousl y 
observe d categor y member s (o r  t o th e category' s prototype) . 
I n thi s case ,  inferenc e i s base d o n simpl e featur e overlap .  I f 
an exempla r  i s simila r  t o (i.e. ,  share s man y feature s with ) 
many categor y members ,  an d i f  man y categor y member s 
posses s th e unobserve d feature ,  the n th e exempla r  probabl y 
has th e featur e too .  Fo r  example ,  i f  a  ne w bir d ha s man y 
feature s typica l  o f  bird s (small ,  sings ,  eat s worms ,  etc. )  i t 
probabl y als o flies ,  becaus e i t  i s  simila r  t o man y bird s an d 
most  bird s fly .  I n contrast ,  a  ne w bir d wit h man y atypica l 
feature s (e.g. ,  a n ostrich )  i s simila r  t o fewe r  birds ,  an d s o th e 
inferenc e t o fligh t  i s les s certain . 

Previou s researc h ha s show n tha t  similarit y play s a  ke y 
rol e i n a  variet y o f  featur e inferenc e tasks .  Fo r  example , 
Sloman' s (1993 )  feature-base d mode l  o f  th e inductiv e projec -
tio n o f  feature s acros s categorie s assume s tha t  a  featur e i s 
projecte d from ,  say ,  robin s t o falcon s b y computin g th e 
exten t  t o whic h the y hav e othe r  feature s i n commo n (cf . 
Rips ,  1975) .  Sloma n als o foun d a  phenomeno n calle d "in -
clusio n similarity "  i n whic h participant s projecte d a  propert y 
fro m a n inclusiv e categor y t o a  subordinat e (e.g. ,  fro m bir d 
t o robin )  mor e strongl y whe n th e subordinat e wa s mor e 
typica l  (e.g. ,  robin )  tha n whe n i t  wa s les s s o (e.g. ,  pen -
guin) .  Direc t  evidenc e o f  th e rol e o f  similarit y i n featur e 
predictio n (rathe r  tha n projectin g ne w feature s acros s catego -
ries)  wa s provide d b y Yamauch i  an d Markma n (2000) ,  wh o 
taugh t  participant s artificia l  categorie s an d foun d tha t  exem -
plar s tha t  wer e close r  t o th e categor y prototyp e (i.e. ,  tha t 
possesse d mor e feature s i n commo n wit h trainin g exem -
plars )  supporte d stronge r  inference s o f  unobserve d features . 

The influenc e o f  similarit y o n featur e inferenc e present s a 
particularl y stringen t  tes t  o f  th e causa l  Marko v condition , 
becaus e honorin g th e causa l  Marico v conditio n ca n requir e 
one t o ignor e similarity .  Fo r  a  categor y wit h a  common -
caus e causa l  schem a (Figur e 1) ,  th e causa l  Marko v conditio n 
state s tha t  informatio n abou t  th e presenc e o r  absenc e o f  F 2 

and F ]  i s irrelevan t  t o inferrin g F 4 give n knowledg e o f  F, .  I n 
contrast ,  a n influenc e o f  similarit y predict s tha t  inference s t o 
F4 wil l  b e stronge r  whe n F j  an d F ,  ar e present ,  becaus e th e 
presenc e o f  F j  an d F j  mean s tha t  th e exempla r  i s mor e simi -
la r  t o th e categor y prototype . 

I n th e followin g experimen t  participant s i n th e Contro l 
conditio n wer e tol d tha t  eac h featur e ha d a  7 5 % bas e rat e (a s 
wer e Causa l  Schem a participants) ,  bu t  wer e no t  instructe d 
on an y causa l  relationships .  Result s fro m th e Contro l  condi -
tio n wil l  indicat e a n effec t  o f  similarit y i f  featur e inference s 
increas e a s a  functio n o f  th e exemplar' s similarit y t o thi s 
centra l  tendenc y (i.e. ,  a s a  functio n o f  th e numbe r  o f  fea -
tures) .  Result s fro m th e Causa l  Schem a conditio n wil l  indi -
cat e whethe r  participant s ar e abl e t o overrid e thi s effec t  o f 
similarity ,  a s require d b y th e causa l  Marko v condition . 

Feature Inference via Feature Correlations 

The fina l  influenc e o n featur e predictio n performanc e w e 
conside r  i s th e presenc e o f  within-categor y featur e correla -
tions .  Fo r  example ,  man y peopl e kno w tha t  bird s tha t  ar e 
smal l  ten d t o sin g wherea s larg e bird s d o not ,  an d o n th e 
basi s o f  thi s correlatio n migh t  infe r  th e presenc e o f  a  smal l 
bir d upo n hearin g song ,  o r  th e absenc e o f  singin g fro m a 
larg e bird—an d d o s o despit e havin g n o knowledg e o f  th e 
causa l  mechanism s tha t  lin k siz e an d singing . 

Prio r  researc h confirm s th e intuitio n tha t  th e observatio n 
of  within-categor y featur e correlation s ca n influenc e featur e 
predictions ,  a t  leas t  whe n participant s observ e categor y ex -
emplar s durin g standar d classification-with-feedbac k training . 
Some studie s (Thomas ,  1998 ;  Yamauch i  &  Markma n 1998 ) 
hav e attribute d thi s resul t  t o participants '  similarity -
matchin g t o th e trainin g exemplar s wit h a  multiplicativ e 
similarit y rul e tha t  preserve s sensitivit y t o featur e correla -
tions .  Other s (Anderso n &  Fincham ,  1996 )  attribut e i t  t o 
participants '  inducin g a  direc t  representatio n o f  thos e inter -
featur e correlation s (als o se e Wattenmaker ,  1993) . 

A final  goa l  o f  th e curren t  articl e wa s t o compar e th e ef -
fec t  o f  causa l  law s o n featur e inferenc e wit h th e effec t  o f 
observin g th e inter-featur e correlation s produce d b y thos e 
laws .  I n th e followin g experiment ,  participant s i n th e Ex -
emplar s conditio n wer e tol d tha t  eac h featur e manifeste d a 
7 5 % bas e rate ,  a s wer e participant s i n th e Causa l  Schem a 
and Contro l  conditions .  Bu t  then ,  rathe r  tha n bein g in -
structe d o n causa l  relationships ,  the y instea d observe d a 
sampl e o f  exemplar s tha t  manifeste d th e inter-featur e correla -
tiona l  structur e tha t  i s  implie d b y a  common-caus e causa l 
schema (i.e. ,  exemplar s wit h stron g correlation s betwee n 
featur e F ,  an d feature s F2 ,  F3 ,  an d F4) .  Becaus e i t  reflect s 
causa l  laws ,  featur e predictio n performanc e base d o n thi s 
correlationa l  structur e shoul d ideall y b e qualitativel y simila r 
t o performanc e base d o n knowledg e o f  th e law s alone .  I n 
particular ,  inference s regardin g th e presenc e o f  a n unobserve d 
effec t  featur e shoul d b e stronge r  whe n F ,  i s presen t  a s com -
pare d t o on e o f  th e othe r  features . 

Method 

Materials 

Si x nove l  categorie s wer e used :  tw o biologica l  kind s (Keho e 
Ants ,  Lak e Victori a Shrimp) ,  tw o nonlivin g natura l  kind s 
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(Myastars ,  Meteori c Sodiu m Carbonate) ,  an d tw o artifact s 
(Romania n Rogo s [cars] ,  Neptun e Persona l  Computers) . 
Eac h categor y ha d fou r  binar y features .  Fo r  example ,  fo r  th e 
Lak e Victori a Shrim p categor y th e fou r  binar y feature s wer e 
" a hig h quantit y o f  A C h neurotransmitter, "  "long-lastin g 
flight  response, "  "accelerate d slee p cycle, "  an d "hig h bod y 
weight. "  Eac h featur e wa s describe d a s occurrin g i n 7 5 % o f 
categor y members .  Participant s i n th e Causa l  Schem a condi -
tio n wer e als o taugh t  abou t  thre e causa l  relationship s be -
twee n F i  an d Fj ,  Fj ,  an d F4 .  Eac h descriptio n o f  a  causa l 
relationshi p specifie d th e caus e feahire ,  th e effec t  feature ,  an d 
a brie f  descriptio n o f  causa l  mechanis m linkin g them .  Fo r 
example ,  th e Fi-^F j  causa l  relationshi p fo r  Lak e Victori a 
Shrim p wa s " A hig h quantit y o f  A C h neurotransmitte r 
cause s a  long-lastin g flight  response .  Th e duratio n o f  th e 
electrica l  signa l  t o th e muscle s i s longe r  becaus e o f  th e ex -
ces s amoun t  o f  neurotransmitter. " 

Participants 

Fifty-fou r  undeigraduate s o r  othe r  member s o f  th e North -
wester n Universit y communit y received  cours e credi t  o r  pa y 
fo r  participatin g i n thi s experiment . 

Design 

Participant s wer e randoml y assigne d i n equa l  number s t o on e 
of  th e si x categories ,  an d t o eithe r  th e Causa l  Schema ,  th e 
Exemplars ,  o r  th e Contro l  condition . 

Procedure 

Al l  phase s o f  th e experimen t  wer e conducte d b y computer . 
Participant s first  studie d severa l  screen s o f  informatio n abou t 
th e assigne d categor y a t  thei r  o w n pace .  Al l  participant s rea d 
a cove r  stor y an d a  descriptio n o f  th e feature s an d thei r  7 5 % 
bas e rates .  Participant s i n th e Causa l  Schem a conditio n als o 
receive d a  descriptio n o f  thre e causa l  relationships ,  an d a 
diagra m depictin g thos e relationship s simila r  t o Figur e 1 . 
W h en ready ,  al l  participant s too k a  multiple-choic e tes t  o f 
thi s knowledge .  Participant s coul d reques t  help ,  whic h le d 
th e compute r  t o re-presen t  th e informatio n abou t  th e cate -
gory .  Participant s wer e require d t o retak e th e tes t  unti l  the y 
m a de 0  error s an d 0  request s fo r  help . 

Participant s i n th e Exemplar s conditio n the n observe d 4 8 
example s o f  th e category .  Althoug h th e studie s reviewe d 
abov e foun d featur e predictio n performanc e t o b e sensitiv e t o 
featur e correlation s whe n trainin g exemplar s wer e observe d 
i n a  classification-with-feedbac k task ,  Wattenmake r  (1991 ) 
foun d tha t  participant s wer e mor e sensitiv e t o featur e correla -
tion s o n a  transfe r  categorizatio n tes t  whe n the y wer e aske d 
simpl y t o "loo k over ,  examine ,  an d lear n about "  exemplars . 
Thus ,  categor y exemplar s wer e presente d sequentiall y  a t  a 
pac e determine d b y th e participants .  The y observe d 26 ,  3 ,  3 , 
3,  1 ,  1 ,  1 ,  2,2 ,  2 ,  an d 4  instance s o f  exemplar s 1111 ,  1110 , 
1101 ,  1011 ,  0110 ,  0101 .  0011 ,  0100 ,  0010 ,  000 1 an d 
0000 ,  respectively ,  wher e " 1 "  denote s th e presenc e o f  a  fea-
ture ,  " 0 "  represent s it s absence ,  an d feature s ar e give n i n 
dimensio n orde r  (F, ,  F, ,  Fj ,  FJ .  Thes e exemplar s manifes t 
th e 7 5 % featur e bas e rate s tha t  participant s wer e instructe d 
on ,  an d als o th e correlationa l  structur e tha t  i s  implie d b y a 
common-caus e causa l  schema .  Specifically ,  th e strengt h o f 

th e correlation s betwee n F ,  an d Fj ,  F3 ,  an d F 4 wa s r  =  .62 , 
and th e correlation s amon g F ] ,  Fj ,  an d F 4 conditiona l  o n F | 
wer e approximately  0 .  Th e feature s o f  eac h exempla r  w o e 
liste d i n orde r  (1-4 )  o n th e compute r  screen .  Fo r  example , 
participant s assigne d t o th e Lak e Victori a Shrim p categor y 
wer e presente d wit h thre e categor y member s tha t  possesse d 
"hig h amount s o f  th e A C h neurotransmitter, "  " a norma l 
flight  response, "  "accelerate d slee p cycle, "  an d "hig h bod y 
weight. "  Th e orde r  o f  th e 4 8 exemplar s wa s randomize d fo r 
eac h participant . 

Participant s i n al l  condition s the n performe d tw o task s 
(counterbalance d fo r  order) :  a  featur e predictio n tas k an d a 
categorizatio n task .  Durin g th e featur e predictio n task ,  par -
ticipant s wer e presente d wit h 3 2 exemplars ,  eac h wit h a n 
unobserve d valu e o n on e o f  th e fou r  dimensions ,  an d wer e 
aske d t o rat e th e likelihoo d tha t  th e featur e wa s presen t  o n a 
100-poin t  scale .  Fo r  eac h unobserve d dimensio n th e othe r 
thre e dimension s too k o n th e eigh t  possibl e combination s o f 
values ,  yieldin g a  tota l  o f  3 2 featur e predictio n problems . 
Th e feature s o f  eac h exempla r  wer e liste d i n dimensio n code r 
(1-4) ,  wit h th e unknow n dimensio n designate d wit h "???. " 
For  example ,  participant s assigne d t o th e Lak e Victori a 
Shrim p categor y wer e presente d wit h th e featur e lis t  "norma l 
amount s o f  th e A C h neurotransmitter, "  " a fas t  flight  re -
sponse, "  "???, "  an d "hig h bod y weight "  an d aske d t o rat e o n 
a 100-poin t  scal e whethe r  thi s exempla r  ha d a n "acceloate d 
slee p cycle. "  Th e orde r  o f  th e 3 2 featur e predictio n problem s 
was randomize d fo r  eac h participant . 

Durin g th e categorizatio n task ,  participant s rate d th e cate -
gor y membershi p o f  exemplar s o n a  100-poin t  scale .  Ther e 
wer e 3 2 exemplars ,  consistin g o f  al l  possibl e 1 6 example s 
tha t  coul d b e forme d fi^m  fou r  binar y features ,  eac h iwe -
sente d twice .  Th e orde r  o f  th e 3 2 tes t  exemplar s wa s randixn -
ize d fo r  eac h participant . 

Results 

Feature Prediction Results 

Becaus e results  fo r  thos e featur e predictio n problem s i n 
whic h th e unobserve d featur e dimensio n wa s th e first  dimen -
sio n wer e no t  directl y relevan t  t o th e theoretica l  issue s raise d 
i n thi s article ,  w c repor t  result s onl y fo r  thos e problem s i n 
whic h th e unobserve d featur e wa s o n th e second ,  third ,  o r 
fourt h dimension .  Figur e 2  present s featur e predictio n rat -
ing s a s a  functio n o f  th e tota l  numbe r  o f  feature s i n th e ex -
emplar ,  whethe r  th e common-caus e featur e (F, )  i s  presen t  o r 
absen t  i n tha t  exemplar ,  an d experimenta l  conditio n (Causa l 
Schema,  Control ,  o r  Exemplar) .  Not e tha t  th e numbe r  o f 
feature s i n F,-Presen t  problem s range s fi-o m 1  t o 3  wherea s 
th e numbe r  i n F,-Absen t  problem s range s firom 0  t o 2  be -
caus e o f  th e presenc e o f  F ,  itsel f  i n th e F|-Presen t  problems . 

I n th e Causa l  Schem a conditio n (Figur e 2a )  featur e predic -
tio n rating s wer e strongl y influence d b y th e presenc e o r  ab -
senc e o f  th e c o m m o n caus e F ,  a s compare d t o on e o f  th e 
othe r  features .  Fo r  example ,  problem s wit h on e feature  re -
ceive d a  m u c h highe r  ratin g w h e n tha t  featur e wa s F ,  (e.g. , 
th e featur e predictio n proble m 1x00 )  tha n whe n i t  wa s on e 
of  th e othe r  feature s (e.g. ,  0x10) ,  70. 6 versu s 24.5 .  Simi -
larly ,  problem s wit h tw o feature s receive d a  highe r  ratin g 
when on e o f  thos e feature s wa s F ,  (e.g. ,  IxIO )  tha n whe n 
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Figur e 2 .  Featur e predictio n result s i n th e (a )  Causa l  Schema ,  (b )  Control ,  an d (c )  Exemplar s condition s 

neithe r  wa s F ,  (e.g. ,  0x11) ,  80. 9 versu s 32.8 .  Tha t  is , 
Causa l  Schem a participant s wer e m u c h mor e likel y t o rea -
so n from  th e presenc e (o r  absence )  o f  th e common-caus e 
featur e F ,  t o infe r  th e presenc e (o r  absence )  o f  a n effec t  tha n 
when the y wer e reasonin g from  on e o f  th e effec t  features . 

Accordin g t o th e causa l  Marko v condition ,  inferrin g th e 
presenc e o f  a n effec t  i n a  common-caus e schem a shoul d no t 
onl y depen d o n th e c o m m o n caus e featur e F, ,  i t  shoul d als o 
not  depen d o n an y o f  th e effec t  features .  I n fact ,  Figur e 2 a 
indicate s tha t  featur e predictio n rating s increase d a s th e num -
ber  o f  effec t  feature s increased .  I n th e F,-absen t  condition , 
featur e predictio n rating s wer e 6.7 ,  24.5 ,  an d 32. 9 fo r  exem -
plar s possessin g 0 ,  1 ,  an d 2  effec t  features ,  respectively . 
Thi s occurre d despit e th e fac t  that ,  accordin g t o th e causa l 
Marko v condition ,  th e absenc e o f  c o m m o n caus e F ,  make s 
th e presenc e o r  absenc e o f  othe r  effect s irrelevan t  fo r  predict -
in g a n effec t  feature .  Likewise ,  i n th e F|-presen t  condition , 
rating s wer e 70.S ,  80.9 ,  an d 92. 8 fo r  exemplar s possessin g 
1,  2 ,  an d 3  features ,  respectively .  Tha t  is ,  althoug h Causa l 
Schema participants '  featur e predictio n rating s wer e strongl y 
influence d b y di e causa l  knowledg e tha t  wa s provided ,  the y 
als o exhibite d a  substantia l  similarit y effec t  i n whic h mor e 
feature s le d t o stronge r  inferences ,  i n violatio n o f  th e causa l 
Marko v condition . 

I n compariso n wit h th e Causa l  Schem a condition ,  result s 
from  th e Contro l  conditio n (Figur e 2b )  indicat e tha t  th e ef -
fec t  o f  th e presenc e o r  absenc e o f  F ,  o n featur e predictio n 
rating s wa s no t  greate r  tha n th e effect s o f  th e othe r  features . 
Thi s resul t  wa s e3q)ected ,  becaus e i n th e Contro l  conditio n 
ther e wa s nothin g abou t  F ,  t o m a k e i t  especiall y predictiv e 
of  a n unobserve d feature .  However ,  a s i n th e Causa l  Schem a 
condition ,  featur e predictio n rating s exhibite d a n effec t  o f 
similarity ;  rating s increase d a s a  functio n o f  th e numbe r  o f 
feature s presen t  i n th e exemplar .  Rating s wer e 37.4 ,  53.6 , 
63.1 ,  an d 73. 7 fo r  exemplar s tha t  possesse d 0 ,  1 ,  2 ,  o r  3 
features ,  respectively .  Not e tha t  thi s effec t  o f  similarit y ob -
taine d despit e th e fac t  tha t  th e Control  participant s observe d 
no member s o f  th e category ,  bu t  rathe r  jus t  rea d a  verba l 
statemen t  o f  th e 7 5 % featur e bas e rates . 

Thes e conclusion s wer e supporte d b y statistica l  analysis . 
Each participant' s rating s wer e predicte d from a  regressio n 

equatio n i n whic h th e tw o predictor s wer e th e numbe r  o f 
feature s presen t  an d a  contras t  cod e representin g th e presenc e 
or  absenc e o f  Fi .  A s expected ,  i n th e Causa l  Schem a condi -
tio n th e regressio n weigh t  associate d wit h th e presenc e o r 
absenc e o f  F ,  wa s bot h significantl y greate r  tha n zero ,  r(3S ) 
= 6.95 ,  p  <  .0001 ,  an d significantl y differen t  tha n th e coire -
spondin g weigh t  i n th e Contro l  condition ,  r(34 )  =  5.65 ,  p  < 
.0001 .  Moreover ,  i n bot h th e Causa l  Schem a conditio n an d 
th e Contro l  conditio n th e regressio n weigh t  associate d wit h 
th e numbe r  o f  feature s wa s significantl y differen t  from  zero , 
f(35 )  =  4.89 ,  p  <  .0001 ,  an d r(35 )  =  2.79 ,  / > < .01 ,  respec -
tively .  Thi s sensitivit y t o numbe r  o f  feature s di d no t  diffe r 
betwee n th e Causa l  Schem a an d Contro l  conditions ,  r  <  1 . 

Finally ,  Figur e 2 c present s th e result s from  th e Exem -
plar s condition .  Th e figur e indicate s that ,  i n contras t  t o th e 
Causa l  Schem a condition ,  th e presence  o f  F j  resulte d i n onl y 
a smal l  increas e i n featur e predictio n rating s a s compare d t o 
on e o f  th e othe r  features .  Fo r  example ,  wherea s i n th e 
Causa l  Schem a conditio n problem s receive d a  featur e predic -
tio n ratin g tha t  wa s abou t  5 0 point s highe r  w h e n F ,  wa s 
presen t  i n th e exempla r  (Figur e 2a) ,  i n th e Exemplar s condi -
tio n tha t  differenc e wa s onl y 10. 9 point s (52. 9 vs .  42.0 )  fo r 
one-featur e exemplar s an d 12. 4 point s (69. 3 vs .  56.9 )  fo r 
two-featur e exemplars .  Thi s resul t  obtaine d despit e th e pres -
enc e o f  stron g correlation s betwee n F ,  an d th e othe r  feature s 
i n th e trainin g exemplar s tha t  migh t  hav e bee n expecte d t o 
lea d subject s t o trea t  F ,  a s especiall y predictive .  I n fact ,  th e 
regressio n weigh t  associate d wit h th e presenc e o r  absenc e o f 
F,  i n th e Exemplar s conditio n wa s no t  significantl y differen t 
from  th e Contro l  condition ,  /(34 )  =  1.17,/ ? >  .20 . 

As i n th e Causa l  Schem a an d Contro l  conditions ,  featur e 
predictio n rating s i n th e Exemplar s conditio n wer e sensitiv e 
t o th e tota l  numbe r  o f  feature s possesse d b y th e exemplar . 
Rating s wer e 24.2 ,  44.2 ,  65.1 ,  an d 94. 0 fo r  exemplar s tha t 
possesse d 0 ,  1 ,  2 ,  o r  3  features ,  respectively .  Th e regressio n 
weigh t  associate d wit h th e numbe r  o f  feature s wa s greate r 
tha n th e correspondin g regressio n weigh t  i n th e Contro l 
condition ,  r(34 )  =  2,12 ,  p  <  .05 .  I n othe r  words ,  th e obser -
vatio n o f  exemplar s tha t  manifeste d th e 7 5 % featur e bas e 
rate s le d participant s t o b e mor e sensitiv e t o similarit y a s 
compare d t o th e Contro l  condition ,  i n whic h participant s 

777 



wer e simpl y tol d abou t  th e 7 5 % featur e bas e rates . 
Individua l  differences .  O n a  fine r  leve l  o f  analysis ,  ther e i s 

s o me clusterin g i n th e daU .  Informally ,  th e respons e pat -
tern s give n b y participant s i n th e Causa l  Schem a conditio n 
fel l  int o a  fe w differen t  classes ,  an d th e mos t  frequen t  wa s i n 
fac t  th e on e tha t  respects  th e causa l  Marko v conditio n (uni -
forml y lo w rating s w h e n F ,  i s absent ,  uniforml y hig h rat -
ing s w h e n F ,  i s  present) .  A  loo k a t  th e Causa l  Schem a sub -
jects *  regression  weight s (se e Figur e 3 )  revealed  a  grou p o f  8 
"causa l  Markov "  subject s w h o weighte d th e presenc e o r  ab -
senc e o f  F ,  heavil y an d th e numbe r  o f  feature s lightly ,  3 
"similarity "  subject s w h o weighte d th e numbe r  o f  feature s 
heavil y an d F ,  lightly ,  an d 7  "compromisers "  w h o assigne d 
moderat e weight s t o bot h predictors .  I n contrast ,  examina -
tio n o f  th e Exemplar s conditio n revealed 2  causa l  Marko v 
subjects ,  1 1 similarit y subjects ,  an d 2  compromiser s ( 3 sub -
ject s weighte d neithe r  factor) .  Tha t  is ,  wherea s th e moda l 
response  i n th e Exemplar s conditio n wa s similarit y based , 
th e moda l  respons e i n th e Causa l  Schem a conditio n wa s 
consisten t  wit h th e causa l  Marko v condition . 

bu 

"I 

60 •  CaaaiUartB r •  Causa l  Schema Subject s 
K Control Subject! 

o Exemplars Subjects 

S 

10 2 0 3 0 

Regressio n Weigh t  fo r  Numbe r  o f  Feature s 

Figure 3. Regressions weights for individual subjects. 

Categorization Results 

O ne purpos e o f  th e categorizatio n tas k wa s t o as k t o wha t 
exten t  featur e inferenc e wa s mediate d b y th e goodnes s o f 
categor y membershi p o f  th e exempla r  wit h th e unobserve d 
feature .  W e summariz e th e mai n findings .  First ,  i n th e 
Causa l  Schem a conditio n categorizatio n rating s wer e influ -
ence d b y th e tw o ^unor s tha t  influence d featur e predictions : 
The y increase d a s th e numbe r  o f  feature s i n th e exempla r 
increase d (i.e. ,  a s th e exemplar' s similarit y  increased) ,  an d 
the y increase d eve n mor e w h e n th e causall y centra l  F ,  wa s 
presen t  (i.e. ,  th e patter n show n fo r  featur e prediction s i n 
Figur e 2a) .  However ,  unlik e th e predictio n ratings ,  th e cate -
gorizatio n rating s wer e als o sensitiv e t o whethe r  th e causa l 
relation  betwee n F ,  an d eac h o f  th e othe r  observe d feature s 
was confirme d o r  violate d (i.e. ,  whethe r  F ,  an d eac h o f  th e 
effec t  feature s wer e jointl y present/absen t  o r  not) ,  a  findin g 
replicatin g pas t  result s (Rehde r  &  Hastie ,  2001) .  I n othe r 
words ,  wherea s categorizatio n rating s showe d a  sensitivit y t o 
al l  thre e o f  th e relation s tha t  constitut e a  common-caus e 
schema ,  fo r  purpose s o f  predictin g unobserve d feature s par -
ticipant s apparentl y attende d t o onl y th e relatio n i n whic h 

th e unobserve d featur e dimensio n wa s involved .  Th e resul t 
was a  dissociatio n betwee n featur e predictio n an d categoriza -
tio n rating s i n th e Causa l  Schem a condition . 

Second ,  i n th e Exemplar s conditio n categor y membershi p 
ratings ,  lik e th e featur e predictio n ratings ,  wer e sensitiv e t o 
similarit y bu t  insensitiv e t o th e presenc e o r  absenc e o f  F ,  a s 
compare d t o othe r  feature s (cf .  Figur e 2c) .  However ,  unlik e 
th e featu e predk:tio n ratit̂ s  th e categorizatio n ratii f  s  wer e 
als o sensitiv e t o whethe r  th e conrdation s betwee n F ,  an d eac h 
of  th e othe r  obseive d feature s wer e broko i  o r  preserve d 

Importantly ,  thi s latte r  resul t  speak s t o th e possibilit y 
tha t  Exemplar s participants '  insensitivit y t o th e presenc e o r 
absenc e o f  F |  durin g th e featur e predictio n tas k aros e merel y 
as consequenc e o f  thei r  failin g t o lea m an d encod e th e corre -
lation s involvin g F, .  I n fact ,  result s fro m th e categorizatio n 
tas k indicat e tha t  participant s encode d thes e correlation s bu t 
di d no t  m a k e us e o f  the m i n featur e inference .  Thi s repre -
sent s a  dissociatio n betwee n featur e inferenc e an d categoriza -
tion ,  jus t  a s i n th e Causa l  Schem a condition . 

Finally ,  i n th e Contro l  conditio n bot h categor y member -
shi p an d featur e predictio n rating s wer e monotoni c function s 
of  th e numbe r  o f  feature s present ,  tha t  is ,  th e featura l  simi -
larit y o f  th e exempla r  t o th e categor y prototype . 

General Discussion 

Th e firs t  questio n aske d i n th e curren t  articl e wa s whethe r 
causa l  knowledg e abou t  a  categor y influence s prediction s 
regardin g th e presenc e o r  absenc e o f  unobserve d features .  I n 
fact ,  w e foun d tha t  causa l  knowledg e ha d a  stron g effec t  o n 
thos e inferences .  Reasoner s wer e m u c h mor e likel y t o pn -
die t  th e presenc e o f  a n unobserve d featur e whe n it s caus e wa s 
presen t  tha n whe n tha t  caus e wa s absent .  I n thi s respect, 
thei r  reasonin g wa s simila r  t o th e normativ e metho d o f  in -
ferenc e define d b y Bayesia n networks . 

Thes e result s contribut e t o a  collectio n o f  finding s dem -
onstratin g th e importanc e o f  theoretica l  o r  explanator y 
knowledg e i n variet y o f  featur e inferenc e tasks .  Fo r  example , 
Lassalin e (1996 )  foun d tha t  th e projectio n o f  a  n e w propert y 
fro m on e categor y t o anothe r  wa s stronge r  whe n causa l 
knowledg e supportiv e o f  tha t  propert y wa s provide d (als o se e 
Sloman ,  1994) .  Rehde r  &  Ros s (2001 )  foun d tha t  th e learn -
in g o f  a  categor y vi a a  featur e predictio n tas k paoceede d mor e 
rapidl y w h e n feature s wer e related  o n th e basi s o f  prio r 
knowledge .  However ,  s o fa r  a s w e know ,  th e curren t  stud y i s 
th e firs t  t o addres s th e specifi c  rol e o f  causa l  knowledg e i n 
inferrin g th e presenc e o f  unobserve d feature s i n a  categor y 
wit h k n o w n causa l  structure . 

Althoug h causa l  knowledg e ha d a  profoun d effec t  o n fea-
tur e predictions ,  w e als o foun d tha t  normativ e Bayesia n rea -
sonin g i s no t  th e whol e story .  Eve n whe n reasoner s ha d 
causa l  knowledge ,  thei r  featur e inference s showe d a  persis -
ten t  effec t  o f  overal l  similarit y t o th e category ,  suc h tfiat  a n 
exempla r  wit h a  greate r  numbe r  o f  category-associate d fea -
ture s wa s deeme d mor e likel y t o hav e a n unobserve d feature . 
Thi s wa s tru e eve n thoug h th e feature s tha t  contribute d t o 
similarit y wer e conditionall y independen t  o f  th e unobserve d 
featur e i n question .  I n thi s respect ,  th e effec t  o f  causa l 
knowledg e o n featur e prediction s violate d th e causa l  Marko v 
conditio n associate d wit h Bayesia n networks . 

Th e influenc e o f  similarit y o n featur e prediction s als o ob -

778 



taine d i n th e Contro l  condition .  Thi s effec t  hel d eve n thoug h 
participant s di d no t  observ e categor y member s (i n contras t  t o 
previou s studie s demonstratin g similarit y effects ,  e.g. ,  Ya -
mauchi  &  Markman ,  2000) ,  bu t  rathe r  wer e provide d onl y 
wit h a  verba l  statemen t  o f  th e 7 5 % featur e bas e rates .  Unde r 
thes e condition s on e migh t  hav e expecte d tha t  Contro l  par -
ticipant s woul d b e especiall y likel y t o assum e independenc e 
among feature s (i.e. ,  bas e eac h predictio n onl y o n th e bas e 
rat e o f  th e featur e i n questio n an d no t  o n th e pres -
ence/absenc e o f  othe r  features) .  Th e curren t  result s indicat e 
people' s tendenc y t o reaso n o n th e basi s o f  centra l  tendenc y 
or  prototyp e informatio n hold s eve n whe n tha t  informatio n 
i s provide d i n summar y for m (an d withou t  an y mentio n o f 
correlation s betwee n features )  rathe r  tha n experientially . 

On th e on e hand ,  thes e findings  ar e reminiscen t  o f  othe r 
studie s tha t  hav e attempted—mostl y i n vain—^t o induc e par -
ticipant s t o ignor e th e effect s o f  similarit y (e.g. ,  Alle n & 
Brooks ,  1991) .  However ,  ou r  analysi s o f  individua l  differ -
ence s reveale d considerabl e variatio n amon g participant s i n 
th e relativ e importanc e o f  causa l  knowledg e an d similarity . 
I n fact ,  8  o f  1 8 participant s i n th e Causa l  Schem a conditio n 
ignore d similarit y (tha t  is ,  the y honore d th e causa l  Marko v 
condition )  whe n predictin g unobserve d features ,  indicatin g 
tha t  similarity-base d respondin g i s no t  obligatory .  Th e ques -
tio n o f  unde r  wha t  condition s featur e inference s ar e domi -
nate d b y theoretica l  an d causa l  knowledg e versu s featura l 
similarit y  i s on e tha t  merit s furthe r  investigation . 

Anothe r  questio n w e aske d wa s whethe r  causa l  knowledg e 
has a  differen t  effec t  tha n inter-featur e correlationa l  knowl -
edge .  Rathe r  tha n bein g give n a n explici t  causa l  model ,  par -
ticipant s i n th e Exemplar s conditio n observe d exemplar s tha t 
manifeste d th e correlation s implie d b y tha t  model .  I n fact , 
though ,  th e vas t  majorit y (1 4 o f  18 )  o f  Exemplar s partici -
pant s faile d t o us e thos e correlation s i n makin g featur e infer -
ences ,  an d thei r  inference s wer e qualitativel y lik e thos e o f 
Contro l  subjects ,  w h o ha d neithe r  causa l  no r  empirica l 
knowledge .  Instead ,  th e effec t  o f  th e empirica l  observation s 
was merel y t o mak e featur e prediction s eve n mor e sensitiv e 
t o th e degre e t o whic h a n exempla r  wa s simila r  t o th e cate -
gory' s prototype . 

Thi s findin g contrast s wit h previou s studie s i n whic h fea -
tur e predictio n wa s foim d t o b e sensitiv e t o inter-featur e cor -
relations ,  a t  leas t  whe n thos e correlation s wer e observe d 
durin g a  classification-with-feedbac k tas k (Anderso n &  Fin -
cham,  1996 ;  Thomas ,  1998 ;  Yamauch i  &  Markman ,  1998) . 
We use d a  differen t  learnin g task ,  i n whic h participant s w o e 
aske d merel y t o observ e categor y members ,  bu t  w e kno w 
tha t  th e inter-featur e correlation s wer e learne d an d encode d 
durin g thi s tas k becaus e the y wer e reflecte d i n participants ' 
categorizatio n ratings .  Tha t  th e sam e participant s faile d t o 
use thes e correlation s i n featur e inferenc e represent s a  disso -
ciatio n betwee n categorizatio n an d featur e inference . 

Mor e generally ,  i n bot h th e Causa l  Schem a an d th e Ex -
emplar s conditions ,  w e foun d tha t  categorizatio n rating s an d 
featur e inference s wer e sensitiv e t o differen t  kind s o f  infor -
mation :  Categorizatio n bu t  no t  featur e predictio n wa s sensi -
tiv e t o th e overal l  causa l  o r  correlationa l  structur e instanti -
ate d i n a n exemplar .  Thi s implie s tha t  featiu e inferenc e i s 
not  merel y mediate d b y goodnes s o f  categor y membership . 
Instead ,  participant s i n bot h o f  thes e condition s use d th e 

categor y knowledg e the y possesse d i n differen t  way s dqxnd -
in g o n th e tas k a t  hand .  Tha t  is ,  wherea s Yamauch i  an d 
Markman (1998 )  hav e suggeste d tha t  categor y representa -
tion s wil l  diffe r  dependin g o n whethe r  the y at e acquire d vi a 
categorizatio n o r  featur e prediction ,  th e curren t  result s sug -
gest  tha t  categorizatio n an d featur e predictio n task s ca n als o 
dra w o n differen t  aspect s o f  a  singl e representation . 
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Abstrac t 

Routines m»y help groups to effectively reduce 
coordinatio n requirement s whe n solvin g interdependen t 
tasks .  However ,  routin e proble m solvin g alway s involve s 
th e risk  o f  a  negativ e transfer ,  whic h appear s i f  a  routin e 
i s applie d t o nove l  problem s eve n thoug h i t  i s 
inappropriate .  I n thi s experiment ,  negativ e transfe r  wa s 
produce d b y firs t  teachin g individual s a  procedur e fo r 
solvin g th e Towe r  o f  Hano i  problem .  Next ,  participant s 
wer e aske d t o solv e severa l  transfe r  task s eithe r 
individuall y o r  i n pairs .  However ,  th e routin e coul d no t 
be applie d directl y t o th e transfe r  task s bu t  le d t o a  lon g 
detour .  A s expected ,  th e individual s surpasse d th e dyads , 
who insiste d mor e strongl y o n thei r  routine .  Thi s resul t 
fits  wit h studie s tha t  corroborat e th e clai m tha t  group s 
ar e pron e t o a  "principl e o f  inertia "  whe n solvin g 
problem s o r  makin g decisions . 

Introduction 

A routin e m a y b e define d a s a  wel l  practice d proble m 
solvin g procedure ,  whic h ha s bee n applie d repeatedl y 
and ,  therefore ,  doe s no t  nee d m u c h plannin g bu t  m a y b e 
execute d rathe r  automaticall y (fo r  a n overvie w o n 
variou s definitions ,  se e Betsch ,  Haberstroh ,  &  Hoehle , 
i n press) .  Typically ,  i n th e problem-solvin g domain , 
routine s consis t  o f  severa l  singl e actio n step s tha t  hav e 
t o b e execute d i n a  particula r  order .  Eve n thoug h th e 
singl e step s m a y requir e som e planning ,  th e sequenc e 
of  th e step s itsel f  i s  usuall y highl y internalized .  Fro m 
thi s automatio n follow s tha t  procedure s o r  schemat a 
tha t  hav e becom e a  routin e m a y easil y b e transferre d t o 
nove l  tasks .  However ,  routine s ar e no t  onl y transferre d 
t o structurall y equivalen t  task s (positiv e transfer) ,  bu t 
ar e sometime s als o applie d t o task s tha t  shar e onl y 
surfac e feature s wit h th e learnin g task .  Accordingly , 
ther e i s ampl e evidenc e showin g tha t  th e successfu l  us e 
of  a  schem e enhance s th e likelihoo d o f  a  negativ e 
transfe r  effect ,  i.e. ,  wors e performanc e compare d t o a 
conditio n i n whic h th e schem e ha s no t  bee n repeatedl y 
applie d befor e (c f  VanLehn ,  1996) . 

I n th e presen t  study ,  w e sough t  t o exten d th e 
literatur e o n learnin g transfe r  t o grou p proble m solving . 
I n particular ,  th e stud y aime d a t  testin g whethe r 
negativ e transfe r  effect s ar e mor e pronounce d i n dyad s 

tha n i n individuals .  O n th e on e hand ,  i t  m a y b e mor e 
likel y tha t  a  dya d recognize s a  chang e i n tas k demands . 
On th e othe r  hand ,  adaptin g a  routin e i n a  grou p usuall y 
require s coordinatio n processes ,  whic h m a y caus e 
proces s losse s (cf .  Gersic k &  H a c k m a n ,  1990) . 
Moreover ,  ther e ar e severa l  studie s showin g tha t  group s 
ofte n ten d t o accentuat e preference s o r  decision s tha t 
ar e hel d b y a  majorit y (cf .  Hinsz ,  Tindale ,  &  Volkath , 
1997) .  I n general ,  i f  individual s ar e predispose d t o 
proces s informatio n i n a  biase d way ,  then ,  group s 
usuall y ten d t o enhanc e thi s bias .  However ,  i f  group s 
us e strategie s mor e reliabl y an d consistentl y tha n 
individuals ,  then ,  transfe r  effect s shoul d als o b e 
enhance d i n groups ,  irrespectiv e o f  whethe r  thi s transfe r 
i s  positiv e o r  negative . 

I n thi s study ,  th e hypothesi s tha t  negativ e transfe r  i s 
mor e pronounce d i n group s tha n i n individual s wa s 
teste d b y askin g participant s t o solv e Towe r  o f  Hano i 
problem s eithe r  individuall y o r  i n pairs .  Ther e ar e 
severa l  procedure s tha t  guarante e a n optima l  solutio n o f 
th e Towe r  o f  Hano i  proble m (c f  Simon ,  1975) .  I n orde r 
t o produc e transfe r  effects ,  participant s wer e first  taugh t 
eithe r  th e goal-recursio n (R )  o r  th e move-patter n 
procedur e ( M ) .  Thes e tw o procedure s diffe r  i n tw o 
aspects ,  whic h m a k e the m suitabl e fo r  studyin g transfe r 
effect s withi n th e Towe r  o f  Hano i  problem : 

(1 )  Onl y th e R-procedur e bu t  no t  th e M-procedur e 
m ay b e directl y applie d t o a  transfe r  tas k i n whic h th e 
star t  pe g i s th e middl e peg .  (2 )  Th e tw o procedure s lea d 
t o differen t  pattern s o f  m o v e latencies .  Hence , 
difference s i n m o v e latencie s m a y b e use d a s a n 
indicato r  o f  th e respectiv e procedur e applie d an d t o 
what  exten t  a  proble m solve r  insiste d o n his/he r  routine . 

Wherea s th e first  stud y teste d fo r  proces s losse s i n 
pairs ,  th e secon d stud y compare d homogeneou s wit h 
heterogeneou s pair s an d additionall y considere d 
individua l  learning . 

The Tower of Hanoi Problem 

The Towe r  o f  Hano i  proble m consist s o f  thre e peg s 
and a  fixed  numbe r  o f  disk s o f  differen t  size s (Simon , 
1975) .  Th e origina l  tas k i s t o mov e al l  th e disk s fi-om 
th e lef t  t o th e righ t  pe g unde r  th e followin g constraint s 
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(cf .  Figur e 1) :  (a )  onl y on e dis k ma y b e move d a t  a 
time ,  (b )  onl y th e dis k tha t  i s o n th e to p o f  th e pyrami d 
m ay b e moved ,  an d (c )  a  large r  dis k m a y neve r  b e 
place d o n to p o f  a  smalle r  disk .  A  proble m wit h n  disk s 
require s a  min imu m o f  2"- l  moves . 

Figur e 1 :  Th e Towe r  o f  Hano i  problem . 

The goal-recursion procedure The goal-recursion 
procedur e (R )  consist s i n formin g sub-goals .  Eac h 
proble m wit h n > l  disk s ca n b e decompose d int o thre e 
sub-problems :  Int o (1 )  a  proble m consistin g o f  n- 1 
disks ,  (2 )  th e mov e o f  th e larges t  dis k fro m th e star t  pe g 
ont o th e goa l  peg ,  an d (3 )  int o a  secon d proble m 
consistin g o f  n- 1 disks . 

For  example ,  th e four-dis k proble m i n Figur e 1  ca n b e 
decompose d int o tw o three-dis k problem s an d th e mov e 
of  a  singl e disk :  (1 )  Firs t  o f  all ,  th e three-dis k pyrami d 
(consistin g o f  th e disk s 2  t o 4 )  ha s t o b e move d fro m 
th e star t  pe g ont o th e middl e peg ;  (2 )  i n th e nex t  step , 
th e larges t  dis k (numbe r  1 )  ca n b e move d ont o th e goa l 
peg ;  an d (3 )  finally ,  th e three-dis k pyrami d ha s t o b e 
moved again ,  thi s tim e fro m th e middl e pe g ont o th e 
goal  peg .  Th e three-dis k proble m i s itsel f  a  Towe r  o f 
Hanoi  proble m wit h on e dis k les s tha n th e origina l 
problem .  Hence ,  th e three-dis k proble m ca n b e 
decompose d int o tw o two-dis k problem s an d th e mov e 
of  a  singl e disk .  Thus ,  th e recursio n procedur e i s base d 
on a  chunkin g strateg y b y dividin g a  proble m int o sub -
problem s unti l  onl y on e dis k remain s an d ther e i s n o 
longe r  an y problem . 

The move-pattern procedure The move-pattern 
procedur e ( M ) ,  o n th e othe r  hand ,  i s  base d o n a 
stimulus-drive n instea d o f  a  goal-drive n heuristic , 
withou t  formulatin g an y sub-goals .  Accordin g t o thi s 
procedure ,  on e ha s t o lear n a  particula r  patter n o f 
moves ,  whereb y attentio n ha s t o b e pai d t o th e positio n 
of  a  dis k an d t o it s parity :  0<i«/-numbere d disk s shoul d 
alway s b e move d from  th e lef t  t o th e right,  from  th e 
middl e t o th e left ,  an d from  th e right  t o th e middle . 
£ven-numbcre d disk s ar e move d th e othe r  wa y roimd , 
from  th e lef t  t o th e middle ,  from  th e middl e t o th e right, 
and from  th e right  t o th e left .  Additionally ,  th e sam e 
dis k shoul d neve r  b e move d twic e i n on e go .  Th e latte r 

constrain t  guarantee s tha t  i t  i s  alway s clea r  whic h dis k 
i s t o b e move d next .  Fo r  example ,  accordin g t o thes e 
rules ,  dis k 4  i n Figur e 1  shoul d b e move d ont o th e 
middl e pe g becaus e i t  i s a n even-numbere d disk .  Next , 
dis k numbe r  3  shoul d b e move d ont o th e right  peg , 
becaus e th e sam e dis k shoul d neve r  b e move d twic e i n 
one g o an d i  i s  a n od d number . 

Original vs. transfer tasks It is worth noticing that 
bot h procedure s lea d t o th e sam e patter n o f  move s an d 
t o a n optima l  solution ,  provide d al l  rule s ar e strictl y 
adhere d to .  Thi s functiona l  equivalenc e hold s fo r  an y 
number  o f  disks .  However ,  i f  th e star t  pe g i s th e middl e 
pe g instea d o f  th e lef t  peg ,  onl y th e recursion-procedur e 
i s optimal .  Th e move-patter n procedur e m a y b e applie d 
t o suc h a  transfe r  tas k a s well ,  bu t  i t  require s twic e a s 
many move s a s th e optima l  goal-recursio n procedure :  I f 
a transfe r  tas k i s solve d b y applyin g th e move-patter n 
procedure ,  th e entir e towe r  move s first  ont o th e lef t  pe g 
and the n ont o th e right  peg. ' 

Differences in move-latencies Even though both 
procedure s lea d t o th e sam e patter n o f  move s wit h 
origina l  tasks ,  the y diffe r  i n th e amoun t  o f  plannin g 
and ,  therefore ,  resul t  i n differen t  pattern s o f  m o v e 
latencie s (cf .  Reimer ,  2001a) .  I f  th e M-procedur e i s 
applied ,  th e cognitiv e effor t  i s  ahnos t  th e sam e fo r  al l 
moves (despit e th e fac t  tha t  th e decisio n a s t o whic h 
dis k shoul d b e move d nex t  m a y var y amon g differen t 
game situations) .  Thus ,  a  playe r  w h o applie s th e M -
procedur e i s expecte d t o mov e disk s relativel y regular -
ly .  Accordin g t o th e R-procedur e though ,  a t  th e ver y 
beginnin g a s wel l  a s i n situations ,  i n whic h a  n e w sub -
towe r  ha s t o b e solved ,  extensiv e plannin g i s required . 
Wherea s thes e "firs t  moves "  shoul d las t  long ,  subse -
quen t  move s (i.e. ,  al l  othe r  moves )  shoul d b e carrie d 
out  fas t  i n orde r  t o execut e th e planne d recursio n 
smoothl y withou t  extensiv e interruptions .  Hence , 
ideally ,  a n applicatio n o f  th e R-procedur e result s i n 
hig h latencie s i n th e first  move s an d shor t  latencie s 
when subsequen t  move s ar e performed . 

I n general ,  th e exten t  t o whic h a  playe r  spend s mor e 
tim e o n first  move s tha n o n subsequen t  move s m a y b e 
quantifie d b y th e followin g strateg y inde x (S) : 

S =  F M / S M , 
wit h F M =  mea n tim e fo r  first  move s an d S M =  mea n 
tim e fo r  subsequen t  moves .  Becaus e th e M -  an d R -
procedur e diffe r  i n th e exten t  o f  chunkin g an d planning , 
participant s w h o wer e taugh t  th e R-procedur e wer e 
expecte d t o scor e highe r  o n th e strateg y inde x tha n 
participant s w h o ha d bee n taugh t  th e M-procedur e (S r 

'  I n orde r  t o mee t  thi s criterion ,  th e origina l  move-patte m 
procedure ,  whic h wa s describe d b y Simo n (1975) ,  wa s 
slightl y change d b y linkin g th e mov e pattern s t o th e left , 
middle ,  an d right  pe g instea d o f  th e star t  an d th e goa l  peg . 
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> Sm) .  Additionally ,  th e strateg y inde x m a y als o serv e 
as a  measur e o f  th e exten t  t o whic h participant s i n th e 
M-conditio n chang e thei r  strateg y toward s a  chunking -
strateg y whe n solvin g transfe r  tasks . 

Study 1 

Th e first  stud y aime d a t  (1 )  testin g fo r  difference s i n 
performanc e betwee n pair s an d individuals ,  and ,  i n 
particular ,  t o tes t  whethe r  th e M-pair s suffe r  from  an y 
proces s losse s whe n solvin g transfe r  task s (process-los s 
hypothesis) ;  (2 )  testin g th e clai m tha t  th e M-pair s insis t 
mo r e strongl y o n thei r  procedur e tha n th e M -
individuals ,  whic h shoul d resul t  i n a  lowe r  strateg y 
inde x fo r  th e M-pair s tha n th e M-individual s 
{persistenc y hypothesis) ;  an d (3 )  testin g t o wha t  exten t 
th e potentia l  proces s losse s ar e mediate d b y th e strateg y 
inde x {mediatio n hypothesis) . 

Method 

Sampl e an d desig n Th e desig n consiste d o f  thre e 
factors :  Firstly ,  participant s wer e individuall y taugh t 
eithe r  th e R -  o r  th e M-procedur e (facto r  procedure) . 
Secondly ,  participant s solve d problem s eithe r 
individuall y (I )  o r  i n pair s (? )  (facto r  group) .  Finally , 
typ e o f  tas k wa s varie d a s a  within-subject s factor .  Eac h 
individua l  an d eac h pai r  ha d t o solv e tw o origina l  an d 
tw o transfe r  tasks ,  on e four -  an d on e five-disk  proble m 
each. ^  Th e 9 0 student s w h o participate d i n th e stud y 
wer e randoml y distribute d a m o n g experimenta l 
condition s (1 5 pair s i n th e condition s R- P an d M - P an d 
15 individual s i n di e condition s R- I  an d M-I) . 

Procedure Each participant was first individually 
explaine d th e R -  o r  th e M-proccdurc .  Additionally , 
eac h perso n complete d a  computerize d trainin g ru n 
wid i  3 0 task s tha t  alway s require d onl y a  singl e move . 
I n th e R-condition ,  thei r  tas k wa s t o solv e sub -
problems .  Fo r  thi s purpose ,  on e o r  mor e disk s wer e 
alread y marke d o n th e compute r  screen .  Th e 
respondent' s tas k consiste d i n movin g th e respectiv e 
sub-proble m i n th e correc t  direction .  I n th e M -
condition ,  respondent s wer e als o confronte d wit h 
differen t  gam e simations .  Here ,  th e tas k consiste d i n 
executin g th e nex t  mov e accordin g t o th e M-proccdure . 
I n bot h conditions ,  immediat e feedbac k wa s provide d 
b y th e compute r  o n whethe r  th e singl e m o v e wa s 
conec t  o r  wrong . 

I n th e testin g phase ,  participant s wer e aske d t o solv e 
tw o origina l  an d tw o transfe r  task s i n a s fe w move s a s 
possible .  I n th e pai r  condition ,  the y m o v e d i n turn s 

*  Fo r  th e followin g analyses ,  measure s wer e aggregate d 
acros s th e four -  an d five-dis k problem s throughout .  Problem s 
wit h fou r  disk s ar e solvabl e i n 1 5 move s an d problem s wit h 
fiv e disk s requir e 3 1 moves .  Thus ,  th e minimu m numbe r  o f 
moves i s 23 ,  irrespectiv e o f  th e tas k conditions ,  i.e. , 
regardles s o f  whethe r  origina l  o r  transfe r  task s ar e solved . 

withou t  commimicatin g wit h eac h other .  Th e opportimi -
t y t o correc t  o r  t o und o move s b y movin g a  dis k twic e 
i n on e g o wa s explicitl y  mentione d i n th e instructions . 
I f  a  perso n trie d t o plac e a  large r  dis k o n to p o f  a 
smalle r  one ,  a n erro r  messag e appeare d o n th e screen . 

Results 

N u m b er  o f  move i  Tabl e 1  show s th e mea n numbe r  o f 
moves tha t  wer e require d b y th e individual s an d pairs . 
A n A N O V A wit h th e factors ,  procedur e ( R vs .  M ) , 
grou p ( I  vs .  P) ,  an d tas k (origina l  vs .  transfe r  tosks), 
reveale d a n interactio n o f  tas k x  procedure ,  whic h wa s 
due t o negativ e transfe r  i n th e M-conditio n (F{l,56)t ^  , 
,,«**« -  115.51 ;  p<.01 ;  F(l,56)p,««iu« = 94.32 ;  p<.0\ ; 
^1,56),™, -  0.13 ;  ns ;  F{\,56)tuk = 121.43 ;  p<.01) .  I n 
th e R-condition ,  th e origina l  a s wel l  a s th e transfe r  task s 
wer e solve d almos t  perfectl y (A/ongin. !  tMk = 24.15 ; 
A/wn.feciiA -  24.38 ;  /(29)=-.50 ;  ns) . 

Table I: Mean Number of Moves. 

Origina l  task s 

Transfe r  task s 

R 

I  P 

24.8 3 23.4 7 

25.2 0 23.5 7 

M 

I  P 

25.8 7 23.5 0 

39.9 7 46.7 7 

However ,  participant s w h o ha d bee n taugh t  th e move -
patter n procedur e require d m a n y mor e move s t o solv e 
th e transfe r  task s tha n th e origina l  task s (A/origui* i  iMk = 
24.68 ;  M , ^ t « ,.,k = 43.37 ;  r(29) = -10.2 ;  p<.0\) . 
Moreover ,  a s ca n b e see n i n Tabl e 1 ,  thi s negativ e 
transfe r  wa s enhance d i n th e grou p o f  th e M-pairs . 
Accordingly ,  th e two-wa y interactio n wa s fiirther 
qualifie d b y a  significan t  three-wa y interactio n o f  tas k x 
procedur e Xpair ,  F(l,56) = 7.55;/K.05 .  Obviously ,  th e 
M-pair s suffere d muc h mor e from  thei r  routin e tha n th e 
M-individual s whe n solvin g transfe r  task s {t{2By = 2.17 ; 
p<.OS) . 

Move latencies Are these process losses caused by a 
highe r  persistenc y o f  th e M-pairs ? First ,  a s expected , 
participant s i n th e R-conditio n ha d m u c h highe r 
strateg y indice s tha n participant s i n th e M-conditio n 
throughou t  (cf .  Tabl e 2). ^  Thi s hold s tru e fo r  origina l 
task s (r(58) = 8.3 ;  /><.0I )  a s wel l  a s fo r  transfe r  task s 
(f(58)=4.28;p<.01) . 

Additiona l  A N O V A s ,  whic h wer e conducte d 
separatel y fo r  th e M -  an d th e R-condition ,  confirme d 
th e persistenc y hypothesis : 

'  Th e distributio n o f  latencie s wa s positivel y skewed .  Fo r  thi s 
reason ,  eac h latenc y pe r  mov e wa s transfoime d firs t  b y takin g 
th e logarithm .  Al l  reporte d analyse s ar e base d o n thes e 
transforme d latencies . 
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Tabl e 2 :  M e a n Strateg y Index . 

Origina l  task s 

Transfe r  task s 

R 

I 

1.1 6 

1.1 8 

P 

1.0 8 

1.0 9 

M 

I  P 

1.0 4 1.0 2 

1.1 0 1.0 2 

I n bot h analyses ,  th e mai n effec t  o f  grou p {Fg(l,28 )  = 
55.61 ;  Fv(l,28 )  =  12.88 ;  ps<.01 )  wa s significant , 
indicatin g highe r  strateg y indice s fo r  th e individual s 
tha n fo r  th e pairs .  Thes e mai n effect s m a y b e explaine d 
by th e tim e tha t  i s require d b y th e pair s whe n takin g 
turns .  Secondly ,  ther e wa s als o a  significan t  mai n effec t 
of  typ e o f  tas k i n bot h conditions :  Overall ,  participant s 
i n th e R -  (Fjj(l,28 )  =  6.27;/K.05 )  a s wel l  a s i n th e M -
conditio n (FAf(l,28 )  =  6.94 ;  p<.05 )  showe d highe r 
strateg y indice s whe n solvin g transfe r  task s compare d 
wit h origina l  tasks .  However ,  onl y i n th e M-conditio n 
th e tw o mai n effect s wer e qualifie d b y a  significan t 
interactio n (Fu{l,2» )  =  5.16;;7<.05 ;  Fj,(l,28 )  =  0.70 ; 
ns).  A s ca n b e see n i n Tabl e 2 ,  th e M-individual s ha d a 
much highe r  strateg y inde x i n th e transfe r  task s tha n i n 
th e origina l  task s («(14) = 2.70 ;  p<.05) ,  wherea s th e M -
pair s di d no t  chang e th e w a y i n whic h the y structure d 
th e proble m solvin g proces s (<(14) = 0.44 ;  ns) . 

Predicting performance by the strategy index The 
observe d persistenc y m a y als o serv e a s a n explanatio n 
fo r  th e difference s i n performance .  I n orde r  t o sho w tha t 
th e observe d proces s losse s ar e du e t o th e exten t  t o 
whic h th e M-individual s an d M-pair s change d toward s 
a chunkin g strategy ,  a n A N C O VA o n th e numbe r  o f 
moves wa s ru n usin g th e strateg y inde x a s a  covariate . 
As ca n b e see n i n Figur e 2 ,  whic h refer s exclusivel y t o 
th e M-conditio n an d t o th e transfe r  tasks ,  th e observe d 
proces s losse s disappea r  i f  difference s i n th e strateg y 
inde x ar e controlled . 

Discussion 

Participant s w h o ha d bee n taugh t  th e goal-recursio n 
procedur e di d no t  hav e an y seriou s problem s solvin g 
th e transfe r  task s (positiv e transfer) .  Withi n th e move -
patter n condition ,  however ,  a  negativ e transfe r  effec t 
appeared .  Further ,  th e M-pair s performe d wors e o n th e 
transfe r  task s tha n th e M-individuals ,  whic h confirm s 
th e process-los s hypothesis .  However ,  thes e proces s 
losse s d o no t  see m t o b e du e t o mer e mutua l  distractio n 
i n th e pairs ,  tha t  is ,  i t  i s  unlikel y tha t  participant s 
distracte d eac h othe r  i n genera l  whe n joinin g a  dyad .  I f 
thi s wer e th e cas e simila r  proces s losse s shoul d hav e 
bee n observe d i n th e othe r  pai r  conditions ,  too .  Rather , 
th e result s confir m th e persistenc y hypothesis :  Obvious -
ly ,  th e M-pairs  di d no t  onl y nee d man y mor e move s t o 
solv e th e transfe r  task s bu t  als o insiste d mor e strongl y 

on usin g thei r  strateg y tha n th e M-individuals ,  w h o 
reacte d m u c h mor e flexibl y an d trie d t o adop t  a 
chunkin g strategy. ^ 

I n general ,  participant s i n th e R-conditio n spen t  mor e 
tim e o n th e first  tha n o n subsequen t  moves ,  wherea s 
participant s i n th e move-patter n conditio n mad e thei r 
moves muc h mor e regularly .  Thus ,  i n th e origina l  tasks , 
th e participant s i n th e R -  an d M-conditio n di d no t  diffe r 
i n ̂ ei r  performance ,  bu t  coul d easil y b e identifie d o n 
th e basi s o f  thei r  strateg y index .  Moreover ,  difference s 
i n performanc e disappeare d w h e n difference s i n th e 
strateg y inde x wer e controlle d (mediatio n hypothesis) . 

Thus ,  th e first  stud y confirm s th e assumptio n tha t 
negativ e transfe r  effect s wil l  b e enhance d b y dyad s w h o 
wer e taugh t  th e sam e inappropriat e routin e and ,  there -
fore ,  shar e a  c o m m o n knowledge .  However ,  i t  i s 
reasonabl e t o assum e tha t  i t  i s  thi s unanimit y i n particu -
la r  tha t  put s th e pair s a t  a  disadvantage .  Accordin g t o 
thi s interpretation ,  persistenc y wa s fostere d b y th e fac t 
tha t  bot h member s ha d learne d th e sam e inappropriat e 
procedure .  However ,  i f  thi s i s  true ,  then ,  heterogeneou s 
pair s shoul d perfor m m u c h better ,  i n particula r  i f  on e 
member  ha s acces s t o a n appropriat e procedure .  O n th e 
othe r  hand ,  i f  participant s persis t  i n thei r  procedur e 
irrespectiv e o f  wha t  th e othe r  perso n does ,  suc h a  mixe d 
pai r  shoul d no t  perfor m bette r  tha n a  unifor m M-pair . 

Study 2 

Thi s issu e wa s addresse d i n th e secon d study ,  i n whic h 
eac h perso n belonge d t o a  pai r  condition .  I n orde r  t o 
tes t  fo r  th e heterogeneit y hypothesis ,  a  mixe d pair -
conditio n wa s introduced ,  whic h consiste d o f  on e M -
and on e R-participan t  (conditio n M R ) .  Additionally , 
inmiediatel y afte r  th e learnin g phas e an d a t  th e ver y en d 
of  th e experiment ,  participant s wer e als o aske d t o solv e 
severa l  task s individuall y i n orde r  t o tes t  fo r  difference s 
i n individua l  learning . 

Method 

Sample ,  design ,  an d procedur e Th e sampl e consiste d 
of  11 2 senio r  hig h schoo l  smdent s w h o wer e randoml y 
assigne d t o on e o f  th e thre e pair-conditions ,  M M ,  M R , 
or ,  R R ,  unde r  th e restrictio n o f  approximatel y equa l 
number s withi n th e mixe d (26 )  an d unifor m pair s (1 5 
pair s each) .  First ,  a s i n experimen t  1 ,  eac h participan t 
w as individuall y taugh t  eithe r  th e M -  o r  th e R -
procedure .  Durin g th e testin g phase ,  eac h pai r  ha d agai n 
t o solv e fou r  tasks ,  tw o origina l  an d tw o transfe r  tasks , 
o f  whic h on e proble m consiste d o f  fou r  an d on e o f  five 
disks . 

*  A s furthe r  evidenc e fo r  th e persistenc y hypothesis ,  a 
classificatio n o f  singl e move s reveale d tha t  th e M-pair s 
carrie d ou t  relativel y mor e move s tha t  ar e i n accordanc e wit h 
th e move-patter n procedur e tha n th e M-individual s whe n 
solvin g transfe r  task s (c f  Reimer ,  2001a) . 
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• 
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Strateg y inde x 
•22.72* * 

• Number  o f  move s 

Figur e 2 :  Pat h diagram :  Stud y 1 . 

Additionally ,  participant s ha d t o individuall y solv e 
tw o origina l  problem s wit h fou r  an d fiv e disk s prio r  t o 
th e grou p conditio n an d tw o respectiv e transfe r 
problem s immediatel y afte r  th e grou p condition . 

Results 

Singl e perso n conditio n I  Tabl e 3  show s th e mea n 
nimibe r  o f  move s tha t  wer e require d b y th e individual s 
solvin g origina l  problem s immediatel y afte r  th e 
learnin g phase .  Thi s tabl e i s no t  base d o n th e dyad s bu t 
rathe r  o n th e singl e person s a s uni t  o f  analysis .  Fo r 
example ,  th e conditio n R  /  Unifor m refer s t o thos e 
participant s w h o ha d bee n taugh t  th e goal-recursio n 
procedur e an d w h o joine d a  perso n i n th e grou p 
conditio n w h o ha d acces s t o th e sam e procedure . 

Table 3: Mean Number of Moves in the Individuals. 

Tabl e 4 :  Mea n Strateg y Inde x i n th e Individuals . 

R 

Unifor m Mixe d 

Origina l  task s 1.1 7 1.1 7 

Transfe r  task s 1.1 6 1.1 7 

M 

Unifor m Mixe d 

1.0 5 1.0 4 

1.0 8 1.0 5 

(2 )  Th e highes t  numbe r  o f  move s wa s require d i n th e 
unifor m move-patter n conditio n ( M M ) .  Th e mixe d 
pair s ( M R )  too k th e middl e positio n an d th e RR-pair s 
performe d bes t  (mai n effec t  o f  group :  F  (2,53 )  =  38.08 ; 
p<.Q\) . 

(3 )  However ,  a s expected ,  ther e wa s agai n a 
significan t  interactio n o f  typ e o f  tas k x  group ,  F(2,53 ) 
= 37.08 ;  p  <.01 .  A s ca n b e see n i n Tabl e 5 ,  th e 
difference s betwee n th e pair s wer e almos t  exclusivel y 
due t o th e transfe r  tasks . 

Origina l  task s 

Transfe r  task s 

R 

Unifor m 

29.3 3 

28.3 5 

Mixe d 

26.6 8 

28.2 2 

M 

Unifor m 

28.0 8 

52.3 2 

Mixe d 

26.7 2 

49.5 4 

Tabl e 5 :  Mea n Numbe r  o f  Move s i n 

Origina l  task s 

Transfe r  task s 

RR 

23.4 7 

23.5 7 

MR 

23.7 7 

31.7 1 

th e Pair s 

MM 

23.5 0 

46.7 7 

An A N O V A wit h th e factor s procedur e ( R vs .  M )  an d 
grou p (unifor m vs .  mixed )  confirme d tha t  ther e wer e n o 
significan t  difference s betwee n th e thre e experimenta l 
pai r  condition s o n th e individua l  leve l  prio r  t o th e grou p 
conditio n (al l  F s <  2 ;  ns) .  Eve n thoug h i t  i s  agai n 
impossibl e t o identif y th e procedure s o n th e basi s o f  th e 
number  o f  moves ,  th e tw o condition s M an d R  ma y b e 
identifie d o n th e basi s o f  thei r  strateg y index . 

As i s show n i n Tabl e 4 ,  participant s w h o wer e taugh t 
th e R-procedur e ha d highe r  score s o n th e strateg y inde x 
tha n participant s i n th e M-condition .  Accordingly ,  a 
2x 2 A N O V A reveale d a  stron g mai n effec t  o f 
procedur e ( F (1,108 )  =  121.9 ;  p<.0\ ;  F s fo r  th e mai n 
effec t  o f  grou p an d th e interactio n wer e les s tha n 1) . 

Group condition A 2x3 ANOVA on the number of 
moves showe d tw o mai n effect s (c f  Tabl e 5) : 

(1 )  Overall ,  mor e move s wer e mad e t o solv e th e 
transfe r  task s tha n t o solv e th e origina l  task s (mai n 
effec t  o f  0P « o/to*:/^(1,53 )  =  100.26 ;  p<.01) . 

Overall ,  th e observe d patter n i n performanc e ma y b e 
describe d a s follows :  Wherea s th e origina l  problem s 
wer e solve d almos t  optimall y i n eac h condition ,  ther e 
wer e hug e difference s i n performanc e betwee n th e pair s 
on th e transfe r  tasks .  Thes e difficultie s wer e mos t 
pronounce d i n th e MM-conditio n an d t o a  muc h lesse r 
exten t  i n th e MR-condition .  I n th e RR-condition , 
participant s ha d n o problem s wit h th e transfe r  task s a t 
all .  Interestingly ,  th e mixe d pairs ,  w h o differe d 
significantl y fro m th e M M -  a s wel l  a s fro m th e RR -
pairs ,  performe d bette r  tha n th e poole d unifor m pair s 
(Ma « =  31.71 ;  MAfl,/ M =  35.17;;K.05) . 

As expected ,  th e pair s als o difTere d consistentl y i n th e 
exten t  t o whic h the y applie d a  recursio n strateg y (c f 
Tabl e 6) .  A  2x 3 A N O V A o n th e strateg y inde x reveale d 
a mai n effec t  o f  group ,  F  (2,53 )  =  29.35 ;  p  <.0 1 (th e F s 
fo r  th e mai n effec t  o f  typ e o f  tas k an d di e interactio n 
wer e <1.3 ;  ns) .  Withi n di e origina l  a s wel l  a s th e trans -
fe r  tasks ,  th e thre e pai r  condition s ma y b e ran k ordere d 
on th e basi s o f  thei r  strateg y inde x (Sr r  >  Smr  >  Smm)-
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Tabl e 6 :  Mea n Strateg y Inde x i n th e Pairs . 

RR M R M M 

Origina l  task s 

Transfe r  task s 

1.0 9 

1.1 0 

1.0 5 

1.0 5 

1.0 2 

1.0 3 

Moreover ,  i n analog y t o experimen t  1 ,  th e difference s 
i n performanc e were ,  a t  leas t  partially ,  mediate d b y th e 
strateg y index .  I f  th e strateg y inde x wa s include d a s a 
covariate ,  difference s i n performanc e wer e reduce d ( F 
(2,53 )  =  38.0 8 vs .  F(2.52 )  =  20.0 ;  effec t  o f  th e strateg y 
inde x a s a  covariate :  F(l,52 )  =  57.5 ;  all/7S<.01) . 

Single person condition 11 Table 3 and 4 (see above) 
als o sho w th e mea n numbe r  o f  move s an d th e strateg y 
indice s i n th e fina l  tes t  o f  th e individuals .  I n thi s tes t  (1 ) 
th e R-individual s achieve d bette r  result s tha n th e M -
individual s (mai n effec t  o f  procedure :  F  (1,108 )  = 
54.03 ;  /K.Ol) .  (2 )  Ther e wer e n o significan t  difference s 
i n performanc e betwee n th e M-individual s w h o ha d 
joine d a n M -  o r  a n R-partne r  i n th e grou p conditio n (th e 
f s fo r  th e effect s o f  grou p an d o f  procedur e x  grou p 
wer e <  1 ;  ns) .  (3 )  Analogou s result s wer e als o observe d 
fo r  th e strateg y inde x (mai n effec t  o f  procedure :  F 
(1,108 )  =  92.33;;;<.01 ;  neithe r  th e mai n effec t  o f  grou p 
nor  th e interactio n wer e significant) . 

Discussion 

As i n th e firs t  study ,  th e origina l  task s wer e solve d 
almos t  perfectl y b y al l  pairs ,  eve n b y th e mixe d M R -
pairs .  Here ,  th e tw o distinc t  procedure s converge d t o a 
c o m m on proble m solutio n (cf .  Reimer ,  2001b) .  Th e 
result ,  i.e. ,  tha t  thes e pair s performe d muc h bette r  o n 
th e transfe r  task s tha n th e unifor m M-pairs ,  suggest s 
tha t  grou p heterogeneit y improve d performance . 
Furthe r  analyse s o f  th e contribution s o f  th e M -  an d R -
individual s withi n th e mixe d group s reveale d tha t  th e 
M-participant s performe d significantl y bette r  whe n 
solvin g problem s i n mixe d pair s tha n i n unifor m pairs . 
The M-participant s wh o belonge d t o a  mixe d pai r  mad e 
a muc h highe r  relativ e numbe r  o f  correc t  move s tha n 
th e M-participant s w h o belonge d t o a  unifor m pair . 
Thi s patter n wa s reverse d fo r  th e R-participant s w h o 
performe d wors e i n th e mixe d pair s tha n i n th e unifor m 
pairs .  Eve n thoug h thi s seem s t o suppor t  th e 
heterogeneit y hypothesis ,  a n interestin g questio n fo r 
furthe r  researc h woul d b e whethe r  th e advantag e o f  th e 
M-participant s w h o joine d a  mixe d grou p ha d als o 
appeare d i f  bot h player s ha d bee n taugh t  distinc t 
inappropriat e procedures .  Astonishingly ,  th e advantag e 
of  th e M-participant s w h o belonge d t o th e MR-pair s 
disappeare d i n th e fina l  test .  However ,  whe n 
interpretin g th e result s o n individua l  learning ,  on e 
shoul d kee p i n min d tha t  th e pair s wer e no t  allowe d t o 
tal k t o eac h othe r  and ,  therefore ,  ha d n o opportunit y t o 
explai n an d eve n exchang e thei r  ideas . 

Whethe r  communicatio n enhance s o r  reduce s th e 
observe d proces s losse s m a y b e anothe r  interestin g 
issu e fo r  liitur e researc h likewis e th e questio n whethe r 
th e finding s ca n b e generalize d t o group s tha t  consis t  o f 
more tha n tw o members .  I n general ,  w e ca n expec t  tha t 
th e large r  th e group s th e stronge r  th e transfe r  effect s 
supposin g a  grou p consist s o f  homogeneou s grou p 
members tha t  shar e th e sam e routine .  A s fa r  a s th e com -
municatio n issu e i s concerned ,  ther e i s a t  leas t  som e 
evidenc e tha t  communicatio n enhance s performanc e i n 
pair s wh o hav e no t  bee n taugh t  a  routin e bu t  w h o hav e 
t o develo p a  c o m m o n strateg y (c f  Reimer ,  2001a) . 

Overall ,  thes e studie s confir m th e clai m tha t  group s 
w ho hav e routinize d a  proble m solvin g procedur e 
persis t  mor e strongl y i n thei r  routin e tha n individuals . 
Group s ten d t o behav e lik e "ocea n steamers" :  The y 
ofte n nee d muc h tim e an d effor t  t o wor k ou t  a n efficien t 
proble m solvin g procedure .  However ,  onc e havin g 
reache d a  solutio n the y ar e likel y t o persis t  i n thei r 
routin e an d stic k t o thei r  cours e irrespectiv e o f  change s 
i n th e environment .  Th e mos t  obviou s advantag e fo r  a 
grou p i n followin g "th e principl e o f  inertia "  consist s i n 
savin g tim e an d energy ,  becaus e routine s nee d no t  b e 
activel y manage d and ,  subsequently ,  reduc e coordina -
tio n requirement s (c f  Gersic k &  Hackman ,  1990) . 
Moreover ,  i n situation s i n whic h th e "ocea n steamer "  i s 
on th e right  cours e an d a  routin e i s appropriate ,  group s 
may b e expecte d t o surpas s individual s (c f  Hins z e t  al. , 
1997 )  b y bette r  compensatin g fo r  individua l  error s an d 
by fosterin g positiv e transfer . 
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Abstrac t 

Ahhou^ seven! studies propose computational models of the 
proces s b y whic h childre n acquir e th e synta x o f  thei r  nativ e 
language ,  mos t  focus  o n a  singl e algorith m q̂ plie d i n a  singl e 
domain .  TVpicaUy ,  tt)e  focu s i s  Uamabilit y -  unde r  wha t 
conditioD S a n algorith m ca n v  canno t  acquir e th e gramma r  o f  th e 
targe t  (nadve )  language .  Here ,  w e presa U a  con̂ )arativ e stud y o f 
12 algixithmi c heuristic s tha t  ar e ru n i n a  domai n tha t  consist s o f  1 6 
abstrac t  language s eac h generate d b y a  differen t  gramma r  specifie d 
i n Chcmd^' s princq>le s an d parameter s framewoiic  Th e heuristic s 
consis t  o f  bot h thos e use d i n previousl y establishe d model s an d 
ne w variatioD S tha t  w e introduce .  I n contras t  t o a  leamabilit y  study , 
our  focus  isJeasibiUt y -  ho w muc h tin e and/o r  efibi t  i s  required  t o 
achiev e th e targe t  grammar .  W e find  tha t  th e bes t  heuristic s mak e 
use o f  structura l  infonnatio n obtaine d b y parsin g inpu t  sentence s 
durin g th e cours e o f  learning ,  tha t  th e periixTnanc e o f  statistically -
base d heuristic s ar e nex t  i n line ,  an d finally,  tha t  heuristic s tha t 
make us e o f  hill-climbin g searc h an d a  simpl e can-porie/can'r -
pors e outcom e firxn  th e parsin g mechanis m pedbn n leas t  well . 

Background 

Principles and Parameters 

Chomsky (198 1 an d elsewhere )  ha s propose d ttiat  al l  natura l 
language s shar e A e sam e innat e univosa l  princqile s (Universa l 
Grammar  -  U G )  an d dilfo -  onl y wit h respec t  t o di e setting s o f  a 
finite  numbe r  o f  (binary )  parameters .  Fo r  example ,  al l  language s 
hav e a  subjec t  o f  som e sort ,  bu t  whethe r  a  language' s gramma r 
dictate s tha t  th e ̂ j ec t  mus t  b e over t  i s  determine d b y tb e 
settin g o f  th e md l  subjec t  parameter .  Th e nul l  subjec t  parameto -
i s se t  offi a Englis h an d o n i n Spanish .  Th e syntacti c componoi t 
of  a  gramma r  i n di e principle s an d parameter s (P&P ) 
framework  i s s i n ^  a  collectio n o f  paramete r  value s -  on e vahi e 
per  parameter .  Th e se t  o f  huma n grammar s i s th e se t  o f  al l 
possibl e conri>ination s o f  parameto '  values . 

Language Acquisition The P&P framework was motivated to a 
larg e degre e b y psydiolinguisti c dat a demonstratin g th e extrem e 
efficienc y o f  huma n languag e acquisitic m Childre n acquir e th e 
grammar  o f  thei r  nativ e languag e a t  a n eari y ag e -  generall y 
accepte d t o b e i n th e neighborhoo d o f  five  year s ol d I n th e P & P 
fi^mewoik,  i f  di e linguisti c theor y delineate s ove r  a  billio i 
possibl e grammar s b y positin g 3 0 parameter s 
(2*'=1,073,741,824) ,  a  learne r  nee d onl y determin e th e correc t 
30 value s tha t  compris e th e targe t  gramma r  (henceforth ,  G ^ . 

Give n th e genoall y accepte d presuppositio n tha t  a  compellin g 
theot y o f  huma n languag e shoul d sho w grammar s t o b e easil y 

acquirable ,  an d since ,  a t  leas t  c m fiice  value ,  parameter s see m 
transparentl y leamable ,  i t  i s  no t  surprisin g tiiat  parameter s hav e 
bee n incorpwate d int o man y curren t  generativ e syntacti c 
theories .  H o w e v w ,  th e exac t  proces s o f  paramete r  settin g ha s 
bee n studie d onl y recentl y (cf .  Bertolo ,  200 1 an d references 
therein ;  Briscoe ,  2000 ;  Claik ,  1992 ;  Fodor ,  1998a ;  Gibso n & 
Wexler ,  1994 ;  Yang ,  2000 ;  amon g aOxrs) ,  an d althoug h i t  ha s 
jKOve d linguisticall y  fruitfiil  t o construc t  parametri c analyses ,  i t 
turn s ou t  t o b e surprisingl y difikul t  t o construc t  a  workabl e 
model  o f  parametri c synta x acquisition . 

Parametric Ambiguity and the Need for Heuristics A 
sentenc e i s parametricaU y ambiguou s i f  i t  i s  license d b y tw o o r 
mor e distinc t  combination s o f  paramete r  vahies .  Parametri c 
ambiguit y i s  ranqjan t  i n natura l  language .  Fo r  example ,  a 
sequenc e o f  tfie  foi m Subject-VCTb-Objec t  (SVO )  i s 
parametricaU y ambiguou s betwee n underlyin g S V O orde r  a s i n 
English ,  an d ver b secon d (V2 )  orde r  a s i n Gemian. '  AMioug h 
S VO sentence s can  b e parse d b y eithe r  grammar ,  th e derivaticm s 
wil l  b e differen t  du e t o th e differen t  paramete r  settings .  B y 
contrast ,  a  V O S sentenc e i s no t  parametricaU y ambiguou s w i A 
respec t  t o di e V 2 paiBmeter .  I t  can  b e license d onl y b y di e •V 2 
vahi e (sinc e di e secon d toke n i s no t  a  vei h o r  auxiliary) . 

Ambiguit y i s  a  natura l  enem y o f  efficien t  languag e 
acquisition .  Th e ke y proble m i s diat ,  du e t o ambiguity ,  dier e doe s 
not  exis t  a  one-to-on e correspondenc e betwee n di e linea r  left-to -
r i ^  wor d orde r  o f  a n inpu t  sequenc e an d di e correc t  paramete r 
vahie s fin-  di e targe t  gramma r  (a s describe d abov e fo r  a n S V O 
sentaic e wdti i  respect  t o +  o r  -V2) .  So ,  eve n i f  di e leama -
hypodiesize s paramete r  value s whic h licens e di e single ,  curren t 
inpu t  sentence ,  dios e value s ma y ultimatel y b e incorrec t  fo r  G ^ . 
I n di e &c e o f  parametri c ambiguity ,  efficien t  seard i  heuristk: s 
must  b e en^loye d t o guid e di e learne r  toward s di e taî e t 
grammar  a s sentsice s ar e {xogressivel y ccHisume d b y di e leamer . 
The remaindf f  o f  di e pap a present s a  comparativ e stud y o f  1 2 
searc h heuristic s dia t  ar e incorporate d int o curren t  parameter -
settin g model s o f  languag e acquisition . 

Overview 

A Measure of Feasibility 

As a  simpl e exampl e o f  a  learnin g heuristi c an d o f  ou r  simulatio n 
approach ,  consicte r  a  domai n o f  4  parameter s an d a  memcxyles s 

'  Se e Appendi x for  di e linguisti c detail s o f  ho w w e implemen t  di e V 2 
parameter . 
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learner ^  whic h blindl y guesse s h o w al l  4  parameter s shoul d b e 
set  upo n encounterin g a n inpu t  sentence .  Sinc e ther e ar c 4 
parameters ,  ther e ar e 1 6 possibl e combination s o f  paramete r 
setting s ( 2 =16) ,  Le. ,  1 6 difieren t  grammars .  Assumin g tha t  eac h 
of  th e 1 6 grammar s i s equall y likel y t o b e guessed ,  flie  learne r 
wil l  consume ,  o n average ,  1 6 sentence s befor e achievin g G,^ . 
Thi s i s on e measur e o f  a  model' s eflScienc y o r  feasibility . 

However ,  v/he n modelin g natura l  languag e acquisition ,  sinc e 
practicall y al l  huma n learner s attai n di e t a i ^  grammar ,  th e 
avoag e numbe r  o f  expecte d inpat s i s a  les s informativ e statisti c 
tha n tiie  expecte d numbe r  o f  iipit s required  for ,  say ,  9 9 % o f  al l 
simulatio n trial s t o succee d Fo r  ou r  blind-gues s learner ,  thi s 
number  i s  72. ^  W e wil l  us e tiiis  9 9 pocentil e feasibiht y measur e 
( 9 9 % score )  fo r  mos t  discussio n tha t  follows ,  bu t  als o includ e th e 
averag e numbe r  o f  input s fo r  con^leteness . 

Error-Driven Learning 

A l thou ^  a n outsid e oracl e coul d ascertai n whe n th e blind-gues s 
learne r  ha s acquire d di e targe t  grammar ,  th e learne r  itsel f  ha s n o 
"built-in "  meduinis m fo r  identifyin g tha t  i t  ha s achieve d di e 
targe t  Eve n i f  th e correc t  gramma r  i s hypothesi2ed ,  th e learne r 
wil l  mos t  likel y abando n i t  o n di e nex t  sentenc e (witi i  a 
(Hobabilif y o f  15/16 )  an d hypodiesiz e a  differen t  (incomect ) 
grammar . 

A standar d wa y t o buil d targe t  identificatic n int o a n algoridi m 
i s t o dictat e dia t  di e learne r  b e error-driven.' '  Assumin g dia t  al l 
iî ut s ar e grammaticall y correc t  instance s o f  sentence s tha t  mak e 
iq )  th e targe t  language ,  cm e cou M provid e di e learne r  wid i  di e 
abilif y  t o produc e a  can-parse/ca n 't-pars e outcome ^  give n di e 
curren t  iipr t  sentence ,  di e curren t  hypodiesize d gramma r  {Gear) , 
and th e rule :  Don' t  chang e G a „  unles s ther e i s pars e failure . 
Wid i  dii s  error-drive n constraint ,  dier e i s n o nee d fo r  a n outsid e 
oracl e t o sto p di e learne r  from  relinquishing  di e targe t  gramma r 
onc e i t  i s  attaine d Sinc e al l  sentence s ar e generate d (b y 
definition )  b y G » ^  pars e succes s i s guarantee d onc e 0,. ^  =  G e m 
and diu s di e learne r  wil l  no t  b e motivate d t o shif t  from  it s curren t 
hypodiesis . 

A n Error-Drive n Blind-Gues s ( E D B G )  leamC T i s ou r  first 
heuristi c o f  interes t  I t  i s  eas y t o sho w dia t  di e averag e an d 9 9 % 
scOTcs increas e exponentiall y i n di e numba -  o f  parameters . 
Clearly ,  huma n learner s d o no t  en^lo y an y strateg y dia t 
perform s a s powl y a s diis . 

Table 1: EDBG, # of sentmces consumed 

EDBG 
99 % Averag e 

86 15.0 9 

^  B y "memoiyless "  w e mea n tha t  th e leame r  processe s input s on e a t  a 
tim e withou t  keepin g a  histor y o f  encountere d input s o r  pas t  learnin g 
evoits . 
'  Th e averag e an d 9 9 percentil e figures  (1 6 an d 72 )  i n thi s sectio n ar e 
easil y denve d from  di e feet  tha t  inpu t  consumptk m follow s a 
hypeilgeome&i c distributicm .  Se e Chun g (1979 )  fo r  a n overview . 
*  Em)r-drivO T gramma r  teaming  wa s firet  introduce d b y Gol d (1967 )  an d 
has becom e a  standar d i n leamabilit y  research . 
'  W e inten d fo r  a  "can-parse/ca n 't-pars e outcome "  t o b e equivalen t  t o 
th e resul t  from  a  languag e membenhi p tes t  I f  (h e cuiren t  inpu t  sentenc e 
i s on e o f  th e se t  o f  sentoice s generate d b y Gcn „  can-pars e i s engendered ; 
i f  not ,  ca n 't-parse . 

T h e Simulation s 

I n al l  experiments : 
•  Th e leamcr s ar e memoryless . 
•  Th e languag e inpu :  sampl e presente d t o di e leame r  consist s o f 

onl y grammatica l  sentence s generate d b y G», . 
•  Th e heuristic s ar e teste d i n a  4-paraineta- ,  16-languag e domai n 

(se e A p p e n d fo r  details) . 
•  Fo r  eac h heuristic ,  1,00 0 trial s wer e ru n fo r  eac h start/targe t 

grammar  pair. ' 
•  A t  an y poin t  durin g di e acquisitio n process ,  eac h sentenc e o f 

G, ^  i s equall y likel y t o b e presente d t o di e leamer. ' 

Subset Avoidance and Other Local Maxima Depending on 
di e algcHidi m an d th e learnin g dcHnain ,  i t  m a y b e th e cas e dia t  a 
leame r  wil l  neve r  b e motivate d t o chang e G ^ ^  an d henc e b e 
unabl e t o ultimatel y achiev e di e targe t  Thi s i s ofte n referred  t o a s 
a loca l  maximum .  Fo r  exan^le ,  di e E D B G leame r  wil l  b e 
trappe d i f  Gcu ,  generate s a  languag e dia t  i s a  superse t  o f  G|q . 
T b BK i s a  wealt h o f  remarkabl e leamabili w literatur e d i ^ 
addresse s loca l  maxim a an d diei r  ramifications .  However ,  sinc e 
our  study' s focu s i s o n feasibilit y  ( rad ^  dia n o n whedie r  a 
domai n i s leamable )  give n a  particula r  algoridim ,  w e posi t  a 
built-i n avoidanc e mechanism ,  suc h a s di e subse t  princpl e 
and/o r  defaul t  value s dia t  preclud e loca l  maxima ;  hence ,  w e se t 
asid e trial s wher e a  loca l  m a x i m u m ensues . 

The Heuristics 

Th e heuristic s w e presen t  ca n b e separate d int o tw o femilies 
base d o n di e wa y die y proces s input ,  sentences :  dios e dia t  guid e 
di e leame r  toward s di e targe t  b y us e o f  a  can-parse/can't̂ ars e 
outcome ,  an d dios e dia t  tak e advantag e o f  informatio n gleane d 
fixHn  di e p>ars e tree s dia t  ar e constiucte d b y di e parser .  Gibsc n 
and Wexler' s (1994 )  Triggerin g Learnin g Algorith m {TLA )  an d 
Yang' s (2000 )  Variationa l  Mode l  mak e us e o f  can-parse/cant -
pars e outcome s only .  Fodra-' s (1998a )  Structura l  Trigger s 
Learne r  {STL )  take s advantag e o f  mor e extensiv e structura l 
informati(M i  obtaine d from  sentenc e parsing . 

TLA 
The T L A incorporate s tw o searc h heuristics :  di e Singl e Valu e 
Constrain t  { S V Q an d Greediness .  I n di e even t  dia t  G c „  canno t 
pars e di e curren t  inpu t  sentenc e s ,  di e T L A attempt s a  seam d 

'  Fo r  th e ST L model s presente d lata -  i n di e papa ,  th e star t  gramma r  i s 
unspecifie d 
^  No t  reporte d her e ar e result s from  simulation s ru n o n severa l  differen t 
distribution s o f  inpu t  sentences ,  i n particular ,  thos e wher e th e shorte r 
(presumabl y simpler )  sentence s occu r  mcx e frequently.  Th e relativ e 
perfomianc e o f  th e heuristic s i s substantiall y  di e same ;  however ,  i n al l 
case s acquisiticx i  require s mor e inputs .  Thes e distribution s an d then -
relationshi p t o di e rat e o f  ambiguit y i n di e domai n ar e oirrend y bein g 
analyze d Also ,  se e Niyog i  &  Berwid c (19% )  for  mathematica l 
treatmen t  o f  ho w th e distributio n o f  input s afiect s T L A performance . 
*  Discussio n o f  th e proble m o f  subse t  relationships  amon g language s 
start s witt i  Gold' s (1967 )  semina l  pape r  an d i s discusse d i n Berwid c 
(1985 )  an d Wexle r  &  Manzin i  (1987) .  Detaile d account s o f  di e type s o f 
loca l  maxim a fliat  di e leame r  migh t  encount a i n a  domai n substantiall y 
simila r  t o di e on e w e emplo y ar e give n i n Fran k &  Kapu r  (1996) ,  Gibscx i 
& Wexle r  (1994 X an d Niyog i  &  Berwic k (1996) . 
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pars e witi i  a  randoml y chose n ne w grammar ,  G«» ,  tha t  differ s 
from  Gc, „  b y exactl y on e pararaeto -  vahi c (SVC) .  I f  Gnc w ca n 
paî e s ,  G,, ^  become s th e ne w G , ^  odwwis e 0^ ^  i s rejecte d a s 
a hypothesi s (Greediness) .  Followin g Berwic k an d Niyog i 
(19%) ,  w e als o ta n simulation s o n tw o variant s o f  th e T L A -  on e 
wit h A e Greedines s heuristi c  bu t  witiiou t  th e S V C (TL A minu s 
SVC,  T U S V Q an d on e w i *  A c S V C bu t  withou t  Greedines s 
(TL A minu s Greediness ,  TLA-Greed) .  Th e T L A ha s becan e a 
semina l  mode l  an d ha s bee n extensivel y studie d (c f  Bertolo , 
2001 an d references  Aerein ;  Berwic k &  Hiyoff ,  1996 ;  Fran k & 
Yiapar ,  19% ;  Sakas ,  2000 ;  amon g oAers) .  W e wil l  no t  rehash 
\̂es e earlie r  discussion s ha% .  W e inchid e th e T L A i n ou r  stud y 

t o presen t  comparison s agains t  oflie r  models. ' 

Table 2: TLA variants, # of sentences consumed 

TIA-SV C 
TLA-Gree d 
T L A 

9 9 % Averag e 
117 
102 
227 

18.1 2 
19.4 4 
22.5 6 

Th e Variationa l  Learne r 

Lik e othe r  models ,  Yang' s Variationa l  Learne r  {VL)' " 
incorporate s th e notic n o f  a  curren t  gramma r  hypothesi s (Ga„ ) 
whic h i s qjplie d t o th e curren t  inpu t  sentence .  Ifoweva- ,  unlik e 
di e othe r  learners ,  th e V L maintains ,  for  eac h parameter ,  a  w e i ^ 
varyin g from  0  t o 1 .  Rou^ily ,  th e w e i ^  o f  a  paramete r  ca n b e 
construe d a s a  measur e o f  A e pas t  successe s (o r  M u r e s )  o f 
eitho -  a  0  o r  1  vahi e fc r  tha t  paramete r  durin g prio r  parse s o f 
rapct .  sentences .  I f  th e weigh t  i s close r  t o 0 ,  the n th e 0  valu e ha s 
bee n mor e successfiil ;  i f  th e w e i ^  i s  close r  t o 1 ,  th e 1  valu e ha s 
bee n mor e successfiil "  Th e V L use s di e weight s t o guid e di e 
selectk n o f  di e nex t  hypodiesis . 

Sinc e Yang' s emphasi s wa s o n leamabilit y  i n di e limi t  an d no t 
m feasibility,  i n cwde r  t o con^wr e pCTfotmanc e agains t  odie r 
learoen ,  w e m a k e a  mino r  adaptatio n b y addin g a  stq^pin g 
crilerio n (se e Ste p 4  below) .  Th e algoridi m proceed s a s folk)v« : 

1. initialiTP weig^ for all parameters to 0.5. 
2.  Choos e a  n e w Go, ,  randomly ,  bu t  biasin g di e choic e toward s 

parameto -  value s favored  b y di e curren t  weights . 
3.  I f  G c v succeed s i n parsin g di e curren t  input ,  nudg e di e weight s 

i n di e directio n o f  di e vahw s dia t  m a k e u p G o b {rewar d G a ^ . 
TTii s ha s di e eflfec t  o f  makin g dios e paramete r  value s dia t 
m a ke \j p G „  mor e likel y t o b e chose n i n di e fijture.  Odierwis e 
nudg e di e w e i ^  a w ^  from  Ga„' s paramete r  value s {punis h 
G„) . 

'  I n particular ,  th e dat a i n Tabl e 2  reinfirce  Berwic k & .  Niyogi' s (1996 ) 
coDchisk n tha t  i n additio n t o m a ^  loca l  maxima ,  S V C an d 
Greedines s reduc e learnin g spee d 
' "  W e us e th e prope r  nam e an d acrony m fo r  readability;  ftey  ar e no t 
use d b y Yang . 
"  O f  course ,  i f  th e value s from  on e o r  mor e pataracter e ar e strongl y tie d 
10 value s o f  modie r  parametet(s X th e weigh t  doe s no t  represen t  a  simpl e 
ratio  o r  percentag e o f  success .  Still ,  Yang' s tntentio o i s tha t  di e w e i ^ 
ar e a n in&miativ e measur e o f  pas t  perfonnance . 

4.  I f  al l  di e w e i ^  ar e widii n a  targe t  tiireshoW  o f  eidie r  0  o r  1 
die n learnin g ends .  Els e g o t o Ste p 2.' ^ 

We chose 0.01 as die direshold value for stopping die learning 
process .  Give n weight s w; ,  w; ,  ... .  w „  wher e n  represent s di e 
number  o f  parameters ,  learnin g aid s i f  al l  weight s ar e i n di e 
range :  0. 0 < w , < 0.0 1 o r  0.9 9 <  w /  <  1. 0 (i.e. ,  evei y w e i ^  i s 
vei y clos e t o eidie r  a  0  vahi e o r  a  1  vahie) .  Not e dia t  dii s  oiterio n 
couk l  b e UG-endowed ;  dia t  is ,  a n oracl e i s no t  require d t o sto p 
di e algoridun . 

I n bod i  Yang' s origina l  V L an d di e versio n presente d above , 
di e amoun t  dia t  di e weight s ar e "nudged "  durin g learnin g i s 
controlle d b y di e learnin g rat e (y). "  W e ra n simulation s wid i 
Y=.  1,1^.5 ,  an d Y=.75 . 

Yang' s mode l  i s o f  particula r  interes t  becaus e i t  i s a n e x f M i 
inq)lementatio n o f  di e ide a t o kee p statistic s o n di e effectivenes s 
o f  paramete r  setting s base d o n di e succes s o r  feilure  o f  pas t 
learnin g events .  Th e reward^nmis h schem e o f  di e V L i s arguabl y 
an extenskx i  o f  error-drive n learnin g i n dia t  incorrec t  grammar s 
ar e punished ,  bu t  i t  i s  significantl y differen t  fixm  di e standar d 
constrain t  i n whic h Gc^ r  canno t  chang e afte r  a  successfii l  parse . 
Th e schem e work s becaus e di e V L i s  statistica l  i n nature ;  a s 
paramete r  value s vi e fa t  domination ,  di e one s mos t  successfii l  i n 
di e fias t  (an d henc e rewanied)  ar e mos t  likel y t o b e chose n i n di e 
fiitiff c  an d wil l  evoituall y  prevail .  ' ^ 

However ,  di e statistica l  natur e o f  di e V L ,  togediC T wid i  di e 
stoppin g critmon ,  m ^  lea d di e learne r  t o a  loca l  m a x i m u m A 
parasiti c  iiqxi t  sampl e m i ^  lea d t o a n abundanc e o f  evidenc e 
(le. ,  successfii l  parses )  tot  incorrec t  parameto -  value s earl y i n di e 
cours e o f  leamhig .  I f  di e leamo -  encounter s enoug h misleadin g 
evidence ,  i t  woul d cros s di e stoppin g direshok l  prematiirel y (o n 
paramete r  vahie s dia t  ar e differoi t  fro m dios e dia t  m a k e u p G ^ . 
Tlii s  effec t  ca n b e prevente d b y keepin g di e learnin g rat e kiw , 
whic h give s di e w e i ^  elbo w roo m t o fluctuat e mor e gend y 
unti l  di e evidenc e eventuall y support s di e correc t  targe t 
Unfortunately ,  di e cos t  o f  keqjin g th e learnin g ral e lo w ca n b e 
quit e severe .  I n ou r  16-languag e domain ,  di e V L require s wel l 
ove r  100,00 0 inpu t  sentence s t o achiev e a  9 9 % scor e wid i  a 
learnin g rat e o f  0.1 .  W h e n th e learnin g rat e wa s increase d t o 0.5 , 
di e e?q>ecte d numbe r  o f  iiput s droppe d t o 242 ,  an d w h o i  di e rat e 
was increase d t o 0.75 ,  di e numbo -  droppe d eve n findie r  t o 84 , 
albei t  wid i  m a n y mor e loca l  m a x i m a (learnin g fiiilures). 

T o comba t  th e exdaordinaril y  higj i  numbe r  o f  iipu t  saitence s 
needed ,  w e inoxporate d int o Yang' s V L a  variatio n o f  di e 

' ^  Thi s stqipin g critraio n couk l  lea d di e V L t o oonvog e o n di e wron g 
grammar .  W e conside r  thes e case s a s kxsi l  maxima ,  an d a s such ,  trial s i n 
whic h loca l  maxim a ensu e ar e discarde d Als o implemente d wa s a 
differen t  stoppin g criterio n whic h require s tha t  al l  th e weight s fidl  withi n 
a ttueshokl  o f  th e value s tha t  mak e u p G., .  Cleaily ,  thi s strateg y coul d 
not  b e UG-endowe d becaus e i t  require s dia t  th e learne r  hav e advanc e 
knowledg e o f  dies e values .  I t  i s  als o les s efficioi t  dia n th e aiteri m 
above ,  dioug h i t  doe s enfixc e convergenc e o n th e con«c t  gisnmar . 
' ^  Th e exac t  amoun t  follows  th e Linea r  rewaid^xnalt y (Lr-p )  schem e 
(Bus h &  MosteUer .  1958) .  Se e Yan g (2000 )  for  details . 
' *  Se e Yan g (2000 )  for  a  proo f  o f  convergenc e a s di e numbe r  o f  input s 
approache s infinity . 
"  W e foun d tfiat  man y trial s required  ove r  100,00 0 inpu t  sentence s 
whic h wa s a n aibitrai y stoppin g poin t  buil t  int o ou r  simulatio a 
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standar d oror-drive n constraint' *  Th e Error-Drive n Variationa l 
Uarne r  { E D V L )  fHt)ceed s a s foUows : 

1. Initialize weights for all parameters to 0.5. 
2.  Randoml y choos e a  n e w Gc,„t o star t  witfi . 
3.  I f  G a „  succeed s i n parsin g th e curren t  input ,  d o notiiin g (n o 

reward ;  n o punish) .  Otherwise ,  randoml y choos e a  n e w 
S^^^*™™̂  (Ggew )  biase d b y th e weights ,  re-pars e wit h Gnew.  an d 
tqiqjl y  Yang' s aigina l  reward/punis h schem e t o adjus t  th e 
weights . 

4.  Se t  G o b t o vahie s directl y indicate d b y th e weight s -  tha t  is , 
i f  Wi  >  0.5 ,  the n th e valu e o f  paramete r  /  become s 1 ,  i f  Wi  <  0.5 , 
tha i  th e valu e o f  paramete r  /  become s 0 ,  i f  Wj  =  0.5 ,  flien  eithe r 
0 o r  1  i s chose n a t  random . 

5.GotoStep3 . 

Note that no stopping criterion is needed, and that tfiere are no 
loca l  max im a becaus e a  m o v e t o anodie r  gramma r  i s  ahvay s 
possibl e befor e G » g i s attained .  A s i s show n i n th e tabl e below , 
th e additio n o f  flie  error-drive n constrain t  greatl y inpxjve s 
performance .  Surprisingly ,  caitr a Yang' s origina l  model , 
performanc e deteriorate s a s  ̂  learnin g rat e increases .  W e 
speculat e tha t  thi s i s  becaus e a  hig h learnin g rat e encourage s 
excessiv e explwatio n o f  differen t  grammars ,  thu s supersedin g 
th e (positive )  conservativ e natur e o f  th e error-drive n constrain t 

Table 3: VL & EDVL, # of sentences ccmsumed 

99% 
VL 
VL 
VL 
EDVL 
EDVL 
EDVL 

7 =  . l 
y =  . 5 
Y=.7 5 
Y =  . l 
y  =  . 5 
Y-.7 5 

Over  100,00 0 
242 
84 
44 
55 
75 

Over  33,00 0 
46.3 5 
17.9 1 
8.3 9 
9.2 3 

12.1 6 

S T L 

Fodor' s Structura l  Trigger s Learne r  (STL )  make s greate r  us e o f 
di e parse r  tha n th e model s discusse d s o &r .  A  ke y featur e o f  th e 
model  i s tha t  paramete r  value s ar e no t  simpl y 0  o r  1 ,  bu t  rather 
bit s o f  tre e structur e o r  treelets .  Thus ,  a  gramma r  i n th e S T L 
sens e i s a  collectio n o f  treelet s ralha -  tfian  a  collectio n o f  I' s  an d 
O's .  Th e S T L i s error-driven .  I f  Gc, „  canno t  licens e s ,  n e w treelet s 
wil l  b e utilize d t o achiev e a  successfii l  parse.' '  Treelet s ar e 
£^plie d i n th e sam e w a y a s an y "nwrnal "  gramma r  rule ,  s o n o 
unusua l  parsin g activit y i s  necessary .  Th e S T L hypothesize s 
grammar s b y addin g paramete r  vahi e treelet s ^ ^ e n tfiey 
contribut e t o a  successfu l  parse . 

The bas k algorith m fa -  al l  S T L variant s is : 

1. If Ga„ can parse the current input sentence, retain the treelets 
tha t  mak e u p Gear -

"  Th e resultin g alg«»Tth m i s simila r  t o on e originall y propose d i n Fod w 
(1998b) . 
"  I n additio n t o th e treelets ,  U G principle s ar e als o availabl e fo r  parsing , 
as the y ar e i n th e oth a model s discusse d above .  Se e Appendi x fo r  detail s 
tha t  ĵ l̂ y  t o th e domai n w e us e here . 

2.  Otherwise ,  pars e th e sentenc e makin g us e o f  an y o r  al l 
parametri c treelet s m a d e availabl e b y U G ,  an d adqr t  thos e 
treelet s tha t  contribut e t o a  successfii l  parse . 

The STL stands apart from other acquisition models in that it can 
detec t  whe n a n inpu t  sentenc e i s  parametricalt y ambiguous . 
Durin g a  pars e of; ,  i f  mor e tha n on e treele t  coul d b e use d b y th e 
parse r  (Le. ,  a  choic e poin t  i s  encountered) ,  the n s  i s  (possibly ) 
parametricaU y ambiguous .  Th e T L A an d th e V L d o no t  hav e tiiis 
cqiacit y becaus e Ihe y rel y onl y o n a  can^Mrse/can't-pars e 
outcom e an d d o no t  hav e acces s t o flic  cm-lin e operation s o f  flie 
parser .  Originally ,  flie  abilit y t o dete a ambiguit y wa s employe d 
i n tw o variation s o f  th e STL :  tfie  stron g S T L (SSTL )  an d th e wea k 
STL. 

Th e S S T L execute s a  fiJl  paralle l  pars e o f  eac h inpu t  sentenc e 
and adopt s onl y fliose  treelet s (paramete r  vahies )  fliat  ar e presoi t 
i n al l  flie  genoate d pars e trees .  Not e fliat  eve n i f  tfie  surfec e wor d 
orde r  o f  flie  inpu t  i s ambiguou s betwea i  severa l  language s (Le. , 
flie  sentenc e belcmg s t o mor e flian  on e language) ,  flie  S S T L ca n 
identif y unambiguou s paramete r  vahie s (treelets )  b y  lookin g a t 
al l  o f  flie  tre e structure s fliat flie  parse r  construct s fc r  th e 
sentence .  Thi s make s flie  S S T L a n extremel y powCTfii l  model , 
and fo r  tiiis  reason ,  i t  estabhshe s a n uppe r  standar d agains t  whic h 
t o compar e oflie r  models .  I t  i s  not ,  however ,  propose d a s a 
psychologicall y realist k mode l  A s wifl i  flie  Error-I>rive n Blind -
Guess ( E D B G )  leamer ,  i t  i s  clea r  fliat  huma n leamer s d o no t 
exhibi t  a n SSTL-lik e strategy .  Th e consensu s i n sentenc e 
processin g researc h i s fliat  adult s ar e onl y C£^>abl e o f  limite d 
paralle l  parsing ,  i f  an y (c f  Gibson ,  1991) .  I t  doe s no t  see m 
plausibl e t o suppos e fliat  childre n posses s a  mor e powerfii l 
mechanis m flian  aduhs . 

On th e oflie r  hand ,  flie  wea k S T L execute s a  psychologicaU y 
plausibl e left-tonigh t  seria l  (detoministic )  parse .  O n e varian t  o f 
flie  wea k STL ,  flie  waitin g S T L (WSTL) ,  deal s wifl i  ambiguou s 
iapai s abidin g b y flie  heuristic :  Don' t  lear n from  sentence s tha t 
contai n a  choic e point .  Thes e sentence s ar e simpl y discarde d fa r 
flie  purpose s o f  learning .  This  i s no t  t o impl y fliat  childre n d o no t 
pars e ambiguou s sentence s fliey  hear ,  bu t  onl y fliat fliey  se t  n o 
parameter s i f  th e curren t  evidenc e i s ambiguous . 

Table 4: SSTL & WSTL, # of sentences consumed 

S S TL 
WSTL 

99 % Averag e 
14 
30 

3.3 5 
5.I I 

As wifl i  th e T L A ,  thes e S T L variant s hav e bee n studie d from  a 
mafliematica l  perspectiv e (Bertol o e t  aL ,  1997 ;  Sakas ,  2000 ; 
Saka s &  Fodor ,  2001a) .  Alfliou ^  flie  simulatio n resuh s indicat e 
notabl y bette r  performanc e tha n flie  oflie r  model s examine d flius 
fer  i n fliis  p^jer ,  previou s mathematica l  analyse s len d doubt s t o 
flie  ultimat e succes s o f  flie  W S T L model .  TTi e W S T L require s 
some full y unambiguou s sentence s fo r  an y learnin g t o tak e place . 
I t  i s  probabl y flie  cas e fliat  fiill y  unambiguou s trigger s ar e fe w 
an d fa r  betwee n i n flie  domai n o f  huma n languages ,  an d negativ e 
W S TL performanc e i s exponentiall y  tie d t o flie  rat e o f  ambiguit y 
i n flie  domain ;  fliat  is ,  i n a  mor e reaUsticall y ambiguou s domai n 
flian  flie  on e w e explore d s o fer, flie  W S T L m a y consum e an d 
discar d a n extremel y larg e numbe r  o f  sentence s befor e attainin g 
GiMg.  This  resul t  ha s spurre d a  n e w clas s o f  wea k S T L variant s 
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whic h w e inftamall y cal l  th e guessin g S T L fiimily  (Saka s & 
Fodor ,  2000) . 

T h e basi c ide a behin d th e guessin g S T L model s i s tha t  ther e i s 
scrni e inlbrmatio n availabl e eve n i n sentence s tfiat  ar e 
ambiguous ,  an d a  strateg y coul d cjqjloi t  tha t  information .  W e 
incorporat e fou r  differen t  heuristic s int o th e origina l  S T L 
paradigm : 

• Strong Oracle (SO) - perfonn a parallel parse of the current 
inpu t  s  an d choos e a  t^^thesi s gramma r  tha t  licenses. ;  an d i s 
most  simila r  (i n term s o f  hammin g distance )  t o Gcuf, , 

•  R a n d o m Choic e (RC )  -  pars e serially ;  w*»e n a  choic e poin t  i s 
encountered ,  randoml y pic k a  parsin g altemativ e an d adop t  th e 
treelet s  ̂ â x  ar e presen t  i n di e final  tre e structure . 

•  Afmima i  Chai n { M Q -  pars e serially ;  w h e n a  choic e poin t  i s 
encountered ,  pic k th e choic e tha t  obey s th e Minima l  Chai n 
Principl e (D e Vincenzi ,  1991) ,  i.e. ,  avoi d positin g movemen t 
transformation s i f  possible . 

•  Loca l  Attachment/Lat e Closur e ( L A Q -  pars e serially ;  w h e n a 
choic e poin t  i s  encountered ,  pic k th e choic e ttiat  attache s th e 
n e w wor d t o th e curren t  constituen t  (Frazier ,  1978) . 

Ahhou^ the MC and LAC heuristics are not stochastic, we 
regar d the m a s "guessing "  heuristic s because ,  unlik e th e W S T L , 
a learne r  canno t  b e certai n flat  th e parametri c treelet s obtaine d 
fiom  a  pars e gukle d b y M C an d L A C ar e correc t  fo r  A e taige t 
Thes e heuristic s ar e base d o n well-establishe d parsin g 
preferoK^e s tha t  adult s employ ,  s o i t  seem s likel y tha t  diildre n 
j ^ l y  the m als o (Fodor ,  1998b) . 

T h e S O heuristi c wa s wiginall y conceive d b y Fodo r  an d 
Telle r  (2000 )  a s a n extensio n o f  A e S V C .  Thei r  mai n poin t  wa s 
th e efficienc y advantag e tha t  result s from  usin g tiie  parsC T t o find 
a successfu l  pars e o f  th e curren t  sentence ,  s o tha t  cant-^wrs e 
trial s ar e eliminate d Give n fliis  capability ,  th e questio n o f  h o w t o 
choos e a m o n g possibl e paree s arises .  Th e S O criteria i 
presuppose s fiil l  paraUe l  parsing .  w W c h i s unrealistic ,  bu t  ou r 
approximatio n t o i t  woul d resul t  from  lettin g th e parse r  empk> y 
n e w treelet s onl y wher e curren t  one s d o no t  suffice .  Ou r  dat a 
sho w tha t  fte  consCTvatis m o f  th e S O heuristi c  p j ^  oflF :  i t  give s 
th e stronges t  perfonnanc e o f  an y learne r  i n ou r  sdidy ,  includin g 
theSSTL . 

Th e R C ,  M C ,  an d L A C heuristic s sho w a  significan t 
improvemOT t  ove r  th e waitin g strateg y ( W S T L ) .  Th e differenc e 
betweo i  toe ,  dire e variant s i s  s l i ^ 

Table 5: guessing STL fiimily, # of sentences consumed 

SO 
RC 
MC 
LAC 

99% 
10 
26 
26 
24 

Averag e 
2.3 3 
3.4 3 
3.4 4 
3.2 5 

CoDclusio i i s 

O ne ca n expec t  8 6 soitence s t o b e consume d b y a  populatio n o f 
(baseline )  E D B G learner s befor e 9 9 % o f  th e populatio n acquire s 
th e targe t  gramma r  i n ou r  smal l  domai n o f  1 6 languages ,  an d 
T L A variant s requir e mor e inpu t  A a n tha t  Th e implemente d 
heuristic s i n A e tw o paradigm s foreg o information ,  structura l  o r 
statistical ,  i n favo r  o f  a  simpl e mechanis m -  th e infomiatio n 

neede d fo r  languag e acquisitio n mus t  someho w b e availabl e 
from  th e surfec e wor d string s tha t  mak e u p th e language s o f  th e 
domain .  The y wil l  b e successfu l  onl y i f  eithe r  i )  ther e ar e 
recognizable ,  unambiguou s signal s i n th e sur&c e string s dia t 
trigge r  correc t  paramete r  value s o r  ii )  th e distributio n o f  cross -
languag e ambiguity "  i n th e domai n bein g studie d i s conduciv e 
t o th e heuristic s bein g employed .  Ther e i s fain t  evkknc e fo r  boti i 
cases .  Fo r  (i) ,  i n a  domai n withou t  nid i  subject/topic ,  th e feet  tha t 
a V O S sentenc e doe s no t  hav e a  finit e ver b o r  auxiliar y a s th e 
secon d toka i  i s  indee d secur e evkJenc e fo r  th e -V 2 paramete r 
value .  Althoug h tru e fo r  th e -V 2 valu e i n thi s case ,  i t  i s  unclea r 
h o w othe r  plausibl e syntacti c description s wil l  offe r  th e sam e 
advantag e for  th e gamu t  o f  complicate d linguisti c p h m o m o i a 
(e.g. ,  nul l  subject/topic )  wit h w h k h huma n language s ar e 
inundate d A s fo r  (ii) ,  previou s wor k b y th e author s (Sakas , 
2000 )  demonstrate s tha t  th e T L A i s a  feasibl e learne r  i n strongl y 
smoot h domain s -  domain s i n vAac h dier e i s a  monotoni c 
OHrelatio n betwee n th e similari ^  o f  grammar s an d th e language s 
tha t  ar e gmoa te d b y them .  Althoug h stil l  a n ope n question , 
linguist s hav e argue d tha t  natura l  language s ar e no t  stnngl y 
smooth . 

Th e &ror-Drive n Variationa l  Learne r  ( E D V L )  i s a  mor e 
promisin g mode l  o f  languag e learning .  O n average ,  4 4 sentence s 
wil l  allo w 9 9 % o f  th e peculatio n t o attai n th e targe t  grammar .  It s 
succes s ca n b e attribute d t o th e us e o f  a  strateg y tha t  maintain s 
statistic s o f  pas t  performanc e withou t  di e unreasoiabl e 
requiremen t  tha t  th e learne r  memoriz e a n entir e inpu t  san^le . 

Th e mos t  eflBcien t  heuristics ,  however ,  ar e thos e tha t  mak e th e 
most  us e o f  tre e structur e produce d b y th e parsin g mechanism : 
th e fjsychologicall y plausibl e S T L variant s requir e almos t  hal f 
th e n u m b o '  o f  iiqxit s consume d b y di e E D V L . 

Conjectures and Ongoing Research 

The relative  succes s o f  di e E D V L i s importan t  for a  reaso n no t 
ejqplicate d earlier .  Preliminar y investigsiio n point s t o di e feet 
that ,  uniquel y amon g di e heuristk s i n ou r  study ,  di e E D V L 
perform s mer e efficientl y i n ambiguou s domain s dia n i n 
unambiguou s one s a t  di e outse t  o f  learning .  Thi s couk l  tu m ou t 
t o b e crucia l  a s di e guessin g S T L femily  migh t  easil y b e foile d 
by larger ,  mor e syntacticall y complicate d domain s whic h 
goierat e seitence s tiiat  contai n a  muWUid e o f  choic e point s -di e 
resul t  bein g dia t  di e pars e tre e compute d fo r  a n iipu t  sentaice , 
whic h guide s paramete r  setting ,  reveals  littl e abou t  di e targe t 
grammar .  However ,  i t  ha s bee n show n dia t  di e S T L perfOTtn s 
extremel y efficientl y afte r  jus t  a  fe w initia l  parameter s hav e bee n 
set  (Sakas ,  2000) .  O n e ca n imagin e a  hybri d mode l  o f  a  guessin g 
S TL heuristi c combine d wid i  a  VL-lik e statistica l  heuristi c wher e 
di e statistica l  heuristi c i s use d t o bootstra p learning ,  an d a s 
perfonnanc e deteriorates ,  di e structura l  heuristi c acquire s mer e 
contro l  o f  di e acquisitio n process .  Thi s i s bein g investigate d i n 
ongoin g researd L 

Th e har d dat a dia t  conpris e ou r  curren t  study ,  however ,  reveal 
dia t  di e utilizatio n o f  structura l  informatio n outperform s di e 
statistica l  heuristi c  overall . 

"  Fo r  presen t  purposes ,  cross-languag e ambiguit y i s define d a s som e 
measur e base d o n th e intersectio n o f  th e set s o f  sur&c e fbrm s tha t  mak e 
up th e language s i n th e domain .  Se e Fodo r  &  Saka s (2001b )  for  othe r 
definition s an d th e efifect s o f  ambiguit y o n learnin g efiBciency . 
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Appendix :  Simulatio n Domai n 

The fou r  parameter s are .  Specte r  Initial/Final ,  Complemen t 
Initial/Final ,  V 2 Movement ,  an d Nul l  Subject-Topic .  W e largel y 
adopt  tb e first  thre e parameter ? fiom  Gibso n an d Wexlc r  (1994) . 
The Specifie r  an d Orniplemen t  positio n parameter s ar e non -
transformational .  I t  i s assume d tha t  th e nibjec t  i s bas e generate d 
i n Spe c o f  IP ,  an d flat  th e ver b move s t o I  i n th e final  structur e (i f 
I  i s  no t  filled  wit h a n auxiliary) . 

IîHi t  sequence s ar e fcxme d wit h token s representin g adverb , 
subject ,  verb ,  auxiliary ,  direc t  object ,  an d indirec t  objec t 
Followin g Gibso n an d Wexler ,  w e assum e tha t  th e leamo -  ca n 
directl y determin e th e rol e o f  a  nou n phrase .  Fo r  example ,  th e 
noun phras e th e bi g do g i s interprete d a s a  subjec t  o r  on e o f  th e 
objec t  type s base d o n it s rol e \\he n uttere d 

The followin g constraint s o n th e domai n ar e i n place :  al l 
sentenc e type s ar e degree- 0 (i.e. ,  n o subordinat e clauses) ;  Spe c o f 
CP i s t o th e lef t  o f  C ;  C  ahvay s precede s BP;  al l  adverb s ar e 
sententia l  (i.e. ,  bas e generate d i n Spe c o f  CP) ;  an d ther e i s n o 
transformatiaia l  reorderin g o f  constituait s (e.g. ,  topicalizaticm , 
wh-TOovonent ,  scrambling ,  etc. )  wit h th e exceptio n o f  th e V 2 
movement  desoibe d below . 

Hi e V 2 Movemen t  [+/-V2 ]  paramete r  determine s v/he&x s a 
finite  ver b move s t o th e seosi d positio n i n th e roo t  clause .  Tha t 
is ,  a  "vo b second "  languag e [+V2 ]  entail s tha t  th e finite  ver b i s 
transformatiajall y  fixmted  t o C  (fixx n I )  an d tiiat  a  topica l 
elemen t  i s move d int o Spe c o f  C P (i f  Spe c o f  C P i s no t  filled 
wifl i  a n advert)) .  I n a  [-V2 ]  language ,  th e ver b move s onl y vi p t o 
I ,  an d tiiere  i s  n o movemen t  o f  a  topi c int o Spe c o f  CP . 

Extendin g Gibso n an d Wexler' s dranain ,  w e ad d A e Nul l 
Subject-Topi c [+/-Null ]  parameter .  Thi s paramete r  represent s 
eithe r  subjec t  dro p (h -  tĉ i c  drc ^  depoidin g o n th e valu e o f  th e 
V2 parameto" .  I n [-V2 ]  languages ,  a n over t  subjec t  i s  eithe r 
optional ^  [+Null ]  (a s i n Spanis h an d Jspmese )  o r  obligatoril y 
[•Null ]  (a s i n English) .  Fo r  [+V2 ]  languages ,  th e paramete r 
woik s similarly ,  bu t  instea d o f  a  subject ,  a n over t  topi c ma y b e 
optionall y [+Null ]  o r  obligalml y [-Null] . 
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Abstrac t 

Driver distraction has become a critical area of study both 
fo r  researc h i n investigatin g huma n multitaskin g abilitie s 
and fo r  practica l  purpose s i n developin g an d constrainin g 
ne w in-vehicl e devices .  Thi s wor k utilize s a n integrated -
model  approac h t o predic t  drive r  distractio n fro m a 
primaril y cognitiv e secondar y task .  I t  integrate s existin g 
model s fo r  a  sentence-spa n tas k an d drivin g tas k an d 
investigate s tw o method s i n whic h th e resultin g mode l 
ca n perfor m multitasking .  Mode l  prediction s correspon d 
wel l  qualitativel y t o tw o o f  thre e measure s o f  drive r 
performanc e a s collecte d i n a  recen t  empirica l  study .  Th e 
pape r  include s a  discussio n o f  th e potentia l  fo r  buildin g 
multitaskin g model s i n th e framework  o f  a  production -
syste m cognitiv e architecture . 

Introduction 

Computationa l  cognitiv e modelin g continue s t o matur e 
nq)idl y a s a n are a fo r  bot h theoretica l  advance s i n 
understandin g cognitio n an d practica l  advance s i n 
developin g intelligen t  technology .  Cognitiv e modelin g ha s 
grow n fro m addressin g onl y simpl e cognitio n i n basi c 
psychologica l  task s t o ciq}turin g integrate d cognitive , 
perceptual ,  an d moto r  processe s i n large-scal e complex , 
dynami c task s (e.g. ,  Chong ,  1998 ;  Jone s e t  al. ,  1999) . 
Thi s pape r  investigate s th e applicatio n o f  cognitiv e model s 
t o a n extremel y c o m m o n ye t  comple x task :  driving . 
Drivin g involve s th e continua l  multitaskin g o f  a  numbe r  o f 
subprocessc s tha t  m a k e us e o f  th e driver' s cognition , 
perception ,  an d moto r  movements .  Thi s rich  spectru m o f 
necessar y skill s  make s drivin g a n idea l  tas k i n whic h t o 
investigat e h o w human s execut e comple x task s an d h o w 
computationa l  model s ca n represen t  an d predic t  th e 
multitaskin g behavio r  i n thes e tasks . 

Driver Distraction and Cognitive Modeling 

O ne particula r  aspec t  o f  drive r  multitaskin g tha t  ha s receive d 
enormou s attentio n from  medi a an d researcher s alik e i s tha t 
o f  "drive r  distraction "  -  namely ,  th e effect s o f  multitaskin g 
whil e performin g som e secondar y task .  Numerou s studie s 
hav e n o w foun d tha t  performin g primaril y perceptual-moto r 
task s whil e drivin g (e.g. ,  dialin g a  cellula r  phone )  ca n 
impai r  drive r  performanc e (e.g. ,  A b n &  Nilsson ,  1995 ; 
McKn igh t  &  McKnight ,  1993) .  Thes e studie s generall y 
conclude ,  perhap s no t  surprisingly ,  tha t  pullin g a  driver' s 
visua l  attentio n from  th e roa d and/o r  he r  hand(s )  of f  th e 
steerin g whee l  degrade s th e driver' s abilit y t o maintai n a 
centra l  lan e position ,  follo w a  lea d ca r  wit h a  constan t 
headway ,  o r  reac t  t o potentia l  hazards .  Suc h studie s hav e 

subsequentl y le d t o legislatio n a t  al l  governmen t  level s t o 
restric t  th e us e o f  potentiall y  distractin g secondaiy-tas k 
devices .  Whil e drive r  distractio n i s  generall y associate d 
wit h effect s o n perceptual-moto r  processes ,  researcher s hav e 
als o reporte d tha t  "cognitiv e distraction "  arisin g from  purel y 
cognitiv e secondar y task s ca n adversel y affec t  drive r 
performanc e (e.g. ,  A i m &  Nilsson ,  1995) .  Thes e result s ar e 
not  full y  conclusiv e an d see m t o depen d highl y o n th e 
secondar y tas k a s wel l  a s th e drivin g situation ;  nevertheless , 
i t  i s clea r  tha t  eve n purel y cognitiv e task s ca n impac t  drive r 
performanc e i n certai n situations . 

T o bette r  understan d drive r  behavio r  an d th e source s o f 
drive r  distraction ,  researcher s hav e attempte d t o develo p 
integrate d drive r  model s tha t  capmr e drive r  behavio r  i n a 
computationa l  manne r  (e.g. ,  Aasman ,  1995) .  Thes e model s 
provid e insigh t  int o th e source s o f  distractio n b y elucidatin g 
th e exac t  processe s b y whic h a  drive r  attend s t o th e externa l 
environment ,  processe s thi s informatio n cognitively ,  an d 
the n react s an d manipulate s th e environment .  I n addition , 
th e computationa l  model s m a y b e use d t o generat e 
prediction s abou t  th e effect s o f  distractio n o n drive r 
performance ;  fo r  instance ,  th e A C T - R drive r  mode l 
(Salvucci ,  Boer ,  &  Liu ,  2001 )  ha s bee n integrate d wit h 
variou s model s o f  cell-phon e dialin g t o predic t  th e impac t 
o f  dialin g o n lane-keepin g performanc e (Salvucci ,  2001 ; 
Salvucc i  &  Macuga ,  2001) .  However ,  thi s previou s wor k 
has addresse d onl y primaril y perceptuaJ-moto r  secondar y 
task s wit h littl e cognitiv e componen t  (lik e cell-phon e 
dialing) ;  t o date ,  n o model s hav e demonstrate d th e abilit y 
t o represen t  an d generat e "cognitiv e distraction "  fit)m 
primaril y cognitiv e tasks . 

Modeling "Cognitive Distraction" 

Thi s pape r  describe s th e firs t  attemp t  t o predic t  cognitiv e 
distractio n wit h a  computationa l  cognitiv e model .  Thi s 
wor k employ s th e sam e methodolog y a s i n previou s wor k 
fo r  perceptual-moto r  distraction ,  namel y th e "integrate d 
model  approach "  base d i n a  cognitiv e architectur e (se e 
Salvucci ,  2001) .  Cognitiv e architecture s ar e computationa l 
frameworks  tha t  incorporat e built-in ,  well-teste d parameter s 
an d constraint s o n h u m a n cognitiv e an d perceptual-moto r 
abilities .  Thi s wor k focuse s o n a  particula r  architecture , 
A C T - R (Anderso n &  Lcbiere ,  1998) ,  tha t  represent s factua l 
knowledg e a s declarativ e chunk s an d procedura l  knowledg e 
as condition-actio n "productio n rules" .  Fo r  ou r  purposes , 
th e A C T - R architectur e ha s tw o importan t  benefits :  (1 )  i t 
facilitate s reus e an d integratio n o f  multipl e behaviora l 
models ,  an d (2 )  i t  provide s built-i n interface s an d defaul t 
parameter s tha t  facilitat e a  prior i  prediction s o f  real-worl d 
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metric s o f  huma n performanc e (e.g. ,  reactio n times , 
keystrokes ,  ey e movements) .  Th e integrate d mode l 
approac h take s advantag e o f  thes e benefit s t o incorporat e a 
model  o f  secondaiy-tas k behavio r  wit h th e A C T - R drive r 
model  t o predic t  th e effect s o f  executin g th e secondar y tas k 
on th e primar y drivin g task . 

The initia l  demonstration s o f  thi s approac h (Salvucci , 
2001 ;  Salvucc i  &  Macuga ,  2001 )  examine d a  primaril y 
perceptual-moto r  task ,  namel y dialin g a  cellula r  phon e usin g 
differen t  modalitie s (e.g. ,  manua l  butto n inpu t  versu s 
speec h input) .  Th e wor k showe d tha t  a n integrate d driving -
dialin g mode l  predicte d degrade d steerin g performanc e fo r 
th e modalitie s tha t  require d th e drive r  t o loo k a t  th e cel l 
phon e (i.e. ,  manua l  dialing) ,  thu s drawin g visua l  attentio n 
away from  th e roadway .  Th e wor k presente d her e 
generalize s th e previou s wor k i n tw o importan t  ways .  First , 
althoug h i t  utilize s th e sam e methodolog y t o predic t  drive r 
distraction ,  i t  predict s distractio n from a  primaril y cognitiv e 
tas k — namely ,  a  sentence-spa n tas k tha t  involve s rehearsa l 
and recal l  o f  a  sequenc e o f  words .  Second ,  unlik e th e 
previou s work ,  i t  make s us e o f  a n existin g mode l  fo r  th e 
secondar y tas k (wit h som e necessar y adaptation )  a s wel l  a s 
an existin g mode l  fo r  th e primar y drivin g task ,  thu s 
demonstratin g th e importanc e an d benefit s o f  mode l  re-use . 

Thi s pape r  begin s wit h a  revie w o f  th e drivin g an d 
secondar y task s modele d here ,  namel y thos e from  th e 
empirica l  wor k o f  A i m an d Nilsso n (1995 )  showin g effect s 
of  th e sentence-spa n tas k o n drive r  car-followin g 
performance .  I t  the n provide s a n overvie w o f  th e integrate d 
model  approac h incorporatin g existin g model s o f  bot h th e 
drivin g an d secondar y tasks ,  includin g tw o method s o f 
performin g explici t  multitaskin g betwee n th e individua l 
tas k models .  Finally ,  i t  compare s th e model' s prediction s 
wit h A i m an d Nilsson' s empirica l  result s an d discusse s tiie 
broade r  implication s o f  th e methodolog y t o studyin g 
multitaskin g i n th e framework  o f  a  cognitiv e architectxu-e . 

The Sentence-Span and Driving Taslcs 

The tas k an d empirica l  result s tha t  wil l  b e use d t o validat e 
th e mode l  prediction s ar e take n from  A i m an d Nilsso n 
(1995) .  Thei r  stud y aime d t o sho w exactl y thos e effect s 
tha t  w e ar e attemptin g t o model ,  namel y effect s o f  cognitiv e 
secondar y task s o n drive r  performance .  Fo r  th e purpose s o f 
thi s paper ,  w e woul d lik e t o recreat e thi s tas k fo r  th e 
integrate d mode l  a s closel y a s possibl e t o facilitat e late r 
compariso n betwee n mode l  an d empirica l  results . 

Sentence-Span Task 

A i m an d Nilsso n (1995 )  employe d a  sentence-spa n tas k tha t 
involve s th e processin g o f  sentence s an d th e recal l  o f  word s 
i n thes e sentence s (se e Danema n &  Carpenter ,  1980) .  Th e 
tas k comprise s tw o stages .  I n th e first  stage ,  driver s 
listene d t o five  sentence s o f  th e for m " X doe s Y "  — fo r 
instance ,  "Th e bo y brushe d hi s teeth "  o r  "Th e trai n bough t  a 
newspaper. "  The y woul d als o repor t  afte r  eac h sentenc e 
whethe r  th e statemen t  wa s generall y sensible .  I n th e secon d 
stage ,  driver s wer e aske d t o stat e th e las t  wor d o f  eax ^ 
sentenc e i n order .  Fo r  instance ,  fo r  th e sentence s "Th e bo y 
brushe d hi s teeth "  an d "Th e trai n bough t  a  newspaper, "  th e 

drive r  woul d repor t  "yes "  an d "no "  afte r  eac h sentenc e 
(respectively )  an d woul d the n repor t  th e memorize d lis t 
"teeth," ,  "newspaper, "  etc .  Th e sentence-spa n tas k itsel f 
involve s tw o concurren t  activities ,  namel y judgin g o f 
sentenc e sensibilit y  an d memorizatio n (an d rehearsal )  o f 
final  words .  W h e n combine d wit h driving ,  th e tas k put s a 
substantia l  cognitiv e loa d o n driver s a s the y attemp t  t o 
integrat e th e tasks . 

Driving Taslc 

As a  realisti c scenari o i n whic h t o tes t  interactio n wit h th e 
sentence-spa n task .  A i m an d Nilsso n (1995 )  use d a  car -
followin g tas k wher e th e lea d vehicl e woul d sometime s 
perfor m imsaf e maneuver s an d leav e th e drive r  i n a  "safety -
critical "  situation .  Durin g th e norma l  stage s o f  th e task ,  th e 
lea d vehicl e maintaine d a  7 5 m headwa y distanc e from  th e 
driver' s vehicle .  Occasionally ,  th e lea d ca r  brake d suddenl y 
wit h a  deceleratio n o f  4  rn/s ^  unti l  it s  spee d readied 
50 km/h r  (o r  unti l  a  m a x i m u m o f  5  s  o f  deceleration) ,  the n 
accelerate d a t  3  m/s ^  unti l  it s  spee d reache d 9 0 km/hr .  Th e 
origina l  stud y als o include d non-safety-critica l  situation s i n 
whic h th e lea d vehicl e woul d indicat e a  righ t  tur n an d 
eventuall y tur n of f  th e road ;  thei r  analysi s doe s no t  examin e 
thes e situation s i n detai l  an d the y ar e no t  discusse d further . 

Th e A h n an d Nilsso n stud y provide d thre e metric s b y 
whic h the y measure d drive r  performance :  (1 )  reactio n tim e 
t o th e brakin g event ,  measure d a s th e tim e laps e betwee n th e 
star t  o f  th e even t  an d th e driver' s initia l  depressio n o f  th e 
brake ;  (2 )  latera l  deviation ,  measure d a s th e root-mean -
square d erro r  o f  th e driver' s vehicl e positio n t o th e cente r  o f 
th e lane ;  an d (3 )  headwa y distance ,  measure d a s th e distanc e 
betwee n th e driver' s vehicl e an d th e lea d vehicle .  Th e 
result s sectio n wil l  compar e th e model' s prediction s t o th e 
empirica l  result s from  h u m a n driver s fo r  al l  thre e metrics . 

Empirical Study 

A i m an d Nilsson' s (1995 )  empirica l  stud y include d a  tota l 
of  4 0 participant s i n tw o experimenta l  groups :  a  tas k grou p 
tha t  occasionall y performe d th e sentence-spa n tas k whil e 
driving ,  an d a  contro l  grou p tha t  di d no t  perfor m th e task . 
I n bot h groups ,  eac h drive r  negotiate d fou r  safety-critica l 
situation s i n whic h th e lea d vehicl e woul d brak e suddenly . 
Th e timin g o f  th e event s wa s randomize d t o eithe r  nea r  th e 
star t  o r  nea r  th e en d o f  th e spa n tas k (i n th e tas k group )  suc h 
tha t  driver s coul d no t  predic t  w h e n th e event s woul d occur . 

The drivin g tas k wa s performe d i n a  high-fidelit y 
drivin g simulato r  t o giv e participant s a s realisti c a n 
impressio n o f  real-worl d drivin g a s possible .  Th e simulato r 
include d a  moving-bas e syste m (base d o n a  Saa b 900 0 wit h 
manual  transmission) ,  wide-angl e visua l  system ,  vibratio n 
generation ,  an d temperatur e regulation .  Th e drivin g 
environmen t  comprise d a  simulate d 8 0 k m two-lan e 
highwa y (on e lan e i n eac h direction )  wit h oncomin g traffi c 
i n th e opposit e lane .  Th e highwa y ha d a  ver y lo w curvatur e 
so tha t  steerin g d o w n th e roadwa y wa s relativel y 
straightforwar d eve n a t  hig h speeds .  Th e sentence-spa n tas k 
was performe d throug h a n Ericsso n hands-fre e telephon e 
moimte d o n th e instrumen t  pane l  t o th e right  o f  th e steerin g 
wheel .  Driver s neede d onl y pres s on e ke y t o activat e 
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(answer )  th e phon e a t  th e star t  o f  th e task ,  an d give n practic e 
wit h th e phone ,  driver s coul d easil y activat e th e phon e 
withou t  looking .  Sentence s wer e presente d b y mean s o f  a 
tap e recorder ,  an d drive r  response s wer e recorde d o n a 
secon d tap e recorder . 

Th e results  o f  th e empirica l  stud y wil l  b e discusse d i n a 
late r  sectio n t o facilitat e compariso n wit h mode l 
predictions .  I t  shoul d b e note d tha t  th e origina l  stud y als o 
include d bot h younge r  an d olde r  driver s t o demonstrat e th e 
interaction s o f  cognitiv e distractio n wit h age .  Thi s pape r 
onl y addresse s th e dat a from  th e younge r  driver s (mea n ag e 
29) ;  th e existin g drive r  mode l  use d i n thi s pape r  ha s bee n 
validate d wit h dat a fro m younge r  drivers ,  an d thu s w e 
expec t  th e mode l  t o bette r  accoun t  fo r  th e younger-drive r 
dat a from  th e origina l  study . 

The Integrated Task Models 

T o mode l  an d predic t  th e interactio n o f  th e sentence-spa n 
and drivin g tasks ,  thi s wor k utilize s th e "integrate d model " 
methodolog y employe d i n previou s wor k (se e Salvucci , 
2001) :  Give n a n existin g mode l  o f  drive r  behavior ,  w e 
develo p o r  acquir e a  mode l  o f  behavio r  i n th e secondar y 
task ,  integrat e th e tw o model s t o perfor m multitasking ,  an d 
finall y ru n th e integrate d mode l  t o generat e behaviora l  data . 
O ne critica l  elemen t  o f  thi s integratio n i s th e potentia l  fo r 
generatin g a  prior i  prediction s — tha t  is ,  rathe r  tha n fittin g 
th e mode l  t o dat a b y manipulatin g parameters ,  w e carr y ove r 
default s an d paramete r  setting s from  existin g model s an d 
immediatel y us e the m i n th e integrate d model .  I n addition , 
we benefi t  from re-use  o f  model s tha t  hav e bee n rigorously 
teste d i n othe r  studies .  Thes e an d related  issue s wil l  b e 
discusse d furthe r  i n late r  sections .  Thi s sectio n describe s 
th e individua l  tas k model s a s wel l  a s th e tw o version s o f 
th e fina l  integrate d model . 

Sentence-Span Model 

The mode l  fo r  th e sentence-spa n tas k come s from  Lovett , 
Daily ,  an d Rede r  (2000) ,  w h o develope d a n A C T - R 
(Anderso n &  Lebiere ,  1998 )  proces s mode l  a s par t  o f  thei r 
investigatio n o f  individua l  difference s i n workin g memory . 
Althoug h th e origina l  mode l  doe s no t  literall y perfor m th e 
sentence-spa n task ,  i t  doe s perfor m a  closel y related  tas k 
calle d th e M O D S tas k i n whic h peopl e rea d string s o f  letter s 
whil e memorizin g fina l  digit s fo r  late r  recall .  Th e origina l 
model  provide s thre e critica l  component s tha t  ar e re-used  i n 
th e sentence-spa n model :  (1 )  th e positiona l  representatio n 
use d t o encod e memorize d items ,  (2 )  productio n rule s tha t 
perfor m rehearsal  o f  memorize d items ,  an d (3 )  productio n 
rule s tha t  retriev e an d repor t  th e item s i n sequence . 
Intereste d reader s ca n refer  t o Lovett ,  Daily ,  an d Rede r 
(2000 )  fo r  a  mor e detaile d descriptio n o f  thes e components . 

Give n thi s cor e model ,  th e sentence-spa n mode l 
require d tw o modifications :  (1 )  th e additio n o f  productio n 
rule s t o encod e a  sentenc e an d decid e whethe r  i t  i s  sensible , 
and (2 )  th e incorporatio n o f  perceptual-moto r  production s t o 
hear  an d spea k word s (rathe r  tha n rea d an d typ e character s a s 
i n th e M O D S task) .  Tabl e 1  show s th e productio n rule s i n 
th e fma l  sentence-spa n mode l  an d indicate s thos e rule s take n 
from  th e origina l  M O D S model .  Whil e ther e ar e a  numbe r 

of  ne w rule s i n thi s model ,  i t  shoul d b e note d tha t  th e firs t 
si x dea l  wit h particular s o f  th e sentence-spa n tas k involvin g 
han d movemen t  an d encodin g o f  speech ,  an d th e fma l  tw o 
n o n - M O DS rule s simpl y terminat e th e articulatio n an d 
recal l  goals .  Th e proces s o f  confirmin g whethe r  o r  no t  th e 
sentenc e i s sensibl e i s no t  modele d i n an y detail ,  bu t  rathe r 
th e mode l  simpl y assume s tha t  thi s proces s hiq>pen 8 durin g 
th e listenin g production s an d signal s a  confirmatio n b y 
firin g th e Confirm-sentenc e rule .  I n addition ,  th e mode l 
assume s tha t  eac h sentenc e componen t  (subject ,  verb , 
object )  require s on e secon d o f  speec h time . 

Table 1: Sentence-span model production rules, with 
marking s fo r  whethe r  the y ar e origina l  M O D S - m o d el 
rule s an d whethe r  the y pas s contro l  t o drivin g i n th e 
Single-Ste p (SS )  an d Group-Ste p (GS )  models . 

Productio n Rul e 

Move-hand-to-phon e 
Press-butto n 
Move-hand-to-whee l 
Hear-sentence-subjec t 
Hear-sentence-ver b 
Hear-sentence-objec t 
Confirm-sentenc e 
Create-memor y 
Rehearse-memor y 
Done-articulat e 
Recall-spa n 
No-recal l 
Say-ite m 
Next-ite m 
Done-recal l 

MODS 

X 
X 

X 
X 
X 
X 

Passe s Contro l  I 
SS 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 
X 

GS 
X 
X 
X 
X 
X 
X 
X 
X 

X 

X 
X 

Drive r  M o d e l 

The mode l  o f  drive r  behavio r  i s a n A C T - R mode l  tha t 
integrate s control ,  monitoring ,  an d decisio n makin g t o 
navigat e highwa y environment s wit h traffi c  (Salvucci ,  Boer , 
& Liu ,  2001) .  Fo r  control ,  th e mode l  employ s a  two-leve l 
model  o f  steerin g tha t  use s a  "fa r  point "  o n th e roa d t o 
guid e predictiv e steerin g an d a  "nea r  point "  o n th e roa d t o 
cente r  th e vehicle .  Fo r  monitoring ,  tfie  mode l  encode s it s 
surroundin g environmen t  usin g simulate d eye s t o maintai n 
situatio n awareness .  Fo r  decisio n making ,  th e mode l 
check s th e curren t  situatio n an d decide s whe n t o perfor m 
maneuver s suc h a s lan e changes .  Thus ,  th e drive r  mode l 
incorporate s bot h lower-leve l  perceptio n an d actio n fo r 
vehicl e guidanc e an d higher-leve l  cognitio n fo r  awarenes s 
and decisio n making .  Thi s drive r  mode l  ha s bee n show n t o 
accoun t  fo r  a  numbe r  o f  aspect s o f  huma n highwa y driving , 
includin g nearin g th e inne r  cur b durin g curv e negotiatio n 
and switchin g gaz e t o th e destinatio n lan e a t  th e star t  o f  a 
lan e chang e (se e Salvucci ,  Boer ,  &  Liu ,  2001) .  Also ,  a s 
mentione d earlier ,  th e drive r  mode l  ha s bee n employe d t o 
predic t  th e effect s o f  drive r  distractio n from  cell-phon e 
dialin g i n differen t  modalitie s (Salvucci ,  2001a ,  2001b ; 
Salvucc i  &  Macuga ,  2001) . 
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Th e complexitie s o f  th e drive r  mode l  mak e i t  infeasibl e 
t o describ e her e i n an y leve l  o f  detail .  However ,  i t  i t 
worthwhil e t o highligh t  tw o critica l  aspect s o f  th e mode l 
tha t  ar e essentia l  t o th e endeavo r  o f  predictin g drive r 
distraction .  First ,  becaus e o f  it s  implementatio n i n th e 
A C T - R architecture ,  th e mode l  i s  constraine d t o a  seria l  lin e 
of  cognitiv e processing .  Thus ,  th e cognitiv e integratio n o f 
perception ,  action ,  an d decisio n makin g i s don e i n a  seria l 
loop :  th e mode l  encode s relevan t  perceptua l  variables , 
processe s thes e variables ,  the n issue s moto r  conunand s t o 
manipulat e th e environment .  W h e n secondar y task s ar e 
adde d int o thi s mai n loop ,  the y naturall y hav e som e impac t 
on th e frequency  wit h whic h th e updatin g processe s ca n 
occur ,  an d thu s ca n affec t  drive r  performance .  Second ,  th e 
drive r  mode l  interact s wit h a  simulate d drivin g environmen t 
and generate s a  ful l  behaviora l  protocol ,  a s woul d a  huma n 
drive r  navigatin g th e sam e environmen t  i n a  drivin g 
simulator .  Thi s faithfuhies s t o predictin g real-worl d dat a 
facilitate s rigorous  an d straightforwar d compariso n betwee n 
model  prediction s an d empirica l  results . 

Integrated Model 

I n general ,  integratio n o f  multipl e model s i n a  productio n 
syste m suc h a s A C T - R i s rathe r  straightforward :  w e ca n 
simpl y ad d th e sentence-spa n memor y structure s t o th e 
drive r  model .  However ,  tw o challenge s aris e tha t  mus t  b e 
deal t  with .  First ,  th e integrate d mode l  mus t  decid e h o w t o 
multitas k betwee n th e tw o componen t  models .  A s i n 
previou s application s o f  thi s methodology ,  ther e doe s no t 
yet  exis t  a  rigorous  mode l  o f  multitaskin g tha t  w e ca n 
employ ,  bu t  w e ca n us e reasonabl e heuristic s t o guid e us . 
Multitaskin g i n th e integrate d mode l  i s performe d explicitl y 
(instea d o f  preemptively )  i n tha t  eac h mode l  mus t  pas s 
contro l  t o th e other ,  presumabl y a t  a  fairl y frequent  interval . 
Becaus e drivin g i s th e primar y task ,  w e ar e mos t  concerne d 
abou t  whe n th e secondar y tas k mode l  (i.e. ,  th e sentence -
spa n model )  wil l  ced e contro l  bac k t o driving .  Thi s p^)e r 
explore s tw o approache s fo r  attackin g thi s problem .  Th e 
conservativ e approac h woul d onl y allo w th e secondar y tas k 
t o fir e a  singl e production ,  the n immediatel y ced e contro l 
bac k t o driving .  A  les s conservativ e (thoug h stil l  fairl y 
conservative )  approac h woul d allo w smal l  logica l  grouping s 
of  productio n firing s t o occu r  befor e passin g control .  Thes e 
approache s wer e use d t o develo p tw o version s o f  th e mode l 
terme d th e Single-Ste p (SS )  an d Group-Ste p (GS )  models , 
respectively .  Tabl e 1  indicate s whic h production s pas s 
contro l  fo r  eac h model .  Whil e ever y rul e i s n\arke d fo r  th e 
SS model ,  th e G S mode l  allow s certai n rule s t o continue : 
di e Rehearse-memor y rul e tha t  rehearse s memorize d item s i n 
rapi d succession ,  an d th e threesom e o f  rule s tha t  combin e t o 
retrieve  an d report  a  memorize d item .  Th e choic e o f  marice d 
rule s fo r  th e G S mode l  i s admittedl y somewha t  arbitrary , 
but  a t  leas t  i n par t  guide d b y introspectio n a s t o h o w 
humans woul d perfor m thi s task .  Furthe r  developmen t  o n 
rigorous  model s o f  multitaskin g wil l  hel p t o formaliz e thes e 
choice s i n futur e work . 

The secon d majo r  challeng e fo r  mode l  integration ,  no t 
t o mentio n mode l  developmen t  o n th e whole ,  i s  th e settin g 
of  paramete r  values .  A C T - R ,  lik e simila r  architectures ,  ha s 
a numbe r  o f  "settable "  parameters ;  however ,  al l  parameter s 
hav e defaul t  recommende d value s tha t  hav e withstoo d th e 
tes t  o f  tim e i n modelin g throughou t  th e community . 
Nevertheless ,  th e origina l  M O D S mode l  pose d a n 
interestin g proble m i n tha t  i t  activate d severa l  learnin g 
mechanism s (e.g. ,  learnin g o f  chun k base-leve l  activation s 
and productio n strengdis )  tha t  wer e deactivate d i n th e drive r 
model .  Becaus e th e M O D S mode l  ha d undergon e mor e 
rigorous  paramete r  testin g wit h detaile d data ,  i t  wa s decide d 
t o incorporat e it s paramete r  value s int o th e integrate d 
model ,  thu s overridin g th e drive r  model' s globa l  settings . 
Fortunatel y (an d perhap s surprisingly) ,  thi s decisio n ha d n o 
apparen t  advers e effect s o n th e norma l  operatio n o f  di e 
drive r  model ,  whic h prove d rathe r  robus t  t o th e differen t 
paramete r  setting s an d activate d learnin g mechanisms . 

Model Simulations 

The drive r  mode l  wa s mad e t o interac t  wit h a  drivin g 
simulatio n tha t  mimicke d th e critica l  element s o f  th e A i m 
and Nilsso n (1995 )  car-followin g task .  A  tota l  o f  1 5 
simulation s wer e run :  5  run s i n th e No-Tas k conditio n 
withou t  a  secondar y task ,  5  run s i n th e Task-S S conditio n 
wit h th e Single-Ste p mode l  performin g th e secondar y task , 
and 5  run s i n th e Task-G S conditio n wit h th e Group-Ste p 
model  performin g th e secondar y task .  Eac h simulatio n 
generate d a  detaile d behaviora l  protoco l  a t  a  rat e o f  roughl y 
13 H z includin g al l  relevan t  contro l  an d environmenta l  dat a 
as wel l  a s mark s fo r  th e star t  an d en d o f  th e brakin g events . 

Model Predictions and Empirical Results 

We ca n n o w compar e th e mode l  prediction s wit h A i m an d 
Nilsson' s (1995 )  empirica l  results .  I t  shoul d b e emphasize d 
tha t  th e presen t  stud y doe s no t  involv e typica l  paramete r 
estimatio n fo r  fittin g th e mode l  t o data ;  rather ,  i t  center s o n 
a prior i  prediction s b y simpl y integratin g th e models , 
runnin g simulations ,  an d checkhi g th e results .  Th e goa l  o f 
th e stud y i s thu s t o predic t  th e effect s o f  th e secondar y tas k 
on drive r  performanc e primaril y i n qualitativ e term s and , 
secondarily ,  i n quantitativ e term s a s m u c h a s possible . 

Brake Reaction Time 

The first  an d mor e importan t  aspec t  o f  drive r  performanc e 
examine d i s drivers '  brak e reactio n time ,  o r  th e tim e laps e 
betwee n th e star t  o f  th e lea d vehicle' s brakin g an d th e 
initiatio n o f  brakin g b y th e driver .  Figur e 1(a )  show s th e 
reactio n time s (mean s an d standar d deviations )  predicte d b y 
th e mode l  fo r  th e No-Task ,  Task-SS ,  an d Task-G S 
conditions .  Whil e th e reactio n tim e fo r  th e no-tas k 
conditio n wa s approximatel y 2. 5 s ,  th e reactio n time s fo r 
bot h tas k condition s wer e significantl y highe r  a t  roughl y 
2. 9 s ,  an d thu s th e mode l  predict s a  significan t  impac t  o f 
th e secondar y tas k o n drivers '  brakin g reaction . 
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Figxir e 1 :  Brak e reactio n rimes  fo r  (a )  mode l  simulation s an d (b )  empirica l  data . 

Figur e 1(b )  show s th e empirica l  result s fo r  brak e 
reactio n time.  Thes e result s als o sho w a  clea r  (an d 
significant )  tas k effect ,  wit h a n increas e o f  reactio n time 
from  1. 6 s  withou t  th e tas k t o 2. 2 s  wit h th e task .  Th e 
model  an d en îrica l  result s tiierefore  correspon d wel l 
qualitatively .  Quantitatively ,  th e mode l  prediction s ar e 
roughl y .7-. 9 s  to o high ;  thi s discrepanc y m a y b e attribute d 
t o di e fac t  tha t  th e mode l  use s onl y distanc e o f  th e lea d 
vehicl e t o determine s h o w i t  accelerate s an d decelerates , 
wherea s th e huma n driver s coul d als o atten d t o th e lea d 
vehicle' s brak e lights ,  providin g th e latte r  wit h additiona l 
cue s t o initiat e braking . 

Lateral Deviation 

Th e secon d aspec t  o f  performanc e i s on e o f  th e mos t 
c o m m on measure s fo r  drive r  distractio n studies ,  namel y th e 
latera l  deviatio n o f  th e driver' s vehicl e — define d a s th e 
root-mean-square d erro r  o f  th e vehicle' s cente r  wit h th e 
centra l  positio n i n di e lane .  Figur e 2  show s th e mode l 
prediction s fo r  latera l  deviatio n i n th e dire e conditions . 
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Figur e 2 :  Latera l  deviatio n fo r  mode l  simulations . 

Interestingly ,  th e S S mode l  predict s n o effec t  o f  secondar y 
tas k o n latera l  deviation .  However ,  th e G S mode l  predict s 
quit e a  larg e effec t  o f  approximatel y S O cm . 

A i m an d Nilsso n (1995 )  d o no t  repor t  specifi c  number s 
fo r  latera l  deviation ;  however ,  the y d o repor t  a  statistica l 
analysi s o n thes e dat a tha t  foun d n o significan t  tas k effec t 
on latera l  deviatio n (agains t  thei r  origina l  hypothesis) .  Th e 
prediction s o f  di e S S mode l  thu s suppor t  thei r  results , 
demonstratin g h o w closel y interleave d multitaskin g can ,  i n 
certai n situations ,  hav e n o significan t  effec t  o n latera l 
deviation .  O n th e othe r  hand ,  th e prediction s o f  th e G S 
model  sho w tha t  les s conservative ,  "grouped "  multitaskin g 
ca n dra w cognitiv e attentio n awa y from  th e drivin g tas k 
enoug h t o creat e a  significan t  effect . 

Headway Distance 

The thir d aspec t  o f  performanc e i s headwa y distance ,  o r  di e 
distanc e betwee n th e driver' s vehicl e an d th e lea d vehicle . 
Whil e headwa y wa s maintaine d a t  7 5 m durin g norma l 
conditions ,  th e lea d vehicle' s brakin g woul d greati y reduc e 
thi s headwa y unti l  th e drive r  ha s a  chanc e t o react .  Figur e 
3(a )  show s di e mode l  prediction s fo r  th e minimu m headwa y 
distance ,  a  measur e o f  h o w clos e th e driver' s vehicl e cam e 
t o di e lea d vehicle .  I n al l  thre e conditions ,  th e mode l 
exhibite d a  m in imu m headwa y o f  approximatel y 3 5 m . 

Figur e 3(b )  show s di e m in imu m distance s reporte d i n 
th e empirica l  study .  Her e ther e i s a  clea r  tas k effect :  th e 
headwa y decrease s significantl y i n th e presenc e o f  di e 
secondar y task .  Thus ,  th e mode l  prediction s ar e no t 
supporte d fo r  th e distance-headwa y measure .  I t  seem s tha t 
aldioug h th e mode l  clearl y react s late r  i n th e tas k condition , 
i t  als o compensate s fo r  th e lat e reactio n b y brakin g harder , 
thu s eliminatin g an y potentia l  tas k effect . 

Conclusions 

The S S model' s a  prior i  prediction s matche d tw o o f  th e 
thre e measure s qualitatively ,  correctl y predictin g a n effec t  o n 
reactio n time  bu t  n o effec t  o n latera l  deviation .  Give n di e 
ambiguit y i n th e driver-distractio n literatur e o n whe n suc h 
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Figur e 3 :  M i n i m u m headwa y distanc e fo r  (a )  mode l  simulation s an d (b )  empirica l  data . 

effect s m a y occur ,  thi s i s a  stron g resul t  tha t  demonstrate s 
th e model' s abilit y t o predic t  distractio n fo r  certai n 
measure s an d no t  others .  However ,  th e mode l  di d no t 
predic t  th e effec t  o n m i n i m u m headway ,  perh^ s du e i n par t 
t o th e fac t  tha t  th e headway s wer e larg e enoug h tha t  huma n 
driver s fel t  n o dir e nee d t o closel y maintai n headway . 

The G S model' s prediction s wer e no t  a s good ,  failin g 
t o predic t  th e absenc e o f  a n effec t  o n latera l  deviation .  It s 
failin g indicate s on e shortcomin g o f  thi s work :  althoug h th e 
integratio n o f  model s i s  mostl y straightforward ,  dier c 
remai n to o m a n y degree s o f  freedom  wit h respec t  t o h o w 
model s ca n an d shoul d multitask .  Combatin g thi s proble m 
require s a  mor e rigorou s treatmen t  o f  multitasking ,  an d 
cognitiv e architecture s suc h a s A C T - R sho w promis e i n 
bein g abl e t o accoun t  fo r  suc h a  process .  I n particular , 
architecture s provid e a n opportunit y t o handl e multitaskin g 
at  th e "softwar e level "  throug h n e w model s implemente d a s 
productio n rule s and/o r  a t  th e "hardwar e level "  throug h 
change s t o th e architecture' s inne r  mechanisms .  Recen t 
model s o f  comple x dynami c tasks ,  thoug h no t  ye t  th e 
comprehensiv e model s require d fo r  th e lon g term ,  hav e 
alread y demonstrate d goo d abilit y  i n capturin g som e aspect s 
of  multitaskin g (e.g. ,  Chong ,  1998 ;  Jone s e t  al. ,  1999) . 

As a  relate d point ,  cognitiv e architecture s als o hav e th e 
substantia l  benefi t  o f  facilitatin g re-us e o f  models , 
parameters ,  an d othe r  component s from  on e mode l  t o 
another .  Thi s stud y exhibit s thi s propert y primaril y i n th e 
re-us e o f  tw o existin g model s fo r  predictin g distraction . 
However ,  i t  als o open s th e doo r  t o predictin g numerou s 
othe r  aspect s o f  behavior .  Fo r  instance ,  Lovet t  e t  al.' s 
(2000 )  treatmen t  o f  thei r  M O D S mode l  include s a n 
investigatio n o f  h o w ACT-R ' s W paramete r  ca n represen t 
individua l  difference s i n workin g m e m o r y capacity . 
Becaus e thei r  wor k addresse s mechanism s fundamenta l  t o 
th e architecture ,  i t  ca n carr y ove r  directl y int o furthe r 
investigation s o f  th e effect s o f  capacit y difference s o n drive r 
distractio n o r  eve n jus t  o n drivin g itsel f  Thi s abilit y t o 
shar e idea s an d mechanism s acros s domain s offer s enormou s 
explanator y an d predictiv e powe r  t o architectura l  model s i n 
ne w an d existin g domain s o f  study . 

Acknow ledgmen t s 

Many thank s t o Marsh a Lovet t  fo r  providin g th e M O DS 
model  cod e an d t o Christia n Lebiere ,  Joh n Anderson ,  an d 
Lynn e Rede r  fo r  helpfu l  comments  an d suggestions . 

References 

Aasman,  J .  (1995) .  Modellin g drive r  behaviou r  i n Soar . 
Leidschendam ,  Th e Netherlands :  K P N Research . 

Aim ,  H. ,  &Nilsson ,  L .  (199S) .  Th e effect s o f  a  mobil e telephon e 
tas k o n drive r  behaviou r  i n a  ca r  followin g situation . 
Acciden t  Analysi s &  Prevention ,  11 ,  707-715 . 

Anderson ,  J .  R ,  &  Lebiere ,  C .  (1998) .  Th e atomi c component s 
of  thought .  Hillsdale ,  NJ :  Erlbaum . 

Chong,  R  S .  (1998) .  Modelin g dual-tas k performanc e 
improvement :  Castin g executiv e proces s knowledg e 
acquisitio n a s strateg y refinement .  Doctora l  Dissertation , 
Departmen t  o f  Compute r  Scienc e an d Engineering , 
Universit y o f  Michigan . 

Daneman,  M. ,  &  Carpenter ,  P .  A  (1980) .  Individua l  difference s 
i n workin g memor y an d reading .  Journa l  o f  Verba l  Learnin g 
an d Verba l  Behavior ,  19 ,  450-466 . 

Jones ,  R  M. ,  e t  al .  (1999) .  Automate d intelligen t  pilot s fo r 
combat  fligh t  simulation .  A l  Magazine ,  20 ,  27-42 . 

Lovett ,  M .  C ,  Daily ,  L  2L ,  &  Reder ,  L  M .  (2000) .  A  sourc e 
activatio n theor y o f  workin g memory :  Cross-tas k predictio n 
of  performanc e i n A C T - R Journa l  o f  Cognitiv e System s 
Research ,  1,99-118 . 

McKnight ,  A  J. ,  &  McKnight ,  A  S .  (1993) .  Th e effec t  o f 
cellula r  phon e us e upo n drive r  attention .  Acciden t  Analysi s 
& Prevention ,  25 ,  259-265 . 

Salvucci ,  D .  D .  (2001) .  Predictin g th e effect s o f  in-ca r  interfac e 
use o n drive r  performance :  A n integrate d mode l  approach . 
Internationa l  Journa l  o f  Human-Compute r  Studies ,  55 ,  85 -
107 . 

Salvucci ,  D .  D. ,  Boer ,  E  R ,  &  Liu ,  A  (2001) .  Towar d a n 
integrate d mode l  o f  drive r  behavio r  i n a  cognitiv e 
architecture .  Transportatio n Researc h Record ,  1779 . 

Salvucci ,  D .  D. ,  &  Macuga ,  K .  L  (2001) .  Predictin g th e effect s 
of  cell-phon e dialin g o n drive r  performance .  I n Proceeding s 
of  th e Fourt h Internationa l  Conferenc e o n Cognitiv e 
Modeling .  Veenendaal ,  Netherlands :  Universal . 

797 



T h e Impac t  o f  Proble m Order : 
Sequencin g Problem s a s a  Strateg y fo r  Improvin g O n e s  Performanc e 

Katharina Scheiter (k.scheiter@iwin-kinrc.de) 
Departmen t  o f  Applie d Cognitiv e Psycholog y an d Medi a Psychology ,  Universit y o f  Tuebinge n 

Konrad-Adenauer-Strass e 40 ,  7207 2 Tuebingen ,  German y 

Peter Gerjets (p.gerjets@iwin-kmrc.de) 
Applie d Cognitiv e Scienc e Department ,  Knowledg e Medi a Researc h Cente r 

Konrad-Adenauer-Strass e 40 ,  7207 2 Tuebingen ,  German y 

Abstrac t 

Two experiments investigated the impact of problem order 
and proble m sequencin g o n performance .  I n experimen t  1 
subject s wer e eiAe r  presente d wit h a  suitabl e o r  a n unsuitabl e 
presentatio n sequenc e wher e the y wer e free  t o deviat e from. 
Presentatio n sequenc e ha d a n impac t  o n performanc e an d 
rearrangin g problem s improve d performanc e fo r  hig h prior -
knowledg e subject s wherea s lo w prior-knowledg e subjects ' 
perfonnanc e deteriorated .  Experimen t  2  yielde d evidenc e tha t 
effect s o f  proble m sequenc e hav e t o b e triggere d b y directin g 
subjects '  attentio n t o comparin g problem s befor e workin g o n 
them .  Result s ar e discusse d withi n th e framework  o f 
analogica l  transfo . 

The Impact of Problem Order 

I n thi s pape r  w e investigat e th e impac t  o f  proble m orde r  o n 
performanc e whe n solvin g a  sequenc e o f  mathematica l 
problems .  I t  ha s t o b e note d tha t  effect s o f  sequencin g to-be -
learne d material s hav e bee n widel y studie d i n th e Sixtie s 
and th e Seventie s (Posne r  &  Strike ,  1976 ;  Va n Patten ,  Chao , 
& Reigeluth ,  198 6 fo r  a n overview) ,  wherea s effect s o f 
sequencin g to-be-solve d problem s hav e receive d onl y littl e 
attention .  Sequenc e effect s ar e sai d t o occu r  w h e n 
performanc e o n proble m B  varie s dependin g o n whethe r 
proble m A  ha d bee n performe d befor e o r  not .  Thi s influenc e 
of  solvin g proble m A  o n performanc e fo r  proble m B  shoul d 
be specifi c  t o proble m A ,  i.e. ,  solvin g a  proble m C  befor e B 
shoul d no t  necessaril y  lea d t o th e sam e performanc e fo r  B  a s 
solvin g problem s i n th e sequenc e A B .  Thi s specificit y 
assumptio n distinguishe s sequenc e effect s f rom'mer e 
trainin g o r  positio n effects . 

Sequenc e effect s ca n b e analyze d a s th e resul t  o f  tw o 
distinc t  cognitiv e processe s tha t  tak e plac e i n succession , 
namely ,  learnin g an d transfer .  Learnin g refer s t o a  chang e i n 
th e cognitiv e syste m o f  th e proble m solve r  (i.e. ,  newl y 
generate d o r  modifie d knowledg e structures )  tha t  occur s du e 
t o solvin g a  proble m A .  Transfe r  refer s t o th e transmissio n 
of  thes e newl y generate d o r  modifie d knowledg e structure s 
t o a  subsequen t  proble m B . 

Th e tw o mos t  prominen t  approache s t o transfe r  ar e 
Single y an d Anderson' s rathe r  analytica l  theor y o n transfe r 
of  cognitiv e skil l  (Single y &  Anderson ,  1989 )  an d th e mor e 
holisti c theorie s o f  transfe r  b y analog y (Gentner ,  1983 ;  Gic k 
&Holyoak,1980) . 

Single y an d Anderson' s basi c assumptio n i s  tha t  a 
proble m i s  mor e likel y t o b e solve d th e mor e declarativ e 
and/o r  procedura l  knowledg e element s necessar y t o solv e 
tha t  proble m ar e alread y k n o w n b y th e proble m solver . 
Therefore ,  transfe r  amon g problem s shoul d increas e wit h 
th e numbe r  o f  element s bein g share d b y th e problem s 
(Thomdik e &  Woodworth ,  1901) .  Furthermore ,  becaus e 
transfe r  i s  base d o n th e exten t  o f  overla p betwee n th e 
knowledg e structure s necessar y t o accomplis h tw o task s a 
symmetrica l  relatio n betwee n proble m ̂ 4 an d 5  i s assumed . 
(PiroU i  &  Recker ,  1994 ;  Single y &  Anderson ,  1989) .  I t  i s 
importan t  t o note ,  however ,  tha t  sequenc e effect s m a y b e 
asymmetrically ,  i.e. ,  a  proble m sequenc e A B migh t  resu h i n 
a differen t  performanc e tha n a  proble m sequenc e BA .  Thi s 
asymmetr y i s du e t o th e fac t  tha t  th e amoun t  o f  wha t  ha s 
bee n learne d i n th e first  plac e an d ca n therefor e b e 
transferre d t o a  succeedin g proble m m a y diffe r  amon g 
problems .  Fo r  instance ,  workin g o n a  difficul t  proble m a t 
firs t  m a y resul t  i n les s learnin g tha n startin g wit h a  simple r 
problem . 

Transfe r  b y analog y i s  describe d a s th e transmissio n o f 
knowledg e from  on e problem-solvin g situatio n (th e source ) 
t o a  targe t  proble m an d consist s i n a  numbe r  o f  differen t 
processes .  I n orde r  t o solv e a  targe t  proble m firs t  a  suitabl e 
sourc e proble m ha s t o b e retrieve d fro m memory .  Next , 
element s o f  th e sourc e proble m hav e t o b e mappe d ont o th e 
targe t  problem .  Finally ,  base d o n thes e mapping s a  solutio n 
fo r  th e targe t  proble m i s generated .  Researc h o n analog y ha s 
demonstrate d tha t  structura l  similarit y amon g sourc e an d 
targe t  i s  th e mos t  importan t  determinan t  o f  successfu l 
transfe r  an d tha t  thi s transfe r  i s ofte n restricte d t o situation s 
wher e sourc e an d targe t  ar e structurall y equivalent .  I f  ther e 
ar e structura l  difference s betwee n problem s subject s ofte n 
fai l  t o adap t  a  sourc e problem' s solutio n t o fit  th e 
requirement s o f  th e targe t  (Reed ,  Dempster ,  &  Ettinger , 
1985) . 

Wit h regar d t o sequenc e effect s i t  ca n therefor e b e 
assume d tha t  performanc e fo r  a  specifi c  proble m shoul d 
improv e i f  on e solve s structurall y simila r  problem s i n 
succession .  Contrarily ,  switchin g betwee n unrelate d 
problem s migh t  imped e proble m solvin g becaus e thi s 
increase s th e probabilit y  tha t  unsuitabl e precedin g problem s 
ar e use d a s source s t o guid e late r  proble m solving . 

Wherea s ther e i s  only  preliminar y evidenc e fo r  thi s 
assumptio n concernin g structura l  similarit y i n a  stud y b y 
Novic k (1988) ,  tw o problem-solvin g studie s hav e 
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investigate d th e effect s o f  th e secon d aforementione d facto r 
tha t  m a y influenc e th e suitabilit y  o f  a  proble m lequence , 
namel y a  problem' s difficulty .  Reed ,  Emest ,  an d Banerj i 
(1974 )  obtaine d n o effec t  o f  proble m orde r  whe n studyin g 
transfe r  fro m th e easie r  Missionary-Cannibal s proble m t o 
th e mor e difficul t  Jealous-Husband s proble m an d vic e versa . 
Subject s w h o ha d bee n acquainte d wit h th e similarit y 
relation s a m o n g th e problems ,  however ,  solve d th e 
problem s faste r  i n th e difficult-eas y sequence .  Furthermore , 
Cook (1937 )  foun d tha t  a  diiTicult-eas y sequenc e le d t o 
bette r  performanc e whe n workin g o n pyrami d puzzles . 
Base d o n thes e tw o result s  i t  coul d b e argue d tha t  solvin g 
difficul t  problem s befor e easie r  one s shoul d resul t  i n bette r 
performanc e tha n a  reverse d sequence .  However ,  thi s m a y 
onl y hol d fo r  knowledge-lea n problem s (i n th e sens e o f 
VanLehn ,  1989 )  wherea s fo r  knowledge-ric h problem s 
solvin g a n eas y proble m first  m a y suppor t  solvin g mor e 
difficul t  problem s o f  th e sam e proble m category .  Thi s 
shoul d b e th e cas e becaus e mor e difficul t  problem s ofte n 
shar e structura l  element s wit h th e easie r  problems . 
Therefore ,  masterin g thes e proble m component s i n th e 
easie r  problem s provide s practic e fo r  solvin g th e mor e 
difficul t  problem s entailin g thes e component s amon g othe r 
ne w elements .  Thi s ide a o f  masterin g (subordinate )  part s o f 
a skil l  befor e proceedin g t o mor e difficul t  demand s i s i n lin e 
wit h proposal s mad e fo r  th e desig n o f  instructiona l  curricul a 
(c f  Schoenfeld ,  1985 ;  Va n Patte n e t  al. ,  1986) . 

To summarize ,  proble m sequence s tha t  ar e ordere d wit h 
respec t  t o th e structura l  similarit y o f  th e problent s (simila r 
problems  bein g solve d i n succession )  an d wit h respec t  t o th e 
difficult y o f  th e problem s (easy-to-difficult )  shoul d resul t  i n 
bette r  performanc e compare d t o eithe r  reverse d o r  t o 
rando m sequences . 

Sequencing as a Metacognitive Strategy 

I n experimenta l  problem-solvin g setting s subject s ar e 
usuall y aske d t o maintai n a  give n orde r  whe n solvin g 
multipl e problem s wherea s i n mor e self-controlle d 
situation s the y migh t  b e give n th e opportunit y t o decid e o n a 
proble m sequenc e b y themselves .  I n thi s cas e th e questio n 
whethe r  proble m solver s strategicall y rearrang e problem s i n 
orde r  t o improv e thei r  performanc e gain s increasin g 
importance . 

Proble m sequencin g ca n b e see n a s a  proces s tha t  i s 
exactl y reverte d t o th e retrieva l  proces s i n analogica l 
proble m solving .  I n analogica l  proble m solvin g a  backwar d 
searc h i s conducted  t o find a  sourc e proble m i n memor y 
whose solutio n ca n b e adapte d t o th e to-be-solve d target . 
Contrarily ,  sequencin g m a y b e describe d a s a  forwar d 
searc h t o decid e o n th e nex t  to-be-solve d proble m (target ) 
fo r  whic h th e solutio n o f  th e proble m bein g solve d mos t 
recentl y (source )  ca n b e adapted .  Conceptualizin g proble m 
sequencin g i n accordanc e wit h th e retrieva l  proces s i n 
analogica l  proble m solvin g bring s abou t  som e majo r 
advantages .  I n particular ,  findings  o n analog y m a y b e use d 
t o deriv e hypothese s concernin g proble m sequencin g a s a 
metacognitiv e problem-solvin g strategy . 

First ,  th e propensit y t o sequenc e problem s shoul d depen d 
on whethe r  subject s ar e awar e o f  th e fac t  tha t  differen t 
proble m sequence s m a y b e associate d wit h differen t 

performanc e outcome s an d tha t  applyin g knowledg e use d t o 
solv e on e proble m whe n approachin g a  nex t  proble m migh t 
foste r  performance .  However ,  researc h i n analogica l 
proble m solvin g ha s repeatedl y show n tha t  subject s ofte n 
fai l  i n usin g previou s problem-solvin g experience s 
spontaneousl y whe n solvin g ne w problem s (Ree d e t  al. , 
1985 )  an d tha t  the y nee d t o b e provide d wit h hint s i n orde r 
t o ensur e analogica l  transfe r  (Gic k &  Holyoak ,  1980) . 
Additionally ,  th e cost s tha t  resul t  fro m searchin g fo r  a 
suitabl e targe t  proble m tha t  i s t o b e solve d nex t  hav e t o b e 
les s tha n th e benefit s tha t  ar e achieve d b y rearrangin g 
problem s deliberatively .  Thi s reasonin g i s i n lin e wit h 
assumption s mad e b y Novic k (1988 )  o r  Ree d e t  al .  (1974 ) 
concernin g th e retrieva l  proces s i n analogica l  proble m 
solving .  Fo r  instance ,  Ree d e t  al .  (1974 ,  p .  448 )  postulat e 
tha t  "th e tota l  tim e t o retrieve ,  translate ,  an d us e analogou s 
informatio n t o find  a n operato r  shoul d b e les s tha n th e tota l 
tim e t o find  th e sam e operato r  withou t  usin g informatio n 
fro m th e previou s problem. " 

Second ,  th e successfulnes s o f  rearrangin g problem s 
depend s o n whethe r  subject s ar e abl e t o identif y a  suitabl e 
proble m sequenc e b y themselves .  I n term s o f  analogica l 
proble m solvin g thi s relate s t o th e questio n o f  whethe r 
subject s ar e abl e t o retriev e a  sourc e proble m tha t  i s 
structurall y simila r  t o th e target .  Wit h respec t  t o thi s issu e 
researc h ha s demonstrate d tha t  subject s ofte n fac e 
difficultie s i n recognizin g structura l  proble m feature s an d 
tha t  the y ar e ofte n misle d b y surfac e similaritie s o f  th e 
problem s (Holyoa k &  Koh ,  1987 ;  Ross ,  1987) .  Novic k 
(1988 )  demonstrate d tha t  th e abilit y  t o retriev e a  structurall y 
simila r  analogu e interact s wit h subjects '  domain-specifi c 
prio r  knowledg e wit h expert s bein g mor e likel y t o fin d a 
suitabl e sourc e proble m tha n novice s are .  Therefore ,  i t  ca n 
likewis e b e assume d tha t  th e qualit y o f  proble m sequencin g 
migh t  interac t  wit h subjects '  prio r  knowledg e i n a  wa y tha t 
onl y hig h prior-knowledg e subject s benefi t  fro m self -
determine d sequence s wherea s th e additiona l  freedo m o f 
rearrangin g tes t  problem s migh t  eve n b e harmfu l  fo r  les s 
advance d subjects . 

I n orde r  t o investigat e th e impac t  o f  proble m orde r  an d 
proble m sequencin g o n problem-solvin g performanc e tw o 
experiment s wer e conducted .  I n experimen t  1  subject s wer e 
provide d wit h on e o f  tw o differen t  presentatio n sequence s 
tha t  the y wer e fre e t o rearrange .  Contrarily ,  subject s i n 
experimen t  2  wer e confronte d wit h predefine d proble m 
order s the y coul d no t  deviat e fro m i n orde r  t o find  ou t 
whethe r  difference s i n problem-solvin g performanc e ca n 
stil l  b e observe d whe n subject s ar e no t  mad e awar e o f  th e 
potentia l  impac t  o f  proble m order . 

E x p e r i m e n t  1 

M e t h o d 

Participant s Subject s wer e 7 6 student s (4 9 female ,  2 7 
male )  o f  th e Universit y o f  Goettingen ,  Germany ,  w h o 
participate d fo r  cours e credi t  o r  payment .  Averag e ag e wa s 
22.6 7 years . 
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Material s a n d procedur e Fo r  experimentatio n th e 
hypertext-base d learnin g an d problem-solvin g environmen t 
H y p e r c o m b wa s use d (Gerjets ,  Scheitcr ,  &  Tack ,  2000 ) 
whic h contain s a  shor t  introductio n t o th e domai n o f 
combinatoric s followe d b y a  learnin g phas e wher e subject s 
ca n acquir e knowledg e b y studyin g worked-ou t  example s 
fo r  si x proble m types . 

Permutatio n problem s ar c abou t  findin g ou t  th e numbe r  o f 
possibilitie s o f  bringin g al l  element s o f  a  se t  int o a  distinctl y 
ordere d arrangement .  Variatio n problem s dea l  wit h th e 
number  o f  possibilitie s fo r  selectin g a  subse t  o f  element s ou t 
o f  a  se t  o f  element s i n a  distinc t  order .  Combinatio n 
problem s ar e abou t  th e numbe r  o f  possibilitie s fo r  selectin g 
a subse t  o f  element s ou t  o f  a  se t  o f  element s withou t  regar d 
t o th e order .  Al l  thre e kind s o f  problem s ca n b e furthe r 
distinguishe d a s bein g wit h o r  withou t  replacemen t 
yieldin g si x proble m types .  Replacemen t  indicate s whethe r 
th e se t  contain s undistinguishabl e element s o r  whethe r 
element s ca n b e selecte d mor e tha n once ,  respectively . 
Similarit y a m o n g permutations ,  variations ,  an d 
combination s ca n b e describe d wit h respec t  t o th e numbe r  o f 
permutation s necessar y t o solv e a  specifi c  problem .  Thes e 
similarit y relation s amon g th e proble m type s ar e no t  onl y 
expresse d a t  thi s conceptua l  leve l  bu t  ar e als o reflecte d a t 
th e computationa l  leve l  i n th e grade d complexit y o f  th e 
formula s neede d t o solv e th e problems .  Therefore ,  on e ca n 
characteriz e transfe r  relation s a m o n g proble m type s i n 
combinatoric s tha t  ar e base d o n th e overla p a t  th e 
computationa l  an d conceptua l  level .  Accordin g t o thi s tas k 
analysi s a  proble m sequenc e rangin g fro m permutation s t o 
variation s an d endin g wit h combination s shoul d b e suite d 
bes t  fo r  proble m solvin g a s th e proble m type s tha t  ar e mos t 
structurall y simila r  t o eac h othe r  ar e presente d i n 
succession . 

I n H y p e r c o m b eac h proble m typ e wa s illustrate d b y 
abstrac t  informatio n concernin g it s structura l  feature s an d 
tw o worked-ou t  examples .  O n e exampl e explaine d th e basi c 
applicatio n o f  th e solutio n principl e an d th e othe r  exampl e 
illustrate d a  mor e complicate d situatio n wher e th e solutio n 
principl e i n questio n ha d t o b e applie d twic e i n orde r  t o 
solv e a  problem .  Subject s coul d decid e whic h instructiona l 
material s the y wante d t o stud y an d whe n the y wante d t o qui t 
th e learnin g phase .  I n th e subsequen t  tes t  phas e th e 
instructiona l  materia l  wa s n o longe r  availabl e an d subject s 
wer e aske d t o wor k o n si x tes t  problems .  Fo r  thos e tes t 
problem s th e solutio n principle s whic h ha d bee n taugh t 
befor e ha d t o b e applie d onc e fo r  eas y problem s o r  twic e fo r 
difficu h problem s (figur e I) . 

W h en startin g th e tes t  phas e subject s wer e informe d tha t 
the y woul d hav e t o solv e si x tes t  problem s liste d o n a  singl e 
page .  The y wer e aske d t o stud y al l  tes t  problem s carefull y 
befor e selectin g a  proble m the y wante d t o star t  workin g on . 
Subject s wer e furthe r  informe d tha t  the y coul d solv e th e tes t 
problem s i n an y orde r  the y wanted .  Wheneve r  subject s ha d 
solve d a  proble m th e initia l  pag e wit h al l  si x problem s wa s 
presente d (includin g th e one s alread y bein g solved )  an d 
subject s wer e aske d t o selec t  th e nex t  problem .  I n orde r  t o 
preven t  subject s fro m solvin g a  proble m twic e solve d 
problem s coul d n o longe r  b e retrieved . 

Easy problem :  A  lighthous e ca n flas h i n si x differen t  color s (red , 
yellow ,  green ,  blue ,  orange ,  pink )  fro m whic h color s ar e 
randoml y chose n t o for m a  flare .  Eac h flar e contain s nv o color s 
i n successio n an d non e o f  th e color s ca n appea r  twic e i n on e flare . 
What  i s th e probabilit y  tha t  th e lighthous e wil l  sen d a  red-orang e 
flare ,  i.e .  i t  wil l  firs t  flas h re d an d the n flas h orange ? 
DifHcul t  problem :  A t  a  socce r  gam e ther e ar e tw o dressin g 
room s fo r  th e tw o teams .  Th e kicker s fro m Oxfor d wea r  T-shirt s 
wit h uneve n number s fro m I  t o 2 1 an d Mancheste r  ha s eve n 
number s fro m 2  t o 22 .  A s th e aisl e fro m th e dressin g room s i s 
ver y narro w onl y on e playe r  a t  a  tim e ca n ente r  th e field .  Th e 
player s o f  th e tw o team s leav e thei r  room s alternatel y wit h a 
playe r  fro m Oxfor d goin g a t  first.  What  i s  th e probabilit y  tha t  th e 
firs t  five  player s wh o ente r  th e field  hav e th e number s five,  two , 
thirteen ,  eight ,  an d on e (i.e. ,  th e first  ha s th e numbe r  five,  th e 
secon d ha s go t  th e tw o an d s o on) ? 

Figure I: Easy and difficult test problems of problem type 
"variatio n withou t  replacement " 

Design and dependent measures As a first between-
subject s variabl e th e presentatio n sequenc e o f  th e si x tes t 
problem s wa s manipulated .  I n th e suitabl e sequenc e th e 
problem s wer e presente d i n th e postulate d optima l  orde r  -
permutation ,  variation ,  an d combinatio n wit h a n easy-to -
difficul t  sequenc e withi n eac h proble m type .  I n th e 
unsuitabl e s e q u e n c e variation s wer e followe d b y 
permutation s an d combinations ;  withi n proble m type s 
difficul t  problem s wer e presente d first.  A s a  secon d 
between-subject s variabl e w e use d subjects '  domain-specifi c 
prio r  knowledg e whic h wa s controlle d b y mean s o f  a 
multiple-choic e questionnair e a t  th e beginnin g o f  th e 
experiment .  A  media n spli t  withi n th e tw o sequenc e 
condition s wa s conducte d t o distinguis h betwee n subject s 
w ho possesse d lo w o r  hig h prio r  knowledge . 

As performanc e measure s subject s erro r  rate s fo r  eas y 
an d difficul t  tes t  problem s an d problem-solvin g tim e wer e 
registered .  Fo r  eac h o f  th e si x tes t  problem s subject s ha d t o 
identif y th e correc t  solutio n principl e an d th e value s o f  fou r 
variable s i n a  multiple-choic e form .  N o calculation s ha d t o 
be made .  A  m a x i m u m o f  tw o error s wa s assigne d fo r  th e 
identificatio n o f  th e principl e an d on e erro r  wa s assigne d fo r 
eac h wron g answe r  concernin g th e variabl e value s resultin g 
i n a  m a x i m u m o f  si x error s fo r  eac h problem .  Additionally , 
subject s wer e distinguishe d a s t o whethe r  the y rearrange d 
problem s b y deviatin g fro m th e give n presentatio n sequenc e 
or  not .  Finally ,  i n orde r  t o ensur e tha t  subject s wer e 
equivalen t  wit h respec t  t o thei r  learnin g behavio r  th e 
example-processin g tim e wa s registere d an d analyze d a s 
well . 

Results and Discussion 

A first  compariso n b y mean s o f  a n A N O V A (presentatio n 
sequenc e x  prio r  luiowledge )  reveale d n o significan t 
difference s wit h regar d t o eithe r  pretes t  error s (F(l,72 )  = 
1.29 ;  M S E =  83.10 ;  p  >  .25 )  o r  overal l  example-processin g 
tim e ( F < I )  betwee n th e presentatio n sequence s (tabl e 1) . 

I n orde r  t o analyz e subjects '  performanc e o n th e si x tes t 
problem s an d o n subjects '  problem-solvin g tim e a s a 
functio n o f  presentatio n sequence ,  prio r  knowledge ,  an d 
sequencin g behavio r  a  thir d facto r  wa s entaile d i n th e 
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analysis .  Thi s facto r  indicate d whethe r  subject s ha d kep t  th e 
presentatio n orde r  whil e workin g o n th e problem s o r 
whethe r  the y ha d deviate d fro m i t  (i.e. ,  sequencin g 
behavior) .  Additionally ,  w e use d example-processin g tim e 
as a  covariat e becaus e thi s turne d ou t  t o b e a  ver y importan t 
facto r  fo r  predictin g subjects '  performanc e an d becaus e thi s 
measur e wa s characterize d b y a  hig h variabilit y  withi n eac h 
of  th e tw o presentatio n sequenc e conditions .  Thi s resulte d i n 
a three-facto r  A N C O VA (presentatio n sequenc e x  prio r 
knowledg e x  sequencin g behavior )  tha t  wa s deploye d fo r 
analyzin g performanc e o n eas y an d difficul t  problem s a s 
wel l  a s fo r  problem-solvin g time .  W e wil l  firs t  repor t  th e 
effect s fo r  presentatio n sequenc e an d prio r  knowledg e (tabl e 
1)  befor e havin g a  close r  loo k t o th e impac t  o f  subjects ' 
sequencin g behavio r  o n performanc e (figure s 2a ,  2b) . 

Table 1: Performance (in %) and time data (in sec) as a 
functio n o f  presentatio n sequenc e an d prio r 
knowledg e 

Presentatio n sequenc e 

Prio r  knowledg e 

Pretes t  error s 

Example-processin g tim e 

Problem-solvin g errors : 

-  Eas y problem s 

-  Difficul t  problem s 

Problem-solvin g time 

Suitabl e 
sequenc e 

Hig h 

44. 3 

650 

12. 0 

37. 5 

107 5 

Low 

74. 1 

547 

10. 0 

46. 4 

998 

Unsuitabl e 
sequenc e 

Hig h L o w 

47. 9 75. 2 

61 2 53 2 

16. 2 21. 8 

43. 2 46. 7 

106 6 105 2 

Effect s o f  presentatio n sequenc e an d prio r  knowledg e 
Wit h regar d t o th e numbe r  o f  problem-solvin g error s fo r 
eas y tes t  problem s subject s w h o wer e presente d wit h th e 
suitabl e sequenc e outperforme d subject s wh o worke d i n th e 
unsuitabl e sequenc e conditio n a s predicte d (F(l,72 )  =  5.02 ; 
M SE =  244.29 ;  p  <  .05 )  wherea s ther e wa s n o effec t  fo r 
difficul t  tes t  problem s (F(l,72 )  =  1.50 ;  M S E =  371.93 ;  p  > 
.20) .  Non e o f  th e effect s fo r  prio r  knowledg e no r  th e 
interaction s betwee n presentatio n sequenc e an d prio r 
knowledg e wer e significan t  (al l  F s <  1) .  Wit h regar d t o 
problem-solvin g tim e ther e wer e n o effect s fo r  eithe r 
presentatio n sequenc e o r  prio r  knowledg e no r  wa s ther e a n 
interactio n betwee n th e tw o factor s (al l  F s <  1) .  T o 
summarize ,  th e superiorit y o f  th e suitabl e presentatio n 
sequenc e coul d b e demonstrate d fo r  performanc e o n eas y 
problem s independentl y o f  subjects '  prio r  knowledge . 

Sequencing behavior A question that has yet been left 
unanswere d i s whethe r  subject s rearrang e problem s whe n 
bein g confronte d wit h a n unsuitabl e presentatio n sequenc e 
and ho w thei r  sequencin g behavio r  contribute s t o problem -
solvin g performance .  Analyzin g th e percentag e o f  subject s 
who deviate d from  th e presentatio n sequenc e a n A N O V A 
(presentatio n sequenc e x  prio r  knowledge )  clearl y reveale d 
tha t  subject s reacte d sensitivel y t o th e qualit y o f  th e 
presentatio n sequenc e b y deviatin g mor e ofte n from  th e 
unsuitabl e sequenc e tha n from  th e suitabl e on e (F(l,72 )  = 

9.79 ;  M S E =  0.23 ;  p  <  .01 ;  suitabl e sequence /  hig h prio r 
knowledge :  2 1 % sequencers ;  suitabl e sequence /  lo w prio r 
knowledge :  3 5 % sequencers ;  unsuitabl e sequence /  hig h 
prio r  knowledge :  6 5 % sequencers ;  unsuitabl e sequence /  lo w 
prio r  knowledge :  6 0 % sequencers) .  Sequencin g behavio r 
was unaffecte d b y subjects '  prio r  knowledg e -  wit h th e mai n 
effec t  an d th e interactio n bot h bein g meaningles s (bot h F s < 
1) .  Deviation s from  th e give n presentatio n sequenc e wer e 
mainl y cause d b y subjects '  preferenc e t o wor k o n eas y 
problem s befor e approachin g th e mor e difficul t  one s -
regardles s o f  structura l  similaritie s amon g eas y an d difficul t 
problems . 

Effects of sequencing With regard to the impact of 
sequencin g o n performanc e fo r  eas y problem s a n expecte d 
patte m o f  result s coul d b e obtaine d (figur e 2a) .  Ther e wa s 
no mai n effec t  o f  sequencin g behavio r  ( F <  1) ,  however , 
sequencin g behavio r  interacte d wit h subjects '  prio r 
knowledg e i n tha t  hig h prior-knowledg e subject s improve d 
by rearrangin g problem s wherea s lo w prior-knowledg e 
subjects '  performanc e eve n deteriorate d (F(l,72 )  =  5.20 ; 
M SE =  244.29 ;  p  <  .05) .  Althoug h thi s effec t  seeme d t o 
interac t  wit h presentatio n sequenc e th e tripl e interactio n wa s 
not  significan t  (F(l,72 )  =1.31 ;  M S E =  244.29 ;  p  >  .20) ,  no r 
was ther e a n interactio n betwee n presentatio n sequenc e an d 
sequencin g behavio r  ( F <  1) . 

% 
30 1 

20 • 

10 • 

Suit .  Suit. / 
/Hig h P K Lo w P K 

Unsuif. /  Unsuit. / 
Hig h P K Lo w P K 

Sequencer s •  Non-sequencer s 

Figur e 2a : Problem-solvin g error s fo r  eas y tes t  problem s 
as a  functio n o f  subjects '  sequencin g behavior , 
presentatio n sequence ,  an d prio r  knowledg e 

The effect s fo r  problem-solvin g performanc e o n difficul t 
tes t  problem s wa s differen t  (figur e 2b) .  Performanc e 
improve d slightl y b y rearrangin g problem s (F(l,72 )  =  2.99 ; 
M SE =  371.93;/><.10) ,  wherea s ther e wer e n o interaction s 
wit h prio r  knowledg e o r  presentatio n sequenc e (al l  F s <  1) . 

Additionally ,  ther e wa s n o mai n effec t  fo r  sequencin g 
behavio r  o n th e overal l  tim e subject s neede d t o solv e al l  si x 
tes t  problem s ( F <  1 )  no r  wer e ther e an y interaction s wit h 
eithe r  presentatio n sequenc e o r  prio r  knowledg e (al l  F s < 
1.78andaUps>.15) . 
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E x p e r i m e n t  2 

Suit .  Suit. /  Unsuit. /  Unsuit. / 
/Hig h P K Lo w P K Hig h P K Lo w P K 

Q Sequencer s •  Non-sequencer s 

Figur e 2b :  Problem-solving  error s fo r  difficul t  tes t 
problem s a s a  functio n o f  subjects ' 
sequencin g behavior ,  presentatio n 
sequence ,  an d prio r  knowledg e 

To summarize, we found that the order in which problems 
ar e solve d ha d a n impac t  o n problem-solvin g performanc e 
fo r  eas y tes t  problem s i n tha t  a  sequenc e wher e problem s 
wer e arrange d accordin g t o thei r  structura l  similarit y an d 
difficult y wa s superio r  t o a  presentatio n sequenc e no t 
makin g us e o f  thi s principles .  Additionally ,  w e coul d 
demonstrat e tha t  subject s trie d t o mak e us e o f  thi s effec t  o f 
proble m sequenc e b y rearrangin g problem s whe n the y wer e 
presente d i n a n unsuitabl e way .  However ,  improvement s 
du e t o proble m sequencin g wer e predominan t  fo r  subject s 
wit h hig h prio r  knowledg e w h o ar e mor e likel y t o identif y 
structura l  similaritie s amon g problems .  O n th e contrary ,  lo w 
prior-knowledg e subjects '  performanc e deteriorate d whe n 
the y deviate d fro m a  give n orde r  o f  problem s i f  thes e 
problem s wer e unsuitabl y arranged . 

However ,  th e patter n o f  result s obtaine d fo r  difficul t  tes t 
problem s yielde d evidenc e fo r  som e additiona l  speculations . 
I n particular ,  sequencin g improve d performanc e o n difficul t 
tes t  problem s independentl y o f  whethe r  subject s deviate d 
fh> m a  suitabl e o r  a n unsuitabl e sequence .  Subject s w h o 
rearrange d problem s m a y hav e followe d th e instructio n t o 
firs t  rea d al l  problem s carefiill y  befor e selectin g a  proble m 
t o wor k on .  Thi s ma y hav e focusse d subjects '  attentio n o n 
comparin g tes t  problem s an d thereb y displayin g a  deepe r 
processin g whic h i n tur n improve d performance .  Thi s 
interpretatio n i s relate d t o th e questio n o n whethe r  subject s 
spontaneousl y notic e proble m similaritie s b y themselve s o r 
whethe r  the y nee d hint s i n orde r  t o mak e us e o f  potentia l 
analogue s relation s amon g tes t  problems .  I f  th e latte r  i s  true , 
sequenc e effect s shoul d onl y b e observabl e whe n subject s 
ar e aske d t o proces s tes t  problem s thoroughl y a s i n thi s 
experiment ,  bu t  shoul d b e absen t  whe n problem s ar e 
presente d i n predefine d order s withou t  an y furthe r 
instructiona l  support .  I n orde r  t o addres s thi s issu e a  secon d 
experimen t  wa s conducted . 

M e t h o d 

Participant s Subject s wer e 7 8 student s (4 8 female ,  3 0 
male )  o f  th e Universit y o f  Gocttinge n w h o participate d fo r 
cours e credi t  o r  payment .  Averag e ag e wa s 24. 1 years . 

Materials and procedure The same learning and problem-
solvin g materia l  a s i n experimen t  1  wa s used .  However ,  th e 
procedur e wa s varied .  Th e problem s wer e presente d i n 
predefine d sequence s tha t  subject s coul d no t  deviat e from . 
Subject s starte d workin g o n proble m 1  i n th e sequence . 
Afte r  subject s ha d solve d a  proble m th e nex t  proble m wa s 
automaticall y presented .  Subject s di d no t  se e an y o f  th e tes t 
problem s befor e thi s automati c presentation .  N o retur n t o 
precedin g problem s wa s possible . 
Desig n an d dependen t  measure s A s a  first  between -
subject s variabl e th e presentatio n sequenc e wa s varie d b y 
presentin g th e problem s accordin g t o th e sam e order s a s i n 
experimen t  1 .  A s a  secon d between-subject s variabl e 
subjects '  domain-specifi c  prio r  knowledg e wa s used .  A s 
performanc e measure s subjects *  erro r  rate s an d problem -
solvin g tim e wer e registered .  Additionally ,  example -
processin g tim e wa s measured . 

Results and Discussion 

A first  compariso n b y mean s o f  a n A N O V A (presentatio n 
sequenc e x  prio r  knowledge )  reveale d n o significan t 
difference s wit h regar d t o prio r  knowledg e betwee n th e tw o 
presentatio n sequence s ( F <  1) .  Th e effec t  o f  presentatio n 
sequenc e fo r  example-processin g tim e howeve r  almos t 
reache d statistica l  significanc e (/"(1,74 )  =  2.49 ;  M S E = 
1555590.10 ;  p  >  .10) .  Therefore ,  thi s variabl e wa s agai n 
use d a s a  covariat e i n al l  furthe r  analyse s (tabl e 2) . 

Table 2: Performance (in %) and time data (in sec) as a 
functio n o f  presentatio n sequenc e an d prio r 
Icnowledg e 

Presentatio n sequenc e 

Prio r  luiowledg e 

Pretes t  error s 

Example-processin g tim e 

Problem-solvin g errors : 

-  Eas y problem s 

-  Difficul t  problem s 

Problem-solvin g tim e 

Suitabl e 
sequenc e 

Hig h 

46. 8 

722 

16. 1 

35. 9 

977 

Low 

74. 7 

678 

21. 4 

49. 3 

897 

Unsuitabl e 
sequenc e 

Hig h L o w 

47. 2 70. 8 

53 9 57 9 

15. 8 18. 1 

42. 4 50. 8 

83 0 84 9 

Ther e wa s n o mai n effec t  fo r  prio r  knowledg e o n 
performanc e fo r  eas y tes t  problem s (F(l,74 )  =  1.04 ;  M S E = 
258.55 ;  p  >  .30) ,  wherea s i t  positivel y influence d 
performanc e o n difficul t  tes t  problem s (F(l,74 )  =  7.20 ;  M S E 
= 321.39 ;  p  <  .01) .  Mos t  interestingly ,  ther e wer e n o effect s 
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of  presentatio n sequenc e an d n o interaction s betwee n th e 
tw o factor s fo r  an y o f  th e tw o performanc e measure s (al l  F i 
< 1) .  Additionally ,  presentatio n sequenc e ha d barel y n o 
impac t  o n problem-solvin g tim e (f(l,74 )  -  1.89 ;  M S B = 
46501.88 ;  p  >  .10) .  Th e mai n effec t  fo r  prio r  knowledg e a s 
wel l  a s th e interactio n wer e no t  significan t  (F s <  1) .  Th e 
interpretatio n o f  thes e result s i s straightforward .  Simpl y 
presentin g tes t  problem s i n a  suitabl e orde r  i s obviousl y no t 
sufficien t  t o improv e problem-solvin g performance . 

General Discussion 

I n experimen t  1  a  proble m sequenc e wher e problem s wer e 
arrange d accordin g t o thei r  structura l  similarit y an d thei r 
difficult y outperforme d a  proble m sequenc e wher e thes e 
sequencin g principle s wer e reversed .  Experimen t  2 
demonstrate d tha t  sequenc e effect s onl y occurre d whe n 
subject s wer e instructe d t o proces s problem s carefull y 
befor e workin g o n them .  Thi s i s i n accordanc e wit h findings 
on analog y tha t  spontaneou s transfe r  i s har d t o achieve . 
Instead ,  subject s nee d hint s tha t  relation s betwee n problem s 
ar e importan t  i n orde r  t o benefi t  fi-om  a  suitabl e sequence . 

Additionally ,  w e demonstrate d tha t  subject s tr y t o mak e 
use o f  thi s effec t  o f  proble m sequenc e b y rearrangin g 
unsuitabl e proble m sequences .  However ,  onl y subject s wit h 
hig h prio r  knowledg e w h o ar e mor e likel y t o identif y 
structura l  similaritie s see m t o benefi t  fro m proble m 
sequencing .  I n contras t  t o that ,  subject s wit h lo w prio r 
knowledg e d o no t  see m t o posses s th e skill s  necessar y fo r 
identifyin g a  mor e suitabl e proble m sequenc e tha n th e on e 
the y ar e initiall y  presente d with . 

Severa l  issue s wil l  b e addresse d i n forthcomin g 
experiments .  First ,  th e questio n arise s whethe r  subjects ' 
abilit y  t o sequenc e problem s a s wel l  a s spontaneou s transfe r 
withi n predefine d proble m sequence s ca n b e fostere d b y 
deliberatel y directin g subjects '  attentio n t o structura l 
similaritie s o f  th e problems .  Second ,  i t  i s o f  interes t  whethe r 
othe r  findings  o f  analogy-base d researc h ca n likewis e b e 
transferre d t o proble m sequencing .  I n particular ,  w e wan t  t o 
investigat e whethe r  no t  onl y th e retrieva l  proces s i n 
analogica l  proble m solvin g bu t  als o proble m sequencin g i s 
vulnerabl e t o effect s o f  superficia l  similaritie s amon g 
problems .  Third ,  w e ai m a t  distinguishin g sequenc e effect s 
tha t  occu r  du e t o structura l  similarit y versu s sequenc e 
effect s tha t  ar e merel y cause d b y th e relativ e difficult y o f 
problems .  Additionally ,  a  more-fln e graine d analysi s o f 
subjects '  sequencin g strategie s wit h regar d t o thi s distinctio n 
seems promising .  Th e result s o f  experimen t  1  provid e 
preliminar y evidenc e tha t  subject s mainl y sequence d 
problem s accordin g t o thei r  relativ e difficult y withou t 
payin g attentio n t o thei r  structura l  interrelationships .  I n 
domain s wher e structura l  similaritie s amon g problem s ar e 
more eviden t  -  lik e algebr a wor d problem s -  sequencin g 
behavio r  ma y b e quit e different .  Therefore ,  a  serie s o f 
experiment s i s currentl y bein g conducte d usin g algebr a 
problems . 
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Abstrac t 

A common view in the research on dynamic system 
contro l  i s  tha t  huma n subject s us e exempla r  knowledg e 
of  syste m state s -  a t  leas t  fo r  controllin g smal l  systems . 
Dissociation s betwee n differen t  task s o r  stochasti c 
independenc e betwee n recognitio n an d contro l  tasks , 
hav e le d t o th e assumptio n tha t  par t  o f  th e exempla r 
knowledg e i s  implicit .  I n thi s paper ,  I  propos e a n 
alternativ e interpretatio n o f  thes e result s b y  demon -
stratin g &a t  subject s lear n nwr e tha n exemplar s whe n 
the y ar e introduce d t o a  ne w system .  Thi s wa s achieve d 
by presentin g th e sam e nuiteria l  -  state s o f  a  simpl e 
syste m -  wit h vs .  withou t  causa l  interpretation .  I f 
subject s learne d exen^lar s only ,  tfien  dier e shoul d b e n o 
difference s betwee n th e condition s an d stochasti c depen -
denc e betwee n variou s task s woul d b e expected . 
However ,  i n a n experimen t  wit h N-4 0 subject s th e grou p 
wit h causa l  interpretatio n i s significantl y bette r  a t  com -
pletin g fragmentar y syste m state s an d i n judgin g causa l 
relation s betwee n switche s an d lamps ,  bu t  no t  i n 
recognizin g stimtil i  a s studied .  Onl y i n th e grou p withou t 
causa l  interpretation ,  th e contingenc y betwee n recogni -
tio n an d completio n wa s clos e t o th e max imu m memor y 
dependence ,  estimate d wit h Ostergaard' s (1992 )  mediod . 
Thus ,  th e result s resembl e thos e o f  othe r  studie s onl y i n 
th e conditio n wit h causa l  interpretation .  Th e result s ar e 
explaine d b y ttie  assumptio n tha t  subject s unde r  tha t 
conditio n lear n an d us e a  secon d typ e o f  knowledge , 
wfaid i  i s  construe d a s a  rudimentar y for m o f  stnictuia l 
knowledge .  Th e intopretatio n i s supporte d b y a  compu -
tationa l  mode l  dia t  i s  abl e t o reproduc e th e se t  o f  results . 

Dynamic system control (DSC) is a paradigm of great 
interes t  fo r  ^plie d an d basi c researc h likewise .  I n 
applie d contexts ,  researcher s addres s question s abou t 
h o w h u m a n operator s lear n t o operat e n e w technica l 
system s efficiently ,  h o w trainin g shoul d b e designed ,  o r 
what  error s operator s ar e likel y t o commit .  I n basi c 
research ,  D S C i s on e o f  th e paradigm s fo r  studyin g 
inq)lici t  learning .  I t  ha s bee n argue d tha t  subject s 
contro l  dynami c system s predominantl y wit h exempla r 
knowledg e abou t  syste m states ,  par t  o f  whic h i s 
considere d implici t  (Diene s &  Fahey ,  1998) .  Thi s 
conclusio n w a s derive d fro m studie s wit h system s 
characterize d b y smal l  proble m spaces ,  suc h a s th e 
"Suga r  Factory "  ( a dynami c syste m wit h on e inpu t  an d 
on e outpu t  variable ,  connecte d b y a  linea r  equation ; 
Berr y &  Broadbent ,  1988) .  However ,  studie s wit h mor e 

comple x system s hav e delivere d evidenc e tha t  structur -
al  knowledg e (i.e .  knowledg e abou t  th e variable s o f  a 
syste m an d thei r  causa l  relations )  ca n b e mor e effectiv e 
fo r  controllin g thes e system s (Vollmeyer ,  B u m s ,  & 
Holyoak ,  1996 ;  Funke ,  1993) ,  althoug h i t  i s  no t  eas y t o 
appl y an d us e thi s typ e o f  knowledg e (Schoppek ,  2002) . 
But  eve n fo r  smal l  systems ,  th e questio n abou t  wha t 
typ e o f  knowledg e i s  learne d i n a n implici t  manner ,  i s 
stil l  open .  Simulatio n studie s tha t  hav e prove n th e 
sufficienc y o f  exempla r  knowledg e fo r  controllin g th e 
Sugar  Factor y (Diene s &  Fahey ,  1995 ;  Lebiere , 
Wallach ,  &  Taatgen ,  1998 )  hav e a s ye t  no t  reproduce d 
effect s tha t  poin t  t o implici t  learning .  A n exampl e o f 
suc h effect s i s  th e stochasti c independenc e betwee n 
recognitio n o f  syste m state s o f  th e Suga r  Factor y a s 
studie d an d performanc e i n one-ste p contro l  problems , 
foun d b y Diene s &  Fahe y (1998) .  Sinc e exempla r 
knowledg e i s typicall y construe d a s explici t  rathe r  tha n 
implicit ,  i t  canno t  accoun t  fo r  thes e dissociations . 

Thi s pape r  addresse s th e questio n i f  a  rudimentar y 
for m o f  structura l  knowledg e i s acquire d i n additio n t o 
exenpla r  knowledge ,  albei t  implicitl y o r  explicitly .  Th e 
differen t  us e o f  exempla r  knowledg e an d structura l 
kno>^edg e i n differen t  task s ca n explai n dissociation s 
betwee n tasks .  Th e basi c strateg y fo r  separatin g th e tw o 
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Figur e 1 :  Proble m spac e o f  th e Switche s & 
Lamps system ;  th e state s wit h whit e triangle s 

wer e smdie d i n th e learnin g phas e 

804 

mailto:wolfgang.9choppek@uni-bayreuth.de


knowledg e type s rest s o n usin g materia l  tha t  ca n b e 
interprete d a s state s o f  a  syste m o r  simpl y a s spatia l 
patterns .  Therefore ,  I  designe d a  syste m consistin g o f 
fou r  lamp s operate d b y fou r  switches .  Eac h switc h 
affect s on e o r  tw o lamps .  T w o o f  th e effect s wer e nega -
tive ,  whic h mean s tha t  th e correspondin g lam p i s 
switche d of f  whe n th e switc h i s turne d on .  Th e proble m 
spac e o f  1 6 possibl e sute s i s depicte d i n Figur e 1 . 
Subject s unde r  bot h condition s (causa l  interpretatio n vs . 
no causa l  interpretation )  ar e show n possibl e state s an d 
aske d t o m e mo riz e them . 

I n a  previou s experimen t  wit h tha t  paradig m 
(Schoppek ,  2001) ,  I  foun d positiv e effect s o f  causa l 
interpretatio n o n recognitio n o f  pattern s a s studie d an d 
on causa l  judgment .  Th e effect s wer e attribute d t o a 
preliminar y for m o f  structura l  knowledge ,  namel y 
association s betwee n switche s an d lan^s ,  acquire d b y 
th e grou p wit h causa l  interpretation .  Thi s knowledg e 
enable s subject s t o reconstruc t  a  syste m stat e i n case s 
wher e n o exempla r  representatio n o f  th e stat e ca n b e 
retrieved .  Th e patter n o f  result s wa s reproduce d b y a 
computationa l  mode l  tha t  instantiate s thes e assumpt -
ions .  Th e mode l  i s writte n i n A C T - R (Anderso n & 
Lebiere ,  1998) ,  a  cognitiv e architectur e tha t  distinguish -
es betwee n subsymboli c an d symboli c level s o f  pro -
cessing ,  wit h associativ e learnin g residin g o n th e 
subsymboli c level . 

The experimen t  als o delivere d som e hint s tha t  ther e 
was stochasti c independenc e betwee n recognitio n o f 
state s a s studie d an d a  completio n tas k i n th e grou p 
wit h causa l  interpretation ,  bu t  dependenc e i n th e othe r 
group .  Again ,  thi s support s th e assumptio n tha t  mor e 
tha n on e knowledg e typ e i s use d i n th e causa l 
condition .  However ,  t o judg e th e empirica l  contingenc y 
betwee n tasks ,  i t  shoul d b e compare d wit h th e 
m a x i m u m possibl e memor y dependence ,  Estimate d wit h 
a metho d propose d b y Ostergaar d (1992) .  Thi s metho d 
require s answer s t o nonstudie d item s i n th e completio n 
task ,  bu t  al l  item s tha t  coul d b e reasonabl y use d i n tha t 
tas k (i.e .  al l  possibl e syste m states )  hav e bee n studie d i n 
Schoppe k (2001) .  Therefor e i n th e presen t  experiment , 
subject s studie d onl y a  subse t  o f  syste m states .  Thi s fac t 
implie s a  differen t  predictio n fo r  recognitio n o f  state s a s 
studied :  Th e se t  o f  possibl e state s an d th e se t  o f  studie d 
state s wer e identica l  i n th e previou s experiment , 
wherea s the y ar e differen t  i n th e presen t  ejqjeriment . 
Thi s make s th e strateg y o f  reconstructin g syste m state s 
susceptibl e t o errors ,  becaus e classifyin g an y possibl e 
stat e a s smdie d woul d resul t  i n man y fals e alarms .  Thu s 
i n th e presen t  experiment ,  I  expecte d n o difference s i n 
recognitio n perfomianc e betwee n th e tw o conditions . 

Experiment 

The experimen t  starte d wit h a  learnin g phas e wher e 
subject s sa w 6 0 syste m state s i n interval s o f  fou r 
seconds .  Th e sequenc e consiste d o f  te n ou t  o f  sixtee n 

possibl e syste m state s tha t  wer e repeatedl y show n i n a 
"natural "  order ,  i.e .  onl y on e switc h change d it s statu s 
fro m ite m t o item .  Th e te n state s wher e selecte d suc h 
tha t  al l  causa l  relation s betwee n switche s an d lamp s 
coul d b e conclude d fro m them .  Al l  subject s wer e 
instructe d t o memoriz e th e "states "  (i n th e conditio n 
"causa l  interpretation "  o r  c i  group )  o r  th e "patterns "  (i n 
th e conditio n "n o causa l  interpretation "  o r  nc i  group) . 
Th e learnin g phas e wa s followe d b y a  speede d 
recognitio n task .  2 0 items ,  includin g th e te n studie d 
states ,  si x nonstudie d states ,  an d fou r  impossibl e states , 
had t o b e classifie d a s studie d o r  nonstudied .  Next , 
subject s worke d o n th e completio n task ,  wher e the y sa w 
array s o f  switche s i n certai n state s an d wer e aske d t o 
complet e th e pattern s b y clickin g o n th e correc t  lamps . 
Al l  possibl e states ,  excep t  th e on e wher e n o switc h i s 
on ,  wer e administered .  The n th e subject s o f  th e grou p 
withou t  causa l  interpretatio n wer e debriefe d abou t  th e 
meanin g an d th e causa l  natur e o f  th e material .  Finally , 
i n a  causa l  judgmen t  task ,  subject s wer e aske d t o 
estimat e th e causa l  strengt h o f  al l  1 6 combination s 
betwee n switche s an d lamp s o n a  scal e rangin g from 
-10 0 (stron g negativ e relation) ,  throug h 0  (n o relation) , 
t o 10 0 (stron g positiv e relation) .  N = 4 2 student s fo m 
th e Universit y o f  Bayreuth ,  participate d i n th e 
experiment .  O n e subjec t  ha d t o b e exclude d becaus e o f 
erroneou s administratio n o f  th e tasks ;  on e othe r  subjec t 
was exclude d becaus e h e ha d misunderstoo d th e 
instructions . 

I  expecte d mediu m t o larg e effec t  size s ( d "  0.65 )  i n 
thi s experiment .  Wit h th e give n sampl e siz e o f  n=2 0 fo r 
eac h group ,  th e a-leve l  i s  se t  t o p<0. 1 t o ge t  a n 
acceptabl e powe r  o f  0.67 .  Al l  significanc e test s wer e 
two-tailed' . 

Recognition 
I  expecte d n o difference s i n discriminatio n betwee n th e 
tw o groups .  Thi s ca n b e explaine d a s follows .  Fo r  th e 
nci  group ,  condition s ar e no t  m u c h differen t  t o th e 
previou s e:q)erimen t  (Schoppek ,  2001) ,  excep t  tha t 
fewe r  state s wher e show n an d eac h stat e w a s show n 
equall y often .  I n th e c i  group ,  however ,  th e fac t  tha t  no t 
al l  possibl e syste m state s wer e show n i n th e learnin g 
phas e i s expecte d t o lea d t o som e confiision .  Subject s 
w ho k n o w abou t  th e causa l  structur e o f  th e materia l 
m ay recogniz e nonstudie d syste m state s a s regula r 
state s an d mistak e the m a s studied .  Thus ,  i n contras t  t o 
th e previou s experiment ,  ther e i s n o advantag e o f 
knowin g th e causa l  structure .  I t  i s  har d t o predic t  i f 
subject s us e th e strateg y o f  reconstructin g syste m state s 
at  all .  A n indicato r  fo r  usin g th e strateg y i s a  longe r 
respons e time . 

'  Th e powe r  analysi s wa s calculate d wit h th e G-Powe r 
progra m b y Pau l  &Erdfelde r  (1992) . 
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As expected ,  discriminatio n indice s fo r  recognition 
(calculate d accordin g t o th e two-high-threshol d mode l 
by Snodgras s &  Corvin ,  1988 )  ar e almos t  equa l  i n bot h 
group s (ci :  d=K).46 ,  j-0.19 ;  nci :  d ^ A i ,  j-0.17 ; 
M).53) .  However ,  mea n respons e time s r t  fo r  hit s ar e 
significantl y longe r  i n th e c i  grou p (ci :  /t-232 5 ms , 
s=115 9 ms ;  nci :  r/=169 9 ms ,  s=51 3 ms ;  /=2.21 , 
;><0.05) .  Thi s result ,  includin g th e differenc e i n th e 
standar d deviations ,  closel y replicate s th e flndings  o f 
Schoppe k (2001) .  I t  support s th e assumptio n tha t  a t 
leas t  som e o f  th e subject s i n th e c i  grou p use d th e 
strateg y o f  reconstructin g syste m state s o n th e basi s o f 
structura l  knowledge . 

Completion 
Sinc e al l  possibl e syste m state s ha d t o b e complete d i n 
thi s task ,  I  expecte d th e c i  grou p t o b e bette r  tha n th e 
nci  group .  Subject s i n th e latte r  grou p hav e onl y a  smal l 
chanc e t o complet e nonstudie d item s correctly . 

Performanc e i n th e completio n tas k i s measure d b y 
summin g u p deviation s from  th e correc t  solutio n ove r 
al l  item s (variabl e td) .  Fo r  eac h lan^) ,  a  deviatio n i s 
counte d whe n th e lam p i s i n th e wron g state ,  resultin g 
i n a  maximu m deviatio n o f  fou r  pe r  item .  Thus ,  th e 
tota l  deviatio n t d range s betwee n 0  an d 6 0 ( 4 •  1 5 
items) .  Th e expecte d deviatio n fo r  chanc e performanc e 
i s 3 0 (0. 5 - 4 15) .  A s expected ,  ther e i s a  significan t 
differenc e m tota l  deviatio n betwee n th e groups :  Th e c i 
grou p deviate s les s from  th e correc t  solution s tha n th e 
nci  grou p (ci :  td=2l.9 ,  5=6.7 ;  nci :  td = 25.3 ,  s=4.6 ; 
/=1.88 ,  ;7<0.1) .  Generally ,  performanc e i n th e con^le -
tio n tas k wa s low :  I n term s o f  correc t  items ,  th e c i 
grou p solve d a n averag e o f  3. 9 item s (26%) ,  th e nc i 
grou p a n averag e o f  2. 9 item s (19%) .  However ,  thes e 
value s ar e clos e t o thos e foun d b y Diene s an d Fahe y 
(1998 )  i n thei r  one-ste p contro l  problem s wit h th e 
Sugar  Factory . 

Causa l  Judgmen t 
Subject s o f  th e c i  grou p ar e expecte d t o b e muc h bette r 
i n judgin g causa l  relation s betwee n switche s an d lamps . 
At  first  glance ,  thi s hypothesi s appear s straightforward . 
However ,  i f  causa l  loiowledg e i s learne d implicitl y  i n 
th e for m o f  association s betwee n switch-event s an d 
lamp-events ,  i t  i s possibl e tha t  subject s o f  th e nc i  grou p 
ar e abl e t o judg e som e o f  th e relation s afte r  the y hav e 
bee n debriefe d abou t  th e causa l  natur e o f  th e material . 

As a  measur e fo r  causa l  judgment ,  th e media n o f  th e 
16 absolut e deviation s betwee n judgment s an d correc t 
answer s wa s calculate d (variabl e m d )  fo r  eac h subject . 
Th e c i  grou p wa s significantl y bette r  a t  judgin g th e 
causa l  relation s betwee n switche s an d lamp s (ci : 
mrf=27.9 ,  j-31.1 ;  nci :  m d = 64.7 ,  i-25.1 ;  /=3.91 ,  p<.Ol) . 
Thi s resul t  make s i t  unlikel y tha t  man y o f  di e nc i 
subject s ha d learne d association s betwee n switche s an d 
lanp s implicitly . 

Contingency analysis between recognition and 
completio n tas k 
I f  subject s use d exempla r  knowledg e only ,  w e expec t 
performanc e i n th e tw o memor y task s t o b e correlated . 
If ,  however ,  subject s use d exeitpla r  knowledg e an d 
structura l  knowledge ,  performanc e i n th e tw o task s m a y 
wel l  b e independen t  from  eac h other .  T o judg e th e 
contingenc y betwee n tw o memor y tasks ,  Ostergaar d 
(1992 )  ha s propose d a  metho d fo r  estimatin g th e 
m a x i m u m possibl e memor y dependenc e fo r  a  give n 
dat a set .  Th e metho d i s base d o n th e contingenc y uble s 
crossin g th e answer s i n bot h tasks .  Stochasti c indepen -
denc e i s show n whe n ther e i s a  significan t  differenc e 
betwee n appropriat e measure s o f  th e observe d conting -
enc y an d th e contingenc y assumin g max imu m memor y 
dependence . 

Th e contingenc y analysi s wa s applie d separatel y fo r 
eac h subject ,  yieldin g distribution s o f  observe d an d 
estimate d value s o f  th e join t  probabilit y  o f  givin g a 
collec t  respons e t o bot h tasks ,  an d o f  th e contingenc y 
measur e Ap .  Analyse s wit h th e dat a collapse d ove r  al l 

Tabl e I :  Overvie w ove r  result s o f  th e experimen t 

Recognitio n 
discriminatio n inde x 
respons e tim e fo r  hit s 
Completio n 
tota l  deviatio n 
Causa l  judgmen t 
media n o f  deviatio n 
Correlatio n 
completio n -
causa l  judgmen t 

Causa l  interpretatio n (ci ) 

0.4 6 
2325 m s 

21. 9 

27. 9 

.62** * 

No causa l  interpretatio n 
(nci ) 

0.4 3 
1699 m s 

25. 3 

64. 7 

21 

Significanc e 

ns 
** 

* 

«* * 

Significanc e levels :  *:p<0.1 0 *• :  p<0.0 5 •:p<0.0 1 
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subject s o f  eac h conditio n wer e conducte d t o croii -
chec k th e results .  Bot h analyse s yielde d equivalen t 
results . 

I n th e c i  group ,  th e observe d join t  probabilit y  o f 
givin g a  correc t  respons e t o bot h task s equal s 0.31 ,  a 
valu e lyin g righ t  betwee n 0.27 ,  th e join t  probabilit y  o f 
th e independenc e mode l  an d 0.34 ,  th e join t  probabilit y 
of  th e max imu m memor y depenctenc e ( M M D )  model . 
Althoug h th e absolut e differenc e betwee n th e valu e fo r 
th e M M D an d th e observe d valu e i s rathe r  small ,  i t  i s 
stil l  reliabl e (/(19)=2.41 ,  p<0.05) .  Th e contingenc y 
measur e ̂  als o discriminate s betwee n th e differen t 
models .  Th e A p =  0.2 2 observe d i n th e c i  grou p i s 
significantl y smalle r  tha n th e A p =  0.3 7 o f  th e M M D 
model  (r(18>=2.26,/»<0.05) . 

Thing s ar e differen t  i n th e nc i  group ,  wher e th e join t 
probabilitie s o f  th e observe d dat a an d th e M M D mode l 
ar e 0.2 3 an d 0.24 ,  respectivel y (r(19)=0.53 ,  p=0.60) . 
The differenc e betwee n Ap=0.2 2 (observed )  an d 
Ap=0.2 3 ( M M D model )  i s  no t  significan t  eithe r 
(f(19)=0.11,;H).92) . 

The resul t  tha t  i n th e c i  grou p th e observe d con -
tingenc y betwee n recognizin g state s a s studie d an d 
completin g fi-agments  o f  thes e state s correctl y i s 
significantl y belo w th e max imum ,  indicate s tha t  differ -
ent  memorie s hav e bee n use d fo r  bot h tasks .  I n th e nc i 
group ,  th e observe d contingenc y betwee n th e task s i s 
almos t  a t  it s  theoretica l  max imum ,  indicatin g tha t  onl y 
on e typ e o f  knowledg e wa s use d fo r  answerin g th e 
items .  Th e interpretatio n o f  thes e result s i s tha t  bot h 
group s us e exempla r  knowledg e i n bot h tasks ,  bu t  tha t 
subject s o f  th e c i  grou p als o us e structura l  knowledge , 
especiall y i n th e completio n task .  Thi s conclusio n i s 
supporte d b y differen t  correlation s betwee n measure s o f 
causa l  judgmen t  an d completion ,  whic h ar e r=0.6 2 
(p<O.Ol )  i n th e c i  group ,  an d r=0.2 1 (ns )  i n th e nc i 
group . 

Discussion 

Th e presen t  experimen t  confirme d prediction s abou t  th e 
differentia l  impac t  o f  causa l  interpretatio n o n memor y 
fo r  state s o f  a  simpl e system .  I n part ,  thes e prediction s 
wer e derive d fro m a  computationa l  mode l  tha t  formal -
ize s a  se t  o f  assumption s abou t  acquisitio n an d us e o f 
tw o type s o f  knowledge .  Exempla r  knowledg e abou t 
syste m state s i s assume d t o b e acquire d an d use d i n al l 
tasks ,  regardles s o f  causa l  interpretation .  Wit h causa l 
interpretation ,  subject s ca n additionall y lear n structura l 
knowledg e base d o n association s betwee n switc h event s 
and lam p event s (Schoppek ,  2001) .  Thi s knowledg e ca n 
be use d t o reconstruc t  syste m state s i n case s wher e n o 
relevan t  exempla r  ca n b e retrieve d fro m memory .  Fo r 
reason s describe d above ,  thi s typ e o f  knowledg e wa s 
expecte d t o b e usefu l  i n a  causa l  judgmen t  tas k an d a 
fragmen t  completio n task ,  bu t  no t  i n a  recognitio n task . 

resultin g i n stochasti c independenc e betwee n recogni -
tio n an d completio n i n th e conditio n wit h causa l 
interpretation . 

Thi s approac h ha s muc h i n c o m m o n wit h implici t 
learnin g paradigms .  Simila r  t o thos e paradigms , 
subject s ar e presente d wit h materia l  base d o n a 
structur e the y d o no t  know .  I n contras t  t o man y implici t 
learnin g experiments ,  subject s o f  th e nc i  grou p o f  th e 
presen t  experimen t  di d no t  lear n m u c h abou t  tha t 
structur e (se e th e result s o f  th e causa l  judgmen t  task) . 
However ,  th e vie w tha t  structur e i s alway s learne d 
implicitly ,  a s soo n a s ther e i s  one ,  i s  no t  unchallenged . 
Wrigh t  an d Whittlese a (1998 )  argu e agains t  th e 
hypothesi s tha t  implici t  learnin g i s passiv e an d inde -
penden t  o f  th e intentiona l  processe s durin g learning . 
Accordin g t o them ,  thi s i s a  misconceptio n resultin g 
fh> m th e fac t  tha t  i n mos t  implici t  learnin g e^qieriment s 
ther e i s littl e o r  n o variatio n i n th e learnin g phases . 
Wrigh t  an d Whittlese a provide d evidenc e tha t  eve n 
smal l  variation s i n th e presentatio n o f  stimuli ,  o r  i n th e 
inductio n tas k ca n resu k i n difference s o f  wha t  i s 
learne d implicitly .  Causa l  interpretatio n ca n b e viewe d 
as on e o f  thes e variation s tha t  affect s processin g i n th e 
learnin g phase . 

Othe r  example s o f  th e effec t  tha t  providin g addition -
al  informatio n abou t  stimul i  enhance s m e m o r y o r  othe r 
kin d o f  performanc e ar e foun d i n classificatio n learnin g 
(Nosofsky ,  Clark ,  &  Shin ,  1989 )  o r  schem a acquisitio n 
(Ahn ,  Brewer ,  &  Mooney ,  1992) .  Conuno n t o al l  thes e 
example s i s subjects '  reluctanc e t o us e th e additiona l 
hints .  A h n e t  al.' s  (1992 )  subject s use d th e experi -
mentall y provide d backgroun d knowledg e onl y whe n 
the y wer e engage d i n task s requirin g th e activ e us e o f 
tha t  knowledge .  Nosofsk y e t  al .  (1989 )  foun d tha t  eve n 
simpl e rule s definin g a  concep t  wer e onl y use d whe n 
subject s wer e explicitl y  tol d t o d o so . 

I n th e grou p wit h causa l  interpretation ,  th e result s 
resembl e thos e typicall y foun d i n in l̂ici t  learnin g 
experiments .  S o doe s th e stochasti c independenc e i n 
tha t  grou p indicat e implici t  learning ? I t  i s  no t  a  n e w 
claim ,  bu t  stil l  usefu l  t o analyz e th e acquisitio n process -
es ,  th e knowledg e resultin g fro m thes e processes ,  an d 
th e retrieva l  processe s separatel y (Frensch ,  1998) , 
rathe r  tha n callin g th e whol e thin g "implici t  learning" . 
Doin g s o i n th e presen t  contex t  result s i n a  detaile d w e b 
o f  hypotheses .  Accordin g t o th e A C T - R model ,  th e 
processe s fo r  acquirin g association s betwee n switche s 
and lamp s ca n b e characterize d a s implicit ,  becaus e 
associativ e learnin g i s a n autonomou s proces s tha t 
occur s withou t  awareness .  Tha t  doe s no t  mea n tha t  i t  i s 
independen t  fro m attentiona l  processes .  I n fact ,  wha t 
association s ar e learne d depend s o n th e sequenc e i n 
whic h perceptiona l  o r  memor y element s ar e focuse d on . 
I n th e Switche s &  L a m p s ^stem ,  th e conditio n fo r 
acquirin g usefu l  association s i s a  processin g sequenc e 
tha t  focuse s o n th e change s first  (i.e .  encod e th e switc h 
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tha t  ha s change d sinc e th e las t  item ,  the n encod e th e 
lamp s tha t  hav e changed ,  the n encod e th e rest) .  Th e 
assumptio n tha t  suc h a  sequenc e occur s mor e likel y i n 
th e c i  group ,  wherea s i n th e nc i  group ,  subject s adop t 
othe r  strategie s suc h a s processin g th e image s fro m to p 
lef t  t o botto m right,  i s  plausible ,  althoug h i t  wa s no t 
teste d empirically .  W h e n th e critica l  differenc e betwee n 
ci  an d nc i  group s lie s i n th e processin g sequenc e o f 
stimuli ,  on e ca n conclud e th e testabl e predictio n tha t 
difference s betwee n th e group s shoul d disappea r  whe n 
nci  subject s ar e instructe d t o focu s o n change s an d ar e 
debriefe d afte r  th e learnin g phase . 

Thes e deliberation s ar e wel l  i n lin e wit h th e vie w o f 
Wrigh t  an d Whittlesc a (1998) ,  w h o clai m tha t  "th e onl y 
majo r  differenc e betwee n implici t  an d explici t  learnin g 
m ay b e tha t  consciousl y knowin g tha t  a  domai n 
possesse s som e importan t  structura l  propert y ca n caus e 
one t o lear n specificall y abou t  tha t  property ,  wherea s 
th e processin g performe d whe n unawar e tha t  suc h a 
propert y exist s m a y focu s selectivel y o n les s relevan t 
properties "  (p .  419) . 

As a  for m o f  subsymboli c knowledge ,  association s 
ca n b e viewe d a s implici t  knowledge .  I n A C T - R ,  sub -
symboli c knowledg e exert s it s influenc e throug h 
activatio n processes ,  bu t  i s no t  directl y accessibl e b y 
productio n rules .  Th e explanator y potentia l  o f  th e 
subsymboli c leve l  o f  A C T - R fo r  implici t  memor y 
phenomen a ha s als o bee n demonstrate d b y Taatge n 
(1999 )  wit h a  mode l  o f  wor d recognitio n an d com -
pletion .  I n hi s mode l  i t  i s  th e dynamic s o f  baseleve l 
learnin g rathe r  tha n associativ e learnin g tha t  account s 
fo r  dissociations . 

Onl y a t  th e stag e o f  applyin g th e knowledg e a  con -
sciou s strateg y o f  utilizin g th e association s betwee n 
switc h event s an d lam p event s i s assumed ,  a  strateg y o f 
retrievin g th e mos t  activ e lam p even t  wit h a  give n 
switch-tumed-o n even t  a s cue . 

Sinc e th e syste m I  use d her e wa s a  stati c  one ,  som e 
consideration s abou t  th e generalizatio n o f  th e result s t o 
dynami c system s ar e indicated .  Dynami c system s ar e 
characterize d b y dependenc e o n thei r  o v m state ,  whic h 
give s the m momentum .  Thi s i s no t  th e cas e i n th e 
Switche s &  Lamp s System .  However ,  simila r  t o dyna -
mi c systems ,  it s outpu t  variable s depen d o n multipl e 
inpu t  variables .  Th e momentu m i s a n importan t 
propert y tha t  make s i t  har d t o handl e dynami c system s 
(Funke ,  1993) .  Thi s migh t  b e on e o f  th e reason s w h y 
subject s typicall y focu s o n th e relation s betwee n inpu t 
and ou^u t  variables ,  ofte n disregardin g th e output-out -
put  relation s tha t  establis h th e m o m e n t u m (Schoppek , 
2002) .  Thus ,  fro m th e poin t  o f  vie w o f  man y subjects , 
th e Switche s &  L a m p Syste m ca n appea r  ver y simila r  t o 
smal l  dynami c system s lik e th e Suga r  Factory . 

I f  on e accept s "Switche s &  l imps "  a s a  mode l  fo r 
smal l  dynami c systems ,  th e wor k presente d her e 
question s th e c o m m o n interpretatio n tha t  controllin g 

thos e system s i s acconplishe d wit h exempla r 
knowledg e onl y (Diene s &  Fahey ,  1995 ;  Lebiere , 
Wallac h &  Taatgen ,  1998) .  Fo r  obviou s reasons , 
provin g th e sufficienc y o f  thi s typ e o f  knowledg e doe s 
not  prov e tha t  huma n subject s ar e makin g d o wit h thi s 
type ,  too .  Th e finding s o f  th e grou p wit h causa l 
interpretatio n paralle l  thos e o f  Diene s an d Fahe y 
(1998) ,  w h o foun d stochasti c independenc e betwee n 
recognitio n an d a  completio n tas k an d arrive d a t  simila r 
conclusions .  Th e presen t  experimen t  extend s Diene s 
and Fahey' s approac h b y demonstratin g tha t  withou t 
causa l  interpretatio n th e contingenc y betwee n thes e 
task s i s clos e t o it s possibl e max imum ,  indicatin g tha t 
i n tha t  cas e onl y on e typ e o f  knowledg e i s used . 
Moreover ,  i t  involve s a  rea l  dissociatio n i n th e sens e 
tha t  th e experimenta l  manipulatio n affecte d on e tas k 
(causa l  judgment ,  completion) ,  bu t  no t  anothe r 
(recognition) .  I t  woul d b e interestin g t o se e i f  a 
variatio n o f  causa l  interpretatio n wit h th e Suga r  Factor y 
yielde d simila r  results . 

Althoug h man y o f  th e prediction s wer e derive d fro m 
a cognitiv e model ,  I  hav e a s ye t  no t  succeede d i n 
reproducin g th e whol e se t  o f  result s wit h th e model .  Fo r 
example ,  th e presen t  mode l  overestimate s discrimi -
natio n betwee n ol d an d ne w states .  Th e mai n reaso n fo r 
thi s i s th e simplifie d assumptio n tha t  ever y stat e i s 
encode d b y thre e chunk s i n a  on e tria l  fashion :  O n e 
chun k representin g al l  switches ,  on e representin g al l 
lamps ,  an d on e groupin g th e tw o othe r  chunk s together . 
Thi s assumptio n ha s t o b e replace d b y a n appropriat e 
theor y abou t  h o w human s for m chunk s fix) m unfamilia r 
material ,  suc h a s th e competitiv e chunkin g theor y 
(Servan-Schreibe r  &  Anderson ,  1990) ,  o r  E P A M 
successor s lik e C H R E ST (Gobe t  &  Jackson ,  2001) . 
Nevertheless ,  eve n whe n a  mode l  doe s no t  reproduc e al l 
aspect s o f  th e data ,  th e cognitiv e modelin g perspectiv e 
force s th e analys t  t o explicat e assumption s o n al l  stage s 
of  processing ,  thu s helpin g t o dra w a  detaile d pictur e o f 
realit y tha t  goe s fa r  beyon d th e simpl e distinctio n 
betwee n impUci t  an d explici t  learning . 
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Abstrac t 

In this paper we discuss issues of instructional design with 
regar d t o differen t  goal s o f  instructio n i n th e contex t  o f 
learnin g fro m examples .  T w o differen t  approache s fo r  iden -
tifyin g suitabl e instructiona l  method s ar e considered :  First , 
a cognitiv e tas k analysi s i s presente d tha t  examine s prob -
lem-solvin g strategie s applicabl e fo r  solvin g mathematica l 
wor d problem s from  a  cognitive-modelin g perspective .  Th e 
secon d approac h i s base d o n a  revie w o f  empirica l  fmding s 
on designin g instructiona l  exanq>les .  Together ,  thes e con -
sideration s lea d t o th e selectio n o f  tw o instructiona l  meth -
ods tha t  ar e e)y>ecte d t o foste r  learnin g wit h respec t  t o dif -
feren t  goal s o f  instruction .  Thi s assumptio n i s teste d i n tw o 
experimenta l  studie s presente d i n thi s paper . 

Problem-Solving Strategies for Mathematical 
W o r d P r o b l e m s :  A  C o g n i t i v e T a s k A n a l y s i s 

W h en considerin g differen t  option s o f  designin g instructiona l 
materia l  i t  i s  importan t  t o tak e int o accoun t  whic h instruc -
tiona l  goa l  i s t o b e accompUshed .  Fo r  example ,  i n th e cas e 
of  learnin g fro m examples ,  thi s goa l  coul d consis t  i n ena -
bUng a  learne r  t o solv e problem s tha t  ar e eithe r  rathe r  simila r 
or  dissimila r  t o th e instructiona l  examples .  Fo r  solvin g suc h 
problem s a  learne r  need s t o posses s specifi c  prerequisite s 
(e.g. ,  knowledge ,  tim e t o perfor m differen t  strategies) .  I n 
ordC T t o enabl e th e leame r  t o acquir e thes e prerequisite s b y 
studyin g instructiona l  material ,  a n instructiona l  designe r 
need s a  precis e conceptio n o f  th e prerequisite s tha t  ar e neede d 
and therefor e hav e t o b e imparte d b y th e material .  I n orde r  t o 
acquir e informatio n o n h o w problem s i n questio n ca n b e 
solve d an d whic h prerequisite s ar e \herefo n neede d i t  i s  help -
fu l  fo r  a n instructiona l  designe r  t o perfor m a  cognitiv e tas k 
analysis .  Thi s ca n b e don e b y usin g cognitiv e modelin g a s a 
metho d o f  tas k analysis ,  i.e. ,  b y constructin g compute r  mod -
el s t o simulat e a  h u m a n problem-solver' s behavio r  base d o n 
cognitiv e theorie s (Gra y &  Altmann ,  2001) . 

Cognitiv e model s ar e characterize d b y a  hig h precisio n tha t  i s 
achieve d b y th e necessit y o f  statin g explici t  an d formalize d 
assumption s i n orde r  t o ge t  runnin g compute r  model s (Zadi -
ary ,  Ryder ,  &  Hicinbothom ,  1998) .  Becaus e o f  it s hig h pre -
cisio n a  cognitiv e modelin g approac h allow s fo r  a  detaile d 
compariso n o f  differen t  problem-solvin g strategie s (Rittle -
Johnso n &  Koedinger ,  2001 )  a s wel l  a s fo r  th e derivatio n o f 
instructiona l  method s base d o n th e theoretica l  assumption s 
whic h ar e specifie d i n cognitiv e model s (Pirolli ,  1999) . 

I n th e cognitiv e tas k analysi s presente d i n thi s pape r  w e 
examin e tw o differen t  problem-solvin g strategie s ĵplicabl e 
fo r  solvin g mathematica l  wor d problems .  A  strateg y ca n b e 
characterize d a s a  conditiona l  sequenc e o f  subgoal s an d op -
erator s tha t  i s  suitabl e t o achiev e a  particula r  goa l  (c f  Pi -
rolli ,  1999 ,  p .  452) .  Thi s correspond s t o di e w a y strategie s 
ar e usuall y represente d i n cognitiv e models . 

Generally ,  problem-solvin g strategie s ca n b e classifie d a s 
search-based ,  example-based ,  o r  schema-based ,  respectively . 
Search-base d strategie s lik e means-en d analysi s ar e appropri -
at e t o solv e puzzl e problem s lik e th e Towe r  o f  Hano i  (c f 
Newel l  &  Simon ,  1972 )  whic h d o no t  presuppos e domain -
specifi c  prio r  knowledg e (knowledge-lea n problem s accordin g 
t o VanLehn ,  1989) .  However ,  mor e comple x task s (lik e 
solvin g mathematica l  wor d problems )  requir e example-base d 
or  schema-base d strategie s tha t  operat e o n a  rathe r  elaborate d 
knowledg e base .  Example-base d strategie s us e concret e 
knowledg e abou t  exampl e problem s an d thei r  solutions . 
Withi n thi s grou p o f  example-base d strategie s diiferm t 
strategie s ca n b e distinguishe d tha t  var y i n th e exten t  the y 
m a ke us e o f  exampl e information .  Compare d t o example -
base d strategies ,  schema-base d strategie s us e mor e abstrac t 
knowledg e representabl e a s generalized ,  automate d problem -
solvin g schemat a (e.g .  Sweller ,  va n Merrienboiir ,  &  Paas , 
1998) .  Accordin g t o VanLeh n (1989 ,  p .  545 )  a  schem a con -
sist s o f  ,4nformatio n abou t  th e clas s o f  problem s th e schem a 
applie s t o an d informatio n abou t  thei r  solutions "  Example -
base d an d schema-base d strategie s correspon d t o tw o mai n 
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approache s i n cognitiv e science ,  tha t  i s  th e similarity-base d 
and th e rule-base d approac h (Hah n &  Chater ,  1998) . 

I n ou r  tas k analysi s w e examine d tw o strategie s fo r  solv -
in g mathematica l  wor d problem s (i.e. ,  th e keyword-strateg y 
an d th e situatio n model-strategy )  b y formalizin g the m a s 
executabl e compute r  model s withi n th e framewor k o f  th e 
ACT-R-architectur e (Anderso n &  Lebiere ,  1998) .  I n th e fol -
lowin g paragraph s th e tw o strategie s wil l  b e outline d accord -
in g t o thei r  subgoa l  structures . 
•  Th e keyword-strateg y i s a n example-base d strateg y tha t 

use s concret e knowledg e abou t  example s whe n workin g o n 
n e w problem s (cf .  Sowder ,  1988) .  Th e strateg y i s charac -
terize d b y bottom-u p processin g base d o n th e mechanis m 
of  principle-cuein g (Ross ,  1987) .  Th e respectiv e ACT-R -
model  start s wit h readin g a  give n wor d proble m i n orde r 
t o reac h th e to p goa l  o f  solvin g it .  Whil e reading ,  a  tex t 
phras e tha t  contain s certai n keyword s (o r  ver y simila r  ex -
pressions )  ca n activat e thes e keyword s i n memory .  Thi s 
activatio n proces s i n tur n m a y lea d t o th e activatio n o f 
thos e example s i n m e m o r y tiiat  contai n th e respectiv e 
keywords .  Thes e know n example s wil l  b e retrieve d i f  thei r 
activatio n i s sufficientl y hig h (reminding s accordin g t o 
Ross ,  1989 )  an d wil l  the n b e use d t o solv e th e curren t 
wor d proble m b y applyin g th e sam e procedur e t o i t  tha t 
was use d i n orde r  t o solv e th e examples . 

•  Th e situatio n model-strateg y i s a  schema-base d strateg y 
tha t  operate s o n a  mor e abstrac t  an d elaborate d knowledg e 
bas e an d relie s o n top-dow n processin g (cf .  Reusser , 
1990) .  Th e ACT- R mode l  o f  thi s strateg y agai n start s wit h 
reading ,  bu t  a t  th e sam e tim e i t  interpret s a  give n mathe -
matica l  wor d problem .  O n basi s o f  thi s interpretation -
proces s a  situatio n mode l  ca n b e constructe d whic h repre -
sent s th e situatio n describe d i n th e tex t  i n a  compresse d 
for m (c f  Kintsch ,  1998) .  Thi s situatio n mode l  i s the n in -
terprete d i n a  mathematica l  fashio n b y matchin g i t  wit h 
domain-specifi c  schema s representin g differen t  problem s 
categorie s an d thei r  appropriat e solutions .  Thus ,  i n thi s 
strateg y a  give n wor d proble m ca n b e solve d b y applyin g 
th e solutio n specifie d i n a  know n schem a tha t  i s selecte d 
and instantiate d o n basi s o f  th e situatio n mode l  o f  th e 
wor d problem . 

A comparativ e evaluatio n o f  th e tw o strategie s b y applyin g 
thei r  cognitiv e model s t o solvin g wor d problem s yielde d th e 
followin g results :  Th e keyword-strateg y i s convenien t  f w 
equivalen t  tes t  problems .  Thes e ar e characterize d b y a  nea r 
transfe r  distanc e becaus e the y belon g t o th e sam e proble m 
categor y a s th e instructiona l  example s an d ar e embedde d 
withi n th e sam e cove r  stor y (Reed ,  1999) .  I n orde r  t o solv e 
suc h problem s b y usin g th e keyword-strateg y onl y a  ver y 
limite d amoun t  o f  problem-solvin g tim e an d a  smal l  knowl -
edg e base ,  mainl y containin g superficia l  keywords ,  ar e nec -
essar y prerequisites .  Fo r  th e appUcatio n o f  th e situatio n 
model-strateg y o n th e othe r  hand ,  mor e prerequisite s ar e 
needed ,  i n particula r  mor e tim e fo r  problem-solvin g an d a 
large r  an d mor e elaborate d knowledg e base .  Thi s bas e in -
clude s schema s fo r  proble m categorie s an d knowledg e o n 
structura l  feature s o f  problem s tha t  determin e th e aî ropriat e 
solutio n procedure .  Thes e highe r  demand s wit h regard  t o 
tim e an d knowledge ,  however ,  ar e accompanie d b y a  goo d 
problem-solvin g performanc e i n isomorphi c tes t  problems . 

Thes e ar e characterize d b y a n intermediat e transfe r  distance , 
becaus e the y belon g t o th e sam e proble m categor y a s th e 
instructiona l  examples ,  bu t  ar e embedde d withi n differen t 
cove r  storie s (Reed ,  1999) . 

T o conclude ,  th e cognitiv e tas k analysi s demonstrate s 
computationall y tha t  th e goa l  o f  solvin g a  mathematica l 
wor d proble m ca n b e reache d b y applyin g differen t  problem -
solvin g strategies .  Thereby ,  thes e strategie s diffe r  i n thei r 
processin g step s a s wel l  a s i n thei r  prerequisites .  I n th e cog -
nitiv e tas k analysis ,  th e latte r  wer e specifie d i n term s o f 
problem-solvin g tim e an d knowledge .  However ,  ther e ar c 
als o difference s betwee n th e strategie s wit h regard  t o thei r 
appropriatenes s i n th e contex t  o f  a  specifi c  instructiona l  goa l 
— lik e solvin g equivalentversu s isomorphi c wor d problems . 
For  equivalen t  problems ,  th e keyword-strateg y i s convenien t 
wherea s th e situatio n model-strateg y i s mor e appropriat e i n 
th e cas e o f  isomorphi c problems .  Therefore ,  i f  th e goa l  o f 
instructio n consist s i n enablin g learner s t o solv e equivalen t 
problems ,  th e prerequisite s fo r  th e keyword-strateg y shoul d 
be imparte d b y th e instructiona l  material .  O n th e othe r  hand , 
i f  learner s ar e suppose d t o lear n h o w t o solv e isomorphi c 
problems ,  acquirin g prerequisite s fo r  th e situatio n model -
strateg y shoul d b e th e focu s fo r  designin g instructiona l  ma -
terials .  Hence ,  fo r  a n instructiona l  designe r  i t  i s importan t  t o 
conside r  th e instructiona l  goa l  i n orde r  t o ensur e tha t  th e 
respectiv e prerequisite s ar e imparte d i n th e materials . 

W h en possessin g a  precis e concep t  o f  th e prerequisite s 
neede d i n th e contex t  o f  a  specifi c  instructiona l  goa l  th e nex t 
questio n tha t  i s  t o b e answere d b y a n instructiona l  designe r 
i s h o w thes e prerequisite s ca n b e imparte d b y th e instruc -
tiona l  material .  Instructiona l  method s tha t  ar e suitabl e i n th e 
contex t  o f  th e prerequisite s o f  th e tw o specifie d strategie s 
m ay b e identifie d b y reviewin g empirica l  finding s o n de -
signin g instructiona l  examples . 

Instructional Design: Learning from Examples 

The advantage s o f  usin g example s a s learnin g materia l  hav e 
bee n pointe d ou t  i n m a n y studie s (fo r  a n overvie w cf .  Atkin -
son ,  Derry ,  Renkl ,  &  Wor tham ,  2000) .  I t  coul d b e demon -
strate d tha t  studyin g example s i s o f  grea t  hel p fo r  knowledg e 
acquisitio n an d tha t  especiall y multipl e example s suppor t 
schema inductio n (e.g. ,  Quilic i  &  Mayer ,  1996) .  However , 
learner s m a y als o experienc e difficultie s w h e n learnin g firom 
examples .  I n particular ,  Ros s (1987 )  foim d evidenc e tha t 
learner s fac e problem s i n discriminatin g betwee n structura l 
feature s o f  a n exampl e (whic h determin e it s solutio n proce -
dure )  an d superficia l  feature s describin g th e exampl e s  cove r 
stor y (whic h ar e irrelevan t  wit h regar d t o it s solution) .  S o m e 
attempt s hav e bee n mad e t o coimterac t  suc h difficultie s b y 
improvin g th e desig n o f  instructiona l  examples .  I n orde r  t o 
foste r  th e acquisitio n o f  structura l  feature s b y mean s o f  in -
structiona l  desig n Atkinso n e t  al .  (2000 )  distinguis h be -
twee n modifyin g intra-exampl e features ,  i.e. ,  feature s con -
cernin g th e forma t  o f  a  singl e example ,  an d varyin g inter -
exampl e feaftires ,  i.e. ,  feature s relate d t o combination s o f 
multipl e examples .  A n instructiona l  metho d tha t  bear s o n 
inter-example s feature s an d tha t  i s suppose d t o direc t  learn -
er s attentio n t o structura l  feature s i s th e utilizatio n o f  so -
calle d structure-emphasizin g exampl e combination s whic h 
ar e contraste d wit h surface-emphasizin g exampl e combina -
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tion s tha t  guid e learner s attentio n toward s superficia l  fea-
ture s (Quilic i  &  Mayer ,  1996) .  Bot h type s o f  exampl e com -
bination s ar e base d o n impartin g knowledg e o n multipl e 
proble m categorie s whic h ar e eac h illustrate d b y multipl e 
examples .  I n th e cas e o f  structure-emphasizin g exampl e 
combination s eac h exampl e o f  a  particula r  proble m categor y 
i s embedde d withi n a  differen t  cove r  stor y wherea s th e sam e 
set  o f  cove r  storie s i s use d acros s proble m categorie s (Tabl e 
1,  left) .  Surface-emphasizin g exampl e combination s o n th e 
othe r  hand ,  ar c characterize d b y th e fac t  tha t  al l  example s o f 
a particula r  proble m categor y ar t  embedde d withi n th e sam e 
cove r  stor y whic h varie s acros s differen t  proble m categorie s 
so tha t  proble m categorie s an d cove r  storie s ar e confounde d 
(Tabl e 1 ,  right). 

Table  1: Structure-emphasizing (A) and surface-emphasizing 
(B )  exampl e combination s 

(A) 
Proble m categor y 

(PC) 
PCI  p a PC3 PC4 

(B) Proble m categor y 
(PC) 

PCI  PC2 p a PC4 

Cover 

i-safem?-: ; 

cy p 4 

Cover CS4 
CB3 G M 

fcsi  g ? . . ^  ca i 

Quilic i  an d Maye r  (1996 )  aske d thei r  subject s t o categoriz e 
ne w problem s afte r  the y ha d studie d example s tha t  wer e ei -
the r  presente d a s structure-emphasizin g o r  a s surface -
emphasizin g exampl e combinations .  A  clea r  superiorit y o f 
structure-emphasizin g exampl e combination s a s learnin g 
materia l  coul d b e demonstrate d fo r  thi s categorizatio n task . 

Structure-emphasizin g an d surface-emphasizin g exampl e 
combination s see m t o b e appropriat e instructiona l  method s 
fo r  impartin g th e prerequisite s necessar y t o appl y th e tw o 
problem-solvin g strategie s discussed .  Structure-emphasizin g 
exampl e combination s shoul d hel p t o acquir e structura l  prob -
le m feature s tha t  ar e require d t o appl y th e situatio n model -
strateg y whic h i s appropriat e fo r  isomorphi c problems .  O n 
th e odie r  hand ,  surface-emphasizin g exampl e combination s 
shoul d foste r  th e acquisitio n o f  (surface-based )  keyword s tha t 
ca n b e use d t o ̂ p l y th e keyword-strateg y tha t  i s suitabl e fo r 
equivalen t  problems .  T o tes t  thi s ide a w e conducte d a  serie s 
of  experiment s tha t  diffe r  fro m th e studie s o f  Quilic i  an d 
Mayer  (1996 )  i n severa l  respects . 

Using an example-bued hypertext environment Quilici 
and Maye r  (1996 )  conducte d paper-penci l  experiment s with -
out  measurin g th e tim e tha t  wa s neede d t o lear n wit h th e 
differen t  exampl e combinations .  O n basi s o f  ou r  cognitiv e 
tas k analysi s w e assum e tha t  th e tw o set s o f  exampl e com -
bination s diffe r  wit h regar d t o thei r  tim e demands .  Th e cog -
nitiv e tas k analysi s suppose s a n elaborate d knowledg e bas e 
fo r  th e situatio n model-strateg y tha t  rest s upo n structura l 
feature s an d schemat a fo r  proble m categories .  I t  i s  expecte d 
tha t  th e acquisitio n o f  suc h a  knowledg e bas e fro m structure -
emphasizin g exampl e combination s demand s comple x cog -
nitiv e processes .  Thes e processe s ma y requir e mor e tim e 
investmen t  tha n processe s applie d t o surface-emphasizin g 

exampl e combination s tha t  resul t  i n th e acquisitio n o f  sur -
face-base d keywords .  T o tes t  thi s hypothesi s w e imple -
mente d ou r  experiment s a s computer-base d experiment s us -
in g a  hypertex t  syste m fo r  learnin g an d problem-solvin g tha t 
allow s fo r  th e concurren t  automati c registration  o f  tim e spen t 
on eac h pag e visite d b y mean s o f  logfiles .  A s a  result ,  aver -
age learnin g time s fo r  th e tw o instructiona l  method s ca n be 
determine d an d compare d t o eac h other . 

Extending the application area to children The results of 
Quilic i  an d Maye r  (1996 )  ar e base d o n adul t  subjects .  How -
ever ,  th e examinatio n o f  th e propose d instructiona l  method s 
i s particularl y interestin g wit h childre n a s subjects .  Th e rea -
son i s tha t  surface-emphasizin g exampl e combination s ar e a 
conuno n learnin g materia l  i n mathematica l  schoo l  book s 
regardles s o f  th e instructiona l  goals .  Therefore ,  instructiona l 
implication s wil l  immediatel y aris e i f  structure-emphasizin g 
exampl e combination s proo f  superio r  i n th e contex t  o f  a 
particula r  learnin g goal . 

Using problem-solving tasks as test problems Whereas 
Quilic i  an d Maye r  (1996 )  teste d th e performanc e o f  thei r 
subject s mainl y b y administerin g categorizin g tasks ,  w e us e 
problem-solvin g task s tha t  var y wit h regard  t o thei r  transfe r 
distance .  Th e reaso n fo r  thi s modificatio n lie s i n th e as -
sumptio n tha t  th e superiorit y o f  a n instructiona l  metho d 
depend s o n th e goa l  o f  instructio n tha t  i s related  t o a  particu -
la r  transfe r  distance .  Surface-emphasizin g exampl e combina -
tion s m a y enabl e th e keyword-strateg y tha t  i s appropriat e fo r 
solvin g equivalen t  tes t  problems .  Structure-emphasizin g 
exampl e combination s m a y allo w fo r  th e situatio n model -
strateg y tha t  i s superio r  i n solvin g isomorphi c problems . 
Becaus e i t  i s  assume d tha t  th e prerequisite s fo r  th e keyword -
strateg y ar e imparte d b y surface-emphasizin g exampl e com -
bination s an d th e prerequisite s fo r  th e situatio n model -
strateg y ar e facilitate d b y structure-emphasizin g exampl e 
combinations ,  th e followin g result s ar e expected :  Studyin g 
surface-emphasizin g exampl e combination s ha s a  positiv e 
impac t  o n solvin g equivalen t  problem s wherea s learnin g 
wit h structure-emphasizin g exampl e combination s foster s th e 
abilit y  t o solv e isomorphi c problems .  Bu t  bot h instructiona l 
method s ma y b e no t  ver y helpfu l  i f  th e instructiona l  goa l  i s 
t o solv e problem s wit h a  fa r  transfe r  distance ,  i.e. ,  nove l 
problem s tha t  ar e characterize d b y a  differen t  cove r  stor y an d 
by a  differen t  proble m categor y compare d t o th e instructiona l 
example s (Reed ,  1999) .  Thi s shoul d b e th e cas e becaus e 
bot h instructiona l  method s d o no t  impar t  flexibl e knowledg e 
tha t  i s neede d t o solv e nove l  problems . 

Hypotheses 

Base d o n th e result s o f  th e cognitiv e tas k analysi s a s wel l  a s 
on th e revie w o f  empirica l  findings  o n designin g instruc -
tiona l  example s w e derive d thre e experimenta l  hypothese s 
abou t  th e us e o f  structure-emphasizin g an d surface -
emphasizin g exampl e combination s a s instructiona l  material . 
(1 )  Tim e demands :  Learner s usin g structure-emphasizin g 
exampl e combination s fo r  learnin g nee d mor e tim e t o stud y 
compare d t o learner s usin g surfiice-emphasizin g exampl e 
combinations .  (2 )  Differentia l  effectiveness :  Learner s usin g 
structure-emphasizin g exampl e combination s perfor m bette r 
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on isomorphi c problem s a s learner s usin g surfucc -
emphasizin g exampl e combinations ,  wherea s th e latte r  sho w 
bette r  problem-solvin g result s whe n workin g o n equivalen t 
problem s compare d t o leamer s usin g structure-emphasizin g 
exampl e combinations .  (3 )  Fa r  transfe r  distance :  Ther e i s 
no performanc e difTerenc e betwee n leamer s usin g structure -
emphasizin g an d leamer s usin g surface-emphasizin g exampl e 
combination s whe n workin g o n nove l  problems . 

To investigat e thes e hypothese s w e conducte d tw o e:q)eri -
ment s usin g th e experimenta l  environmen t  Basic -
Operation s tha t  i s  describe d i n th e followin g section . 

Experimental EnvironmeDt 

The hypertex t  environmen t  BasicOperation s use d fo r  ex -
perimentatio n i s base d o n th e hypertext-syste m H y p e r C O M B 
develope d b y Geijets ,  Scheiter ,  an d Tac k (2000) . 
BasicOperation s deal s wit h th e domai n o f  basi c arithmeti c 
operation s an d i s divide d int o a  learnin g an d a  tes t  phase . 

I n th e learnin g phase ,  a  learne r  i s presente d wit h 1 6 
worked-ou t  example s on e afte r  anothe r  i n a  fixe d order .  Fou r 
differen t  proble m categorie s ar e illustrate d b y fou r  woiked -
out  example s each .  A  proble m categor y i s forme d b y th e 
conjunctio n o f  tw o differen t  basi c operations ;  illustrate d ar e 
th e proble m categorie s (PCI )  addition/multiplication ,  (PC2 ) 
subtraction/multiplication ,  (PC3 )  addition/divisio n an d 
(PC4 )  subtraction/division .  However ,  anothe r  classificatio n 
of  th e worked-ou t  example s ca n b e mad e wid i  regar d t o thei r 
cove r  stories .  Eac h o f  th e 1 6 example s i s embedde d withi n 
one o f  fou r  differen t  cove r  storie s whereb y eac h cove r  stor y 
i s use d i n fou r  examples .  Th e cove r  storie s dea l  wit h (CSl ) 
a famil y o n a  hikin g trip ,  (CS2 )  a  gir l  gettin g money ,  (CS3 ) 
a schoo l  arrangin g a  sport s meetin g an d (CS4 )  a  bo y buyin g 
food .  Th e presentatio n o f  th e instructiona l  example s i s 
blocke d accordin g t o th e proble m categorie s i n a  prwlefine d 
sequence ,  i.e. ,  al l  fou r  example s o f  on e proble m categor y ar e 
presente d subsequentl y befor e th e nex t  proble m categor y i s 
illustrated . 

T wo differen t  version s o f  BasicOperation s (germa n ver -
sio n o n th e web :  karibik.cops.uni-saarland.de/knac/ex2 / 
zypemA_deutsc h an d ../zypemB_deutsch )  wer e use d tha t  ca n 
be classifie d a s providin g structure-emphasizin g o r  surfiace -
emphasizin g exampl e combination s accordin g t o th e ma -
nipulatio n o f  Quilic i  an d Maye r  (1996) .  I n th e versio n wit h 
structure-emphasizin g exampl e combination s al l  fou r  exam -
ple s illustratin g on e particula r  proble m categor y diffe r  i n 
thei r  cove r  storie s (c f  Tabl e 1 ,  left) ;  i n th e versio n wit h sur -
face-emphasizin g exampl e combination s al l  example s illus -
tratin g on e particula r  proble m categor y ar e embedde d withi n 
th e sam e cove r  stor y (c f  Tabl e 1 ,  right). 

I n th e tes t  phase ,  1 8 wor d problem s ha d t o b e solve d on e 
afte r  anothe r  i n a  fixe d order .  Th e instructiona l  exampl e 
combination s wer e n o longe r  availabl e durin g testing .  Ac -
cordin g t o thei r  transfe r  distanc e wit h regard  t o th e instruc -
tiona l  example s presente d i n th e learnin g phas e th e tes t  prob -
lem s comprise d equivalent ,  isomorphic ,  an d nove l  prob -
lems .  I n orde r  t o calibrat e th e difficult y o f  th e tes t  problem s 
we conducte d a  baselin e stud y wher e subject s ha d t o solv e 
th e tes t  problem s withou t  an y instructiona l  information . 

Base l i n e S t u d y 

M e t h o d 

Participant s Subject s wer e 4 9 thir d an d fort h grad e pupil s 
of  a n elementar y schoo l  i n Nikosia ,  Cyprus . 

Materials and procedure Subjects received a booklet and 
wer e instructe d t o solv e th e 1 8 aforementione d wor d prob -
lem s on e afte r  anothe r  a s wel l  a s 2 0 simpl e arithmeti c calcu -
lation s tha t  wer e use d t o measur e basi c arithmeti c skills . 
Subject s receive d n o guidanc e o r  instructiona l  support . 

Dependent measures One error was assigned for each wrong 
answe r  i n th e simpl e arithmeti c calculation s a s wel l  a s i n th e 
wor d problems . 

Results and Discussion 

The simpl e arithmeti c calculation s yielde d a n averag e oro r 
rat e o f  30.7% .  Wit h regard  t o th e wor d problems ,  th e aver -
age erro r  rat e wa s 48.6% .  Thi s baselin e performanc e indi -
cate d tha t  th e wor d problem s wer e sufficientl y difficul t  t o 
solv e fo r  th e childre n s o tha t  a n instructiona l  suppor t  migh t 
influenc e th e results .  Therefore ,  thi s se t  o f  wor d problem s 
was use d i n th e followin g experiment s withou t  an y modifi -
cations . 

E x p e r i m e n t  1 

M e t h o d 

Participant s Subject s wer e 4 4 (mainly )  thir d an d fort h grad e 
pupil s o f  differen t  elementar y school s i n Nikosia ,  Cyprus , 
w ho participate d i n th e stud y withou t  payment .  Averag e ag e 
was 8. 3 years .  Thes e subject s ha d no t  participate d i n th e 
baselin e study . 

Materials and procedure At the beginning of the experi-
ment  a  pretes t  wa s administere d t o measur e basi c arithmeti c 
skills .  Th e pretes t  consiste d o f  1 0 simpl e arithmeti c calcula -
tion s an d o f  5  simpl e wor d problems .  Afte r  that ,  a  subjec t 
starte d workin g wit h BasicOperation s o n hi s o r  he r  o w n 
usin g a  P C .  Th e experimen t  ende d afte r  th e subjec t  ha d 
solve d th e fina l  wor d proble m i n th e tes t  phase . 

Design and dependent measures As a first betweoi-
subject s variabl e th e exampl e combination s presente d a s 
learnin g materia l  wer e manipulate d (structure-emphasizin g 
vs .  surface-emphasizing) .  A s a  secon d within-subject s vari -
abl e th e transfe r  distanc e o f  th e tes t  problem s wa s manipu -
late d b y assignin g equivalent ,  isomorphic ,  an d nove l  prob -
lem s t o subjects .  A s a  firs t  dependen t  variabl e w e measure d 
th e erro r  rate s i n th e pretest .  Fo r  ever y wron g answe r  i n th e 
simpl e arithmeti c calculation s on e erro r  wa s assigned .  Wit h 
regard  t o th e simpl e wor d problem s a  m a x i m u m o f  tw o er -
ror s fo r  eac h proble m wa s assigned :  on e erro r  fo r  applyin g 
th e wron g basi c operatio n an d anothe r  erro r  fo r  wron g calcu -
lations .  Pretes t  error s wer e analyze d i n orde r  t o ensur e tha t 
th e tw o experimenta l  condition s wer e comparabl e wit h re-
gar d t o thei r  prio r  arithmeti c skills .  Furthermore ,  tim e spen t 
on processin g exampl e combination s i n th e learnin g phas e 
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was registered .  I n th e tes t  phase ,  erro r  rate s i n th e wor d prob -
lem s wer e obtaine d b y assignin g on e erro r  fo r  eac h wron g 
answe r  (yieldin g a  m a x i m u m o f  1 8 errors) . 

Results and Discussion 

Th e averag e tim e spen t  wit h workin g i n BasicOperation s 
ove r  th e experimenta l  group s wa s abou t  7 9 minutes ,  rangin g 
fro m 4 4 t o 11 2 minutes .  Th e childre n ha d onl y littl e experi -
enc e wit h solvin g wor d problem s a s reflecte d b y th e averag e 
eno r  rate s i n th e pretes t  fo r  bot h experimenta l  group s wit h 
31 .7 % fo r  learner s i n th e structure-emphasizin g an d 38 .5 % 
for  learner s i n th e siuface-emphasizin g conditio n (t(39 )  =  -
1.15;p > .20 ;  two-tailed) . 

Unexpectedly ,  ther e wa s n o significan t  differenc e betwee n 
learner s o f  th e tw o experimenta l  condition s regardin g th e 
tim e spen t  o n th e exampl e combination s wit h a n averag e o f 
20. 2 minute s fo r  learner s wit h structure-emphasizin g an d 
22. 7 minute s fo r  learner s wit h surfoce-cmphasizin g exampl e 
combination s (t(42 )  =  -.85 ;  p  >  .20 ;  one-tailed) .  Similarly , 
wit h regar d t o erro r  rate s fo r  th e wor d problems ,  a  M A N O VA 
(exampl e combination s x  transfe r  distance )  reveale d n o mai n 
effect s no r  a n interactio n (al l  F s <  1) .  A  compariso n o f  th e 
averag e eno r  rate s fo r  di e wor d problem s betwee n subject s 
from  experimen t  I  (SO.1% )  an d subject s fro m th e basehn e 
stud y (48.6% )  showe d tha t  th e instructiona l  material s i n ex -
perimen t  1  ha d n o effect s o n perfoimanc e {t(9l )  =  .26 ;  p  > 
.70 ;  rwo-tailed) .  A s a n explanatio n fo r  thi s unexpecte d find-
in g on e migh t  assum e tha t  th e childre n wer e to o youn g t o 
deal  wit h th e instructiona l  material s an d tha t  thos e wer e no t 
appropriat e fo r  learner s wit h ver y lo w prio r  knowledge ,  i.e. , 
fo r  childre n jus t  startin g t o lear n h o w t o appl y basi c opera -
tion s an d h o w t o solv e mathematica l  wor d problems .  T o 
examin e thi s assumptio n w e replicate d th e experimen t  wit h 
olde r  childre n possessin g a  highe r  leve l  o f  prio r  knowledge . 
For  practica l  reasons ,  thi s experimen t  wa s conducte d i n Ger -
many. 

E x p e r i m e n t  2 

M e t h o d 

Participaiit s Subject s wer e 5 1 thir d an d (mainly )  fort h grad e 
pupil s o f  differen t  elementar y school s i n th e Saarland ,  Ger -
many,  w h o participate d i n th e stud y withou t  payment .  Aver -
age ag e wa s 9. 1 years . 

Materials and procedure Materials and procedure were the 
same a s i n experimen t  1 .  However ,  th e material s wer e trans -
late d fixnn  Gree k int o German . 

Design and dependent measures The design was exactly 
th e sam e a s i n experimen t  1  wit h exampl e combination s 
(structure-emphasizin g vs .  surface-emphasizing )  a s a  be -
tween-subject s variabl e an d transfe r  distanc e (equivalen t  vs . 
isomorphi c vs .  nove l  wor d problems )  a s a  within-subject s 
variable .  A s dependen t  variable s pretes t  errors ,  learnin g time , 
and erro r  rate s fo r  th e tes t  problem s wer e measured . 

Result s a n d Discussio n 

The subject s i n experimen t  2  spen t  a n averag e o f  abou t  5 2 
minute s o n workin g i n BasicOperations ,  rangin g from  2 1 
t o 8 1 minutes .  Wit h regar d t o th e averag e erro r  rate s i n th e 
pretest ,  subject s i n experimen t  2  showe d a  significantl y 
highe r  prio r  knowledg e (10.1 % errors )  tha n thos e i n ejqjeri -
ment  1  wit h 35 .0 % error s (/(90 )  =  8.02 ;  p  <  .001 ;  two -
tailed) .  Fo r  subject s i n experimen t  2 ,  prio r  knowledg e di d 
not  diffe r  betwee n th e tw o group s wit h 9.6 % fo r  learner s i n 
th e structure-emphasizin g an d 10.6 % fo r  learner s i n th e sur -
face-emphasizin g conditio n (/(49 )  =  -.35 ;  p  >  .70 ;  two -
tailed). 

First ,  w e investigate d whethe r  th e tw o experimenta l  condi -
tion s o f  experimen t  2  differe d wit h regard  t o th e learnin g 
tim e investe d i n studyin g th e exampl e combinations .  A s 
expecte d i n th e tim e demand s hypothesis ,  learner s i n th e 
structure-emphasizin g conditio n spen t  significantl y mor e 
tim e wit h th e provide d exampl e combination s (17. 5 minutes ) 
tha n learner s i n th e surface-emphasizin g conditio n wit h 12. 2 
minute s (f(49 )  =  1.81 ;  / ? <  .05 ;  one-tailed) .  Thi s increase d 
time  deman d ca n b e see n a s a  resul t  o f  th e mor e comple x 
processin g necessar y t o lear n wit h structure-emphasizin g 
exampl e combination s compare d t o les s comple x processe s 
tha t  ar e elicite d b y surface-emphasizin g exampl e combina -
tions. 

Second ,  w e examine d whethe r  ther e wa s a  differentia l  eflRsc -
tiveness  o f  th e tw o set s o f  exampl e combination s wit h tegn d 
t o equivalen t  an d isomorphi c tes t  problem s (Figur e 1) . 

Isomorphi c 
problem s 

•  Slruelur»«nph«izin g 
sxsmpt e oofnbjmtion c 

•  Surtace-efnphasUn g 
0xampl *  coinbinilian s 

Equivalen t 
problem s 

Figur e 1 :  M e a n erro r  rate s [% ]  a s a  functio n o f 
exampl e combination s an d transfe r  distanc e 

A MANOVA {example combinations x transfer distance) 
showe d n o mai n effec t  (al l  F s <  1) ,  bu t  a  significan t  interac -
tion  a s expecte d (F(l .  49 )  =  4.11 ;  M S .  =  1144.91 ;  p  <  .05) . 
Subject s w h o studie d structure-emphasizin g exampl e combi -
nation s performe d bette r  o n isomorphi c tes t  problem s tha n 
subject s w h o studie d surface-emphasizin g exampl e combina -
tions  wherea s thi s patter n wa s reversed  fo r  th e performanc e i n 
equivalen t  problems .  I n thi s cas e th e surface-emphasizin g 
conditio n outperforme d th e structure-emphasizin g condition . 
Thi s findin g provide s evidenc e fo r  th e differentia l  effective -
nes s hypothesi s whic h assume s a  differenc e o f  th e tw o in -
structiona l  method s wit h regard  t o thei r  effectivenes s de -
pendin g o n th e instructiona l  goal ,  i.e. ,  transfe r  distance . 
Thus ,  t o conside r  instructiona l  goal s m a y b e essentia l  whe n 
designin g instructiona l  materials . 

Third ,  w e teste d th e assumptio n tha t  non e o f  th e tw o set s 
of  exampl e combination s support s solvin g nove l  tes t  prob -
lems .  A s expected ,  th e erro r  rate s fo r  nove l  tes t  problem s dk l 
not  diffe r  betwee n th e tw o experimenta l  group s wit h a n sva -
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age erro r  rat e o f  36.5 % fo r  learner s i n th e itntcture -
emphasizin g an d 34.0 % fo r  learner s i n th e surface -
emphasizin g conditio n (K49 )  =  .30 ;  p  >  .70 ;  two-tailed) . 
Thi s resul t  provide s evidenc e fo r  th e fa r  transfe r  distanc e hy -
pothesi s whic h assume s tha t  non e o f  th e instructiona l  meth -
ods i s superio r  i n supportin g t o solv e nove l  problems . 

General Discussion 

I n thi s pape r  issue s o f  instructiona l  desig n wer e discussed .  I t 
coul d b e show n tha t  differen t  se t  o f  instructiona l  example s 
promot e th e acquisitio n o f  differen t  problem-solvin g strate -
gie s an d th e accomplishmen t  o f  differen t  instructiona l  goals . 

I t  wa s argue d tha t  instructiona l  goal s mus t  b e considere d 
when designin g instructiona l  materials .  I n orde r  t o specif y 
thes e goal s cognitiv e modelin g a s a  metho d o f  cognitiv e 
tas k analysi s wa s proposed .  I n th e tas k analysi s tha t  wa s 
presente d i n thi s pape r  tw o specifi c  strategie s wer e examine d 
and evaluated .  A s a  resul t  i t  wa s argue d tha t  problem -
solvin g strategie s diffe r  i n thei r  prerequisite s a s wel l  a s i n 
thei r  appropriatenes s i n th e contex t  o f  a  particula r  instruc -
tiona l  goal .  Accordingly ,  instructiona l  method s tha t  impar t 
th e require d prerequisite s t o appl y specifi c  problem-solvin g 
strategie s als o diffe r  i n thei r  impac t  o n problem-solvin g per -
formanc e wit h regar d t o differen t  instructiona l  goals . 

Based o n thes e consideration s tw o instructiona l  methods , 
i.e. ,  providin g structure-emphasizin g o r  surface-emphasizin g 
exampl e combinations ,  wer e examine d i n tw o experimenta l 
studies .  I t  coul d b e show n tha t  bot h instructiona l  method s 
wer e no t  appropriat e fo r  youn g learner s wit h ver y lo w level s 
of  domain-specifi c  prio r  knowledge .  Bu t  fo r  learner s pos -
sessin g highe r  level s o f  prio r  knowledge ,  both ,  structure -
emphasizin g an d surface-emphasizin g exampl e combination s 
prove d t o b e appropriat e method s t o foste r  learnin g an d 
problem-solvin g dependin g o n th e curren t  instructiona l  goal . 
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Abstrac t 

Learning from worked-out examples is of major 
importanc e for  initia l  skil l  acquisitio n i n well-structure d 
domains .  I n addition ,  researc h ha s provide d knowledg e 
i n regard s t o structurin g worked-ou t  example s an d ho w 
t o eflfiectivel y combin e self-explanatio n activit y an d 
instructiona l  explanations .  Th e goa l  o f  th e presen t 
projec t  wa s t o develo p a  computer-base d learnin g 
environmen t  i n whic h teacher s ca n lear n ho w t o us e 
worked-ou t  examples .  Example s o f  favorabl y an d 
unfavorabl y designe d woriced-ou t  example s wer e th e 
primar y sourc e o f  informatio n fo r  th e teachers .  Th e 
exan^ie s (o f  worked-ou t  examples )  wer e no t  i n 
themselve s worked-ou t  exan:̂ >le s i f  on e view s the m fro m 
a desig n perspectiv e a s th e (design )  solutio n step s wer e 
not  given .  W e hav e labele d thi s typ e o f  example s "solve d 
exampl e problems. "  W e investigate d t o wha t  exten t 
learnin g from  suc h solve d exampl e problem s coul d b e 
fostere d b y self-explanatio n prompt s an d b y providin g 
instructiona l  «q>lanations .  Th e result s  o f  ou r  2x 2 desig n 
(8 0 studen t  teachers )  showe d tha t  promptin g self -
explanation s i n particula r  ha d favorabl e effects .  Hence , 
self-explanation s fostere d learnin g no t  onl y from 
worked-ou t  example s bu t  als o from  solve d exampl e 
problems .  Supplementai y instnictiona l  explanation s onl y 
partiall y  enhance d learnin g an d a t  times  the y wer e eve n 
detrimental . 

Introduction 
Thi s stud y applie s th e result s o f  cognitiv e scienc e 
researc h (i.e. ,  worked-ou t  exampl e an d self-explanatio n 
research )  t o th e desig n o f  a  computer-base d learnin g 
environmen t  A n empirica l  smd y abou t  thi s learnin g 
environment ,  i n turn ,  contribute s t o di e researc h o n 
example-base d learnin g an d self-explanations . 

Learnin g fro m worked-ou t  example s i s o f  majo r 
importanc e fo r  th e acquisitio n o f  cognitiv e skill s i n 
well-structure d domain s sud i  a s mathematic s o r  physic s 
(fo r  a n overvie w se e Atkinson ,  Deny ,  Renkl ,  & 
Wortham ,  2000) .  However ,  worked-ou t  example s d o 
not  guarante e effectiv e learning .  O n e moderatin g facto r 
i s th e learner' s self-explanatio n activity .  Onl y whe n a 
leame r  activel y self-explain s th e rational e o f  th e 
worked-ou t  solution s t o her/himsel f  wil l  s/h e gai n a n 
understandin g o f  th e solutio n procedures .  Anothe r 

facto r  i s th e provisio n o f  instructiona l  explanations .  I n 
th e stud y presente d below ,  teache r  student s learne d i n 
an example-base d compute r  learnin g environmen t  h o w 
t o effectivel y structur e an d combin e worked-ou t 
examples .  I t  wa s intende d t o foste r  thei r  learnin g b y th e 
employmen t  o f  self-explanatio n prompt s an d b y 
supplementar y instructiona l  explanations . 

Learning by Worked-Out Examples 

Worked-ou t  example s consis t  o f  a  problem ,  solutio n 
step s an d th e complet e solutio n t o th e problem .  Usuall y 
the y ca n b e foun d i n mathonatic s an d physic s 
schoolbooks .  I n mos t  cases ,  a  principl e o r  la w i s 
introduce d i n th e beginnin g followe d b y a  worked-ou t 
example .  Th e worked-ou t  exampl e show s h o w th e 
principl e ca n b e applie d t o proble m solving .  Then , 
problem s t o b e solve d b y th e student s ar e given . 

Learnin g b y worked-ou t  example s i s no t  mean t  t o 
refe r  t o th e shor t  learnin g phas e betwee n th e 
introductio n o f  a  principl e an d problem-solving .  I t 
means,  instead ,  tha t  th e exampl e phas e i s prolonged . 
Severa l  studie s hav e show n tha t  suc h example-base d 
learnin g i s mor e effectiv e fo r  skil l  acquisitio n tha n th e 
standar d procedur e o f  studyin g jus t  on e exampl e an d 
the n solvin g problem s (fo r  an  overvie w se e Sweller , 
va n Merrienboer ,  &  Paas ,  1998) . 

Of  course ,  th e us e o f  worked-ou t  example s d o no t 
guarante e effectiv e learning .  Learnin g outcome s ar e 
influence d mainl y b y (1 )  th e learner' s self-explanatio n 
activit y an d th e provide d instructiona l  explanation s an d 
(2 )  h o w th e learnin g material s (example s an d problems ) 
ar e structure d (c f  Atkinso n e t  al. ,  2000) .  Thes e tw o 
aspect s ar e discusse d i n th e followin g sections . 

Self-Explanations and Instructional 
Explanation s 

The exten t  t o whic h learner s benefi t  from  th e stud y o f 
worked-ou t  example s depend s o n h o w wel l  the y explai n 
th e rational e o f  th e presente d solution s t o themselve s 
("self-explanatio n effect" ,  Ch i  e t  al. ,  1989 ;  Renkl ,  1997 ; 
Renkl ,  Stark ,  Gruber ,  &  Mandl ,  1998) .  I t  i s  especiall y 
usefu l  t o mak e th e "meaning "  o f  specifi c  operation s 
explici t  b y reifyin g th e relationshi p betwee n (sub- ) 
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goal s an d operator s o r  wit h th e principle s underlyin g a 
specifi c  operation . 

Wherea s self-explanation s ar e o f  majo r  importance , 
researc h ha s show n tha t  th e effect s o f  mstructiona l 
explanation s ar e ofte n disappointin g (e.g. ,  Brow n & 
Kane ,  1988 ;  Chi ,  1996) .  I t  seem s t o b e mor e effectiv e t o 
promp t  self-explanation s tha n t o offe r  instructiona l 
explanations .  O n th e othe r  hand ,  i t  ha s t o b e take n int o 
accoun t  tha t  relyin g solel y o n self-explanatioi s als o ha s 
severa l  disadvantages .  Fo r  example ,  a t  time s th e learne r 
i s no t  abl e t o self-explai n a  specifi c  solutio n ste p o r  th e 
give n self-explanation s ar e incorrect . 

Renkl  (i n press )  develope d a  se t  o f  instructiona l 
principle s t o suppor t  th e spontaneou s self-explanatio n 
activit y b y providin g instructiona l  explanations .  T w o 
centra l  {xinciple s ar e (1 )  th e isiait y o f  self -
explanation s (instructiona l  explanation s shoul d jus t  b e 
use d a s typ e o f  support )  an d (2 )  th e fiimishin g o f 
instructiooj d explanation s o n learne r  demand .  Th e stud y 
of  Renk l  (i n press )  showe d tha t  suc h instructiona l 
explanation s hei^tene d th e averag e learnin g outcomes . 

However ,  instructiona l  explanation s m a y no t  onl y 
hav e positiv e efiTects .  D u e t o thei r  feedbac k Amotions ,  a 
specifi c  proble m ca n occu r  (e.g. ,  Kulhavy ,  1977) .  I f 
feedbac k containin g th e correc t  answe r  (here :  th e 
explanation )  i s easil y available ,  learner s typicall y 
reduc e thei r  effor t  i n attemptin g t o fin d th e answe r  o n 
thei r  own .  The y ten d t o loo k u p th e righ t  answe r  instea d 
of  comin g u p wit h th e answe r  themselve s -  whic h 
reduce s learnin g outcomes .  Thus ,  th e provisio n o f 
instructiona l  explanation s m a y reduc e self-explanatio n 
activities .  Aleve n an d Koedinge r  (2000 )  found ,  i n th e 
contex t  o f  computer-base d learning ,  tha t  i n mor e tha n 
8 0 % o f  th e case s thei r  learner s di d no t  us e availabl e 
hel p whic h additionall y require d self-explanatio n 
activity .  Th e learner s aske d directl y fo r  th e hel p w^ic h 
containe d th e fina l  solution . 

I n summary ,  self-explanation s ar e o f  majo r 
importanc e whe n learnin g fro m worked-ou t  examples . 
Instructiona l  explanation s ca n foste r  learnin g bu t  ofte n 
the y d o not .  Wha t  i s lef t  ope n i s th e questio n a s t o wha t 
exten t  th e finding s o n (self- )  explanatio n ca n b e 
generalize d t o non-mathematize d conten t  areas . 

Des^n of Worked-out Examples 

Researcher s (e.g. ,  Catrambone ,  1996 ;  Mwang i  & 
Sweller ,  1998 )  hav e suggeste d tha t  th e desig n o f 
worked-ou t  example s play s a  critica l  rol e i n thei r 
effectivenes s (intra-exampl e features) .  Fo r  example , 
featurin g sub-goal s prominentl y foster s learnin g 
outcome s (Catramtxxie ,  1996) .  I n th e presen t  study ,  w e 
focuse d o n th e so-calle d integrate d format :  Example s 
ar e constructe d whic h integrat e al l  source s o f 
informatio n int o on e sourc e (e.g. ,  diagram s an d text) . 
Splittin g learners '  attentio n acros s multiple ,  non -
integrate d informationa l  source s cause s irrelevan t 
cognitiv e loa d an d impair s learnin g (Mwang i  & 
Sweller ,  1998 ;  War d &  Swelle r  1990) . 

Beyon d th e structur e o f  singl e worked-ou t  exan^le s 
th e combinatio n o f  multipl e example s i s o f  significanc e 
fo r  learnin g outcome s (inter-exampl e features) .  I n 
general ,  multipl e example s tha t  contai n differen t 
surfac e feature s (e.g .  figures ,  objects )  shoul d b e used . 
Thi s aid s th e learner' s abilit y  t o recogniz e th e c o m m o n 
underlyin g structur e whe n aske d t o compar e examples . 

Ofte n ther e ar e tw o o r  mor e differen t  structure s t o 
be learned .  I t  i s  importan t  t o emphasiz e th e structura l 
aspect s b y usin g ver y simila r  surfec c feature s fo r 
differen t  proble m types .  Learner s frequentl y d o no t 
recogniz e th e differenc e o f  th e underlyin g structur e 
becaus e the y concentrat e o n th e similarit y  o f  th e surfac e 
features .  TTierefore ,  the y ofte n choos e th e wron g 
solution .  Thus ,  w^e n dealin g wit h differen t  bu t 
interrelate d proble m types ,  multipl e example s shoul d b e 
ccxnbine d i n sud i  a  wa y tha t  th e relevan t  structura l 
feature s ar e apparen t  t o th e leamo r  (structure -
emphasize d exampl e set) .  Thi s ca n b e achieved ,  a s 
state d above ,  b y usin g differen t  surfac e feature s withi n 
one proble m typ e an d simila r  surfec e feature s betwee n 
th e differen t  proble m type s (Quilic i  &  Mayer ,  1996) . 

Of  course ,  ther e ar e m a n y othe r  exampl e feature s 
whic h influenc e th e effectivenes s o f  learnin g fro m 
worked-ou t  examples ,  bu t  i n th e firs t  modul e o f  ou r 
computer-base d learnin g environment ,  w e implemente d 
onl y tw o features :  th e integrate d forma t  an d th e 
structure-emjAasize d exampl e set . 

Research questions 

Takin g int o accoun t  th e curren t  researd i  o n learnin g 
from  worked-ou t  examples ,  tw o importan t  question s 
ca n b e formulated : 

(I )  H o w ca n w e teac h teacher s th e knowledg e abou t 
th e effectiv e us e o f  worked-ou t  example s i n thei r 
classroom ? T o reac h thi s goa l  mean s t o bridg e researc h 
finding s int o practic e an d t o improv e th e qualit y o f 
instruction . 

(2 )  D o self-explanation s an d additiona l  instructiona l 
explanation s foste r  learnin g ̂ e n leamin g from  solve d 
exampl e problems ,  tha t  is ,  example s tha t  d o no t  provid e 
solutio n step s bu t  onl y th e proble m an d th e fina l 
solution ? Suc h a  solve d exampl e proble m woul d be ,  fo r 
example ,  a  well-writte n essa y (literature )  o r  th e pictur e 
of  a n intriguin g mas k (arts) .  S o fia r  i t  remain s a n ope n 
questio n a s t o wha t  exten t  th e result s o f  th e worked-ou t 
exampl e research ,  whid i  wer e mainl y obtaine d withi n 
th e contex t  o f  leamin g mathematic s an d physics ,  ca n b e 
transferre d t o leamin g b y solve d exampl e problem s i n 
othe r  topi c areas . 

For  addressin g th e firs t  questio n w e hav e develope d 
an initia l  modul e fo r  a  computer-base d leamin g 
environment .  I t  i s  th e firs t  par t  o f  a  futur e web-base d 
leamin g anvircmmen t  i n whic h teacher s ca n lea m h o w 
t o us e worked-ou t  example s i n thei r  classrooms .  D u e t o 
it s intoide d net-base d use ,  no t  onl y "objective "  leamin g 
outcome s wer e o f  interes t  bu t  als o th e program' s 
acceptanc e an d th e perceive d leamin g results .  Thos e 
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aspect s ar e o f  majo r  impcxtanc e whe n offerin g a 
facultativ e learnin g opportunit y t o practitioners . 
Acceptanc e i s th e basi s o f  th e usag e o f  th e progra m 
itsel f  wherea s th e perceive d result s ar e a  predicto r  fo r 
it s  implementatio n i n classrooms . 

I n thi s module ,  futur e teacher s lear n abou t  th e 
desig n o f  worked-ou t  example s b y studyin g case s o f 
wel l  an d poorl y designe d worked-ou t  examples .  I t  i s 
importan t  t o not e tha t  th e desig n o f  worked-ou t 
example s i s no t  a n algorithmi c proces s wit h specifi c 
solutic m steps .  Therefore ,  th e example s o f  th e progra m 
are ,  a s viewe d fro m th e teacher' s perspective ,  no t 
worked-ou t  example s (the y d o no t  contai n an y solutio n 
steps )  bu t  instea d solve d exampl e problem s (ther e i s 
simpl y di e proble m an d it s solution )  (se e Fig .  1) . 

Solve d exampl e pfoMi m fta r  ih « ItMmin g 
oMeti i  '(ietig n q(Bro(k«d-out«iitinpist * 

1 
ForloKhen : 
Desig n perspectiv e 

T 9̂-
l»ohkmgvcB«(M.wlccl»tiiiiMig»tolBtiMiwpi»»olwt))i i 

For  students : 
math /  physic s perspectiv e 

'T ' W«kad-iM N «mn|)t t  te  N m ltimin « cojî i  "vctodqr * 

Figur e 1 :  Content s o f  th e learnin g jx-ogra m from 
differen t  perspective s 

The second research question of this study addresses 
th e effectivenes s o f  self-explanation s an d instructiona l 
explanation s whe n leamin g b y solve d exampl e 
problwns :  D o self-explanatio n prompt s an d additiona l 
instructiona l  explanation s upo n leamo '  deman d foste r 
learning ? 

Th e followin g specifi c  researc h question s wer e 
addressed : 
1.  I s  ther e -  a s expecte d -  a  positiv e effec t  o f 

promptin g self-explanation s o n leamin g outcomes ? 
2.  I s ther e a  positiv e effec t  o f  providin g instructiona l 

explanations ? 
3.  E> o th e tw o instructiona l  mean s combin e additivel y 

or  non-additively ? 
4.  £> o th e differen t  instructiona l  treatment s influenc e 

acceptanc e an d perceive d leanin g outcomes ? 

Methods 

Sample and Design 

80 studen t  teacher s from  tw o differen t  college s 
volunteere d t o tak e par t  i n dii s  stud y (mea n age :  22. 3 
years ;  5 2 femal e an d 2 8 mal e participants) .  O n e par t  o f 
th e participant s wer e fijture  teacher s i n Germa n low -
trac k an d medium-trac k school s ( n =  47) ,  th e othe r  par t 
wer e fiiture  teacher s i n high-trac k school s ( n =  33) .  Th e 

participant s wer e randoml y assigne d t o th e fou r 
experimenta l  condition s o f  a  2x2-factoria l  desig n ( « = 
2 0 i n eac h group) .  I n th e experiment ,  th e participant s 
learne d i n a  computer-base d leamin g envirraimen t  h o w 
t o effectivel y desig n worked-ou t  example s b y studyin g 
solve d exampl e problem s (facto r  1 :  promptin g self -
explanation s [wit h an d without] ,  facto r  2 :  instructiona l 
explanation s [wit h an d without]) .  I n th e analysi s o f  th e 
writte n self-explanation s (reaction s t o th e prompts) ,  6 
participant s ar e missin g du e t o technica l  problem s ( 3 
per  cell) .  Technica l  problem s als o le d t o 4  missin g 
value s wit h respec t  t o time-on-tas k whic h wa s recorde d 
as a  contro l  variable . 

Learning Environment 

Th e progra m containe d a  shor t  introductio n abou t 
learnin g wit h worked-ou t  examples .  Afterward s 
example s o f  worked-ou t  example s o r  set s o f  example s 
wer e displayed .  The y wer e take n from  th e domain s o f 
geometr y an d |4iysics . 

-^tau^tmsaffBsxaassmx'sassKs. m 

:̂ 'î . 

UlMMml^O,! '  lllW|i|IHHIi'l!«W I  "t l 
^ ^ S ^ ' 

J 
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Figur e 2 :  Screensho t  o f  th e leamin g environmen t 

Figure 2 shows a screenshot of the leaming 
environmen t  wit h a  solve d exampl e proble m wit h a n 
integrate d format .  T w o worked-ou t  example s wer e 
presente d t o th e participants—on e require d th e mappin g 
of  differen t  source s o f  informatio n (gr^hic , 
calculation ,  an d tex t  -  lef t  side )  wherea s th e othe r  wa s 
designe d i n a n integrate d forma t  (righ t  side) .  Th e self -
explanatio n prompt s aske d th e learner s t o commen t  o n 
w hy on e o f  thes e tw o worked-ou t  example s wa s mor e 
favOTable .  Self-explanation s ba d t o b e provide d t o al l  1 3 
prompt s bu t  thei r  extensivenes s (numbe r  o f 
elaborations )  wa s self-regulate d b y th e learner .  Th e 
provide d instructiona l  explanation s were—i n a  sense — 
answer s t o th e self-explanatio n prompts .  The y wer e 
presente d verball y wiie n th e learner s clicke d o n a 
button .  Th e buttc m containe d a  pictur e o f  a n exper t 
teache r  introduce d earlira -  i n th e progra m (se e Fig .  2) .  A 
"texf'-button ,  whic h appeare d afte r  th e acousti c 
presentation ,  enable d th e learne r  t o vie w a  writte n 
explanation .  Th e instructiona l  explanation s wer e 
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demanded 4.1 3 time s o n averag e {S D -  3.31) .  Th e 
frequenc y o f  demand s di d no t  correlat e wit h learnin g 
outcomes .  Therefore ,  thi s variabl e wa s no t  furthe r 
considered . 

Procedure 

The participant s worke d i n individua l  session s o f 
approximatel y 3  hours .  I n ord a t o provid e basi c 
Imowledg e t o allo w th e participant s t o b e abl e t o 
understan d th e solve d exampl e problems ,  a n 
instructiona l  tex t  c<»itainin g th e basi c principle s o f  th e 
worked-ou t  exampl e desig n wa s give n t o th e 
participants .  Afterward s the y studie d severa l  solve d 
exampl e problem s dealin g wit h a n integrate d forma t 
and structure-emphasize d exampl e se t  i n th e d o m a m o f 
geometr y an d jAysics .  Th e diflFeren t  domain s wer e 
chose n t o foste r  th e transfe r  o f  th e acquire d knowledge . 
Al l  participant s wer e instructe d t o thin k alou d durin g 
thi s perio d i n orde r  t o asses s (oral )  self-explanation s 
(thes e dat a hav e no t  ye t  bee n analyzed) .  Th e grou p wit h 
prompte d self-explanation s ha d t o writ e dow n thei r 
explanation s i n note-boxes .  Durin g th e stud y o f 
examples ,  th e tim e spen t  o n differen t  page s o f  th e 
learnin g progra m wa s registered .  Afte r  studyin g th e 
solve d exampl e problems ,  th e participant s worke d o n 
th e post-tes t  (learnin g outcomes) .  Lastly ,  th e 
participant s fille d ou t  a  questionnair e regardin g th e 
perceive d usefulnes s o f  th e program . 

Instruments 

Post-test: Assessment of the Learning Outcomes. 
The first  par t  o f  ou r  post-tes t  consiste d o f  selectio n 
tasks .  Th e participant s ha d t o choos e on e o f  severa l 
give n worked-ou t  example s (integrate d format )  o r  the y 
had t o combin e fou r  example s t o a  structure -
emphasize d exampl e set .  Th e domain s use d wer e 
geometry,  physic s (nea r  transfer) ,  an d arithmeti c (fa r 
transfer) .  Fo r  nea r  an d fa r  transfe r  ther e wer e thre e 
task s wit h increasin g complexity .  Dependin g o n th e 
complexit y o f  th e tas k 1 ,  4  ot 6  point s coul d b e 
achieve d (selectio n part :  m a x i m u m o f  2 2 points) .  Th e 
secon d par t  wa s a  generatio n task :  Th e participan t  ha d 
t o creat e a  structure-emphasize d exampl e se t  i n a n 
integrate d format .  Th e qualit y o f  thi s tas k solutio n wa s 
rate d b y thre e rater s accordin g t o specifie d critai a (e.g. , 
usin g integrate d forma t  i n al l  examples) .  A n entirel y 
correc t  solutio n wa s awarde d wit h 1 2 points . 

Questionnaire. Included in the questionnaire were 
demographi c questirai s a s wel l  a s question s concernin g 
th e acceptanc e o f  th e learnin g envircmmen t  an d th e 
perceive d learnin g results .  Th e item s wer e t o b e 
answere d o n a  ratin g scal e fro m 1  t o 6 .  Fo r  th e 
acceptanc e scal e (1 9 items ;  e.g. ,  "Th e conten t  o f  th e 
progra m wa s eas y t o understand.") ,  w e obtaine d a 
Cronbach' s a  o f  .86 .  Ther e wer e fou r  item s tha t 
assesse d th e perceive d learnin g result s (e.g. ,  " H o w 

woul d yo u judg e you r  curren t  knowledg e abou t 
worked-ou t  examples?" ;  Cronbach' s a  .72) . 

Written Self-Explanations. In the learning program, 
th e learner s i n th e self-explanatio n group s wer e 
prompte d 1 3 times .  Th e writte n self-explanation s wer e 
analyze d usin g a  specificall y develope d codin g system . 
The mai n categorie s wer e a s follows : 

(1 )  Connectio n betwee n th e desig n principle s o f 
worked-ou t  example s an d th e solve d exampl e proble m 
presente d i n th e progra m (e.g. ,  "Th e variable s ar e 
writtH i  nex t  t o th e lines ,  therefor e ther e wil l  b e les s 
mappin g problems.") . 

(2 )  Linkag e t o th e learning-goal s (integrate d forma t 
or  structure-emphasize d exampl e set )  (e.g. ,  " A differen t 
surfac e doe s no t  automaticall y requir e a  differen t 
solutio n method.") . 

(3 )  Mathematica l  conten t  o f  th e solve d exampl e 
problem s (e.g. ,  "I n bot h example s I  hav e t o determin e 
th e speed.") . 

(4 )  "Side-aspects "  Thes e remark s wer e correc t  bu t 
di d no t  refe r  t o th e learnin g goal s o f  th e progra m 
(knowledg e abou t  integrate d forma t  o r  structure -
emphasize d exampl e set )  (e.g. ,  ".. .  provide d tha t  th e 
secon d [exampl e i n integrate d format ;  commen t  b y th e 
authors ]  coul d b e draw n clearer.") . 

(5 )  Metacognitio n (e.g. ,  " I  woul d hav e solve d th e 
proble m i n th e sam e way.") . 

Th e writte n reacticm s t o th e self-explanatio n 
prompt s wer e segmente d wit h th e codin g categorie s i n 
mind .  Ofte n mor e tha n jus t  on e elaboratio n (category ) 
was code d i n a  reactio n t o a  prompt .  Th e codin g 
categorie s wer e distinc t  an d ther e wer e n o inclusion s o f 
segments .  A  fe w utterance s di d no t  fal l  int o an y o f  th e 
categorie s (e.g. ,  statemoit s abou t  specific s o f  th e 
learnin g program) ,  s o the y wer e no t  take n int o account . 

We aggregate d th e coding s i n tw o respects .  First ,  al l 
categorie s wer e s u m m e d u p togethe r  t o a n overal l  scor e 
of  elaboratio n activity .  Th e singl e categorie s occurre d 
relativel y infi-equentl y s o tha t  correspondin g score s 
woul d hav e no t  bee n reliable .  Second ,  th e elaboration s 
i n reactio n t o th e 1 3 prompt s wer e aggregated . 

Results 

Pre-Analyses 

I n th e post-test ,  a  m a x i m u m o f  3 4 point s coul d b e 
achieve d (A /  =  23.20 ;  S D =  5.67) .  Th e tw o subtest s 
(selectio n an d generation )  wer e summarized ,  du e t o 
thei r  simila r  resul t  pattan s an d thei r  positiv e correlatio n 
(r=.31;;7<.05) . 

The post-tes t  correlate d significantl y wit h th e 
perceive d learnin g result s ( r  =  A\ ;  p  <  .05) .  I t  di d no t 
significanti y co-var y wit h th e acceptanc e scal e ( r  =  .06 ; 
p >  .10) .  T h w e wa s a  significan t  correlatio n betwee n 
th e acceptanc e an d perceive d learnin g result s ( r  =  .51 ;  p 
< .05) . 
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Th e amoun t  o f  elaboration s i n th e writte n self -
explanation s wa s foun d t o b e a n importan t  predicto r  o f 
th e learnin g outcome s ( r  -  .55 ;  p  <  .05) .  Ther e wa s n o 
significan t  influenc e o f  time-on-tas k o n learnin g 
outcome s ( r  =  .19 ;  p  >  .10) ;  eve n i n th e singl e 
subgroup s ther e wer e n o significan t  relationship s 
betwee n time-on-tas k an d learnin g outcomes .  Thi s 
patter n i n th e result s indicate s tha t  i t  wa s no t  primaril y 
th e quantitativ e aspec t  o f  learnin g (learnin g time) ,  bu t 
th e qualitativ e aspec t  (elaborations )  whic h influence d 
learnin g outcomes .  Tabl e 1  summarize s th e descriptiv e 
result s o f  time-on-task ,  writta i  self-explanations , 
acceptance ,  perceive d useflilness ,  an d learnin g 
outcome s (posttest) . 

Effects of Self-Explanation Prompts and 
Instructiona l  Explanation s 

I n orde r  t o determin e th e effect s o f  ou r  experimenta l 
variations ,  w e performe d a n A N C O VA controllin g fo r 
th e typ e o f  studen t  teachers .  Thi s variabl e significantl y 
influence d learnin g outcome s (low -  an d medium-trac k 
teachers :  M =22.05 ,  S D =  5.76 ;  higji-trac k teache r  M = 
24.83 ,  S D =  5.18 ;  /(78 )  =  2.21 ;  p  <  .05) .  A s th e 
regressio n slope s o f  th e experimenta l  group s di d no t 
diffe r  significantly ,  th e typ e o f  studen t  teadier s coul d 
be use d a s a  covariate . 

Th e analysi s o f  th e posttes t  showe d a  significan t 
mai n effec t  fo r  th e promptin g self-explanations ,  tha t 
was o f  m e d i u m t o hig h practica l  significanc e (fl(l,75 )  = 
8.68 ;  p  <  .05 ,  r f  =. \ \ ) .  Ther e wa s n o significan t  mai n 
effec t  fo r  th e instructiona l  explanation s {F{\,1S )  =  0.37 ; 
p >  0.1) .  Th e interactio n effiec t  reache d th e leve l  o f 
significanc e an d wa s o f  m e d i u m practica l  significanc e 
(/n[l,75 )  =  4.91; p <  .05 ;  rj '  =  .06 ;  se e Fig .  3) . 

Table 1: Means and standard deviations of the 
experimenta l  groups . 

successfii l  grou p receive d promptin g o f  self -
explanations ,  bu t  n o instructiona l  explanations . 

Time-aa-tii k 

ELibaniio a 

Accepcno t 
Pendved 

lewk i 
leamia g 

outcome i 

Doidf̂ xpl . 
Ado 

iomuciiona l 
opi . 

23.75(1.12 ) 

-
4.5 1 (0.39 ) 
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20.3 6 (5.4« ) 

Mif-exp L 
Ano 

ioKnictiona l 
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46.9 1 (10.09 ) 

19 t 2 (4.51 ) 

4.3 9 (0.5« ) 

3.98(0.89 ) 

25.80(4.44 ) 

no wlf<xpl . 
* 

initmctiona l 
expl . 

29.64(914 ) 

-
4.67(0.65 ) 

4.16(0.77 ) 

22.7 5 (5.30 ) 

Mif-expl . 
* 

iMtnictiona l 
.xp l 

50.31(16.76 ) 

1688(4.51 ) 

4.44(0.61 ) 

3.76(1.17 ) 

23.86(6.29 ) 

A s expected ,  th e grou p withou t  self-explanatio n 
prompt s an d withou t  an y instructiona l  explanation s 
performe d th e w w s t .  Offerin g instructiona l 
explanation s fosto-e d learnin g w h e n self-explanation s 
wer e no t  prompted .  H o w e v e r ,  w h e n self-explanation s 
wer e prompted ,  supplementar y instructiona l 
explanation s impaire d learning .  Hence ,  th e mos t 

No tmlnjctlona l  wplarwOon t 
lr«lructlor « tKpMnvtbn i 

No prcmplh g o f  Mf-nvtanalbn i  Promptn g o f  talt-MptanMon t 

Figur e 3 :  Interactio n betwee n promptin g self -
explanation s an d instructiona l  explanation s wit h respec t 

t o learnin g outcomes . 

As stated in the introduction, the cation to request 
instructiona l  explanation s coul d reduc e self-explanatio n 
activities .  Indeed ,  th e grou p wid i  self-explanatio n 
prompt s an d additiona l  instructiona l  explanaticx i  di d 
elaborat e les s tha n th e self-explanaticxi s onl y grou p 
(abou t  1 7 versu s 2 0 elaborations) .  T h e diffwenc e w a s 
significan t  (r(32 )  =  1.72; p <  .05 ;  one-sided) . 

D i d th e group s diffe r  i n thei r  time-on-task ? Tabl e 1 
display s remarkabl e diffia-ence s betwee n group s (2 4 
minute s versu s 5 0 minutes) .  Ther e w a s a  m a i n effec t  o f 
promptin g self-explanation s (F(l,72 )  =  64.91 ;  p  <  .05) , 
wit h promptin g inaeasin g time-on-task .  T h e ma i n 
effec t  o f  instructiona l  explanation s reache d onl y a 
significanc e leve l  o f  1 0 % (/1(1,72 )  =  2.93 ;  p  <  .10) . 
Ther e w a s n o interactio n effec t  ( F < I) .  E v e n t faou ^ 
ther e we r e difference s i n time-on-tas k betwee n th e 
groups ,  tiie  experimaita l  effect s coul d no t  b e 
interprete d a s m e r e time-on-tas k effects .  Firstly ,  typin g 
th e self-explanation s p a s e require s time ;  secondly ,  a s 
ment ione d above ,  ou r  analyse s s h o w e d tha t  th e qualit y 
an d no t  th e quantit y o f  learnin g activitie s determine d 
th e learnin g outcomes .  H o w e v e r ,  th e result s indicate d 
tha t  fosterin g learnin g b y promptin g self-explanation s 
require s additiona l  learnin g time . 

A n analysi s o f  th e treatmen t  effect s o n perceive d 
learnin g result s (usin g th e typ e o f  studen t  teadier s a s a 
covariate ;  ther e wer e n o significan t  difference s i n th e 
regressio n sieve s o f  th e experimenta l  groups )  yielde d 
n o ma i n effect s i n th e promptin g o f  self-explanation s ( F 
< 1 )  an d instructiona l  explanation s (F(l,75 )  =  1.54 ;  p  > 
.10) ,  bu t  a  significan t  interactio n (fl(l,75 )  =  6.36 ;  p  < 
.05) .  T h e t w o group s wit h self-explanatio n prompt s 
s h o w e d simila r  perceive d learnin g result s o f  m e d i u m 
size .  T h e grou p withou t  suc h prompt s an d withou t 
instructiona l  explanation s evaluate d thei r  learnin g 
result s a s low .  W h e n onl y instructiona l  explanation s 
wer e provided ,  th e participant s po'ceive d th e highes t 
learnin g results . 

T h e variou s condition s di d no t  diffe r  i n Aei r 
acceptanc e b y th e learners .  Ther e i s  neithe r  a  m a i n 
effec t  i n th e promptin g o f  self-explanation s ( F (1,76 )  = 
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1.91 ;  p  >  .10 )  no r  a  mai n effec t  fo r  instructiona l 
explanation s ( F < 1 )  no r  a n interactio n (F < 1) . 

Discussion 

An informa l  loo k a t  th e posttes t  result s show s tha t  al l 
studen t  teacher s learne d substantiall y  abou t  th e desig n 
of  worked-ou t  examples .  Hence ,  w e mad e a  significan t 
ste p toward s answerin g th e questio n a s t o ho w t o teac h 
teacher s knowledg e abou t  example-base d learning .  Th e 
exten t  o f  learning ,  however ,  varie d significantl y wit h 
th e experimenta l  conditions .  Th e mos t  effectiv e metho d 
was t o promp t  self-explanations .  Instructiona l 
explanation s wer e detrimental ,  a t  leas t  i f  the y wer e 
combine d wit h promptin g self-explanatiwis ,  becaus e 
the y reduce d self-explanatio n activit y an d thereb y th e 
learnin g outcomes . 

NeverAeless ,  i t  ca n b e state d tha t  instructiona l 
explanation s withou t  self-explanatio n prompt s lead s t o 
bette r  learnin g outcome s tha n leavin g th e studoit s 
completel y t o thei r  ow n devices .  Thi s resul t  i s 
consisten t  wit h th e finding s o f  Renk l  (i n press )  o n th e 
effectivenes s o f  instructiona l  explanations .  I n Renkl' s 
experiment ,  n o self-explanatio n prompt s wer e 
employed . 

I n cojtras t  t o th e objectiv e learnin g outcomes ,  th e 
highes t  perceive d learnin g outcome s wer e foun d i n th e 
instructiona l  explanations-onl y group .  Ther e i s a n 
obviou s contras t  betwee n tiie  rea l  learnin g outcom e an d 
th e perceive d one .  Whil e fosterin g th e learners '  ow n 
activitie s objectivel y lead s t o th e bes t  results ,  th e 
learner s see m t o prefe r  havin g th e explanation s 
presente d t o them .  Apparently ,  learner s d o no t  valu e 
instructiona l  measure s whic h requir e thei r  ow n activity . 

An in^rtan t  consequenc e o f  th e result s presente d 
her e i s th e eviden t  relevanc e o f  self-explanatio n activit y 
fo r  learnin g outcomes ,  no t  <Kil y whe n learnin g wit h 
worked-ou t  example s bu t  als o whe n learnin g wit h 
solve d exampl e problems .  Fo r  thi s reaso n th e variou s 
result s concernin g th e self-explanation-effec t  ar e 
probabl y transferabl e t o conten t  area s wher e n o 
worked-ou t  example s ca n b e sensibl y constructed .  A t 
th e sam e tim e instructiona l  explanation s see m t o b e les s 
importan t  tha n self-explanation s -  equivalen t  t o th e 
result s o f  worked-ou t  exampl e research .  However , 
furthe r  researc h ha s t o b e performe d usin g othe r  type s 
of  solve d exampl e problems . 

Lookin g a t  th e learnin g processe s i t  i s  importan t  t o 
not e tha t  th e mer e amoun t  o f  elaboraticxi s substantiall y 
predict s learnin g outcomes .  I n th e nea r  future ,  th e 
thinkin g alou d protocol s wil l  b e analyze d whic h wil l 
giv e u s furthe r  insigh t  int o th e underlyin g learnin g 
processe s i n th e differen t  experimenta l  groups . 
Aclcnowledgnients 
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Abstrac t 

Conceptiud Atomism (CA) is the view that most concepts are 
represente d psychologicall y a s atoms ,  wit h n o interna l 
structur e an d C A Atomis m o n it s ow n i s a 
psychological/semanti c theory ,  bu t  fro m it s inception ,  i t  ha s 
been mixe d u p wit h th e separate ,  meta-semanti c projec t  o f 
naturalizin g content .  I  wil l  sho w tha t  thi s combine d projec t  i s 
force d t o en d i n th e self-defeatin g positio n o f  positin g non -
atomi c structure s fo r  a  larg e numbe r  o f  concepts .  I  sugges t 
tha t  a  bette r  wa y ou t  woul d b e t o separat e th e tw o projects , 
and allo w eac h t o develo p o n it s own . 

In t roduc t io n 

For  th e las t  tw o decades ,  a  numbe r  o f  psychologicall y 
minde d philosopher s hav e bee n pursuin g a  projec t  aime d a t 
naturalizin g menta l  conten t  (Dretske ,  1981 ;  1986 ;  Fodor , 
1987 ;  1990 ;  Millikan ,  1984 ;  1989 ;  1990) .  Thi s i s a  meta -
semanti c projec t  tha t  sedc s a n explanatio n o f  h o w 
meaningfu l  state s ca n aris e from  non-meaningfu l  ordinar y 
matter .  Th e leadin g player s i n thi s projec t  ar e als o 
proponent s o f  Concqjtua l  Atomism ,  th e vie w tha t  concept s 
ar e atoms ,  wit h n o interna l  structur e o r  necessar y relaticm s 
t o othe r  concepts .  Conceptua l  AtcHnis m i s a 
psychological/semanti c project ,  f w whic h th e projec t  o f 
naturalizin g menta l  conten t  i s suppose d t o provid e a  meta -
semantics .  Thi s combine d projec t  -  cal l  i t  Naturalize d 
Conceptua l  Atomis m ( N C A )  -  i s  stil l  ver y m u c h a  goin g 
concer n toda y (Fodor ,  1998 ;  Laurenc e an d Margolis ,  1999 ; 
Margoh s 1998 ;  Millikan ,  1998 ;  Ushe r  2001) . 

Th e meta-semanti c projec t  ha s a  bi g proble m wit h wha t  I 
wil l  cal l  "unacquaintw l  content '  (define d below) .  Propose d 
solution s t o thi s proble m eithe r  d o no t  work ,  o r  lea d t o a 
psychological/semanti c positio n tha t  proponent s o f  N C A 
hav e explicitl y  rejecte d i n th e pas t  -  namely ,  tha t  a  larg e 
number  o f  lexica l  primitive s correspon d t o comple x (non -
atomic )  concepts .  I  wil l  loo k a t  th e thre e mai n attempt s t o 
naturaliz e menta l  conten t  an d sho w h o w the y al l  eithe r  fai l 
or  lea d t o a  non-atomi c structur e fo r  larg e number s o f 
concepts .  Th e remed y fo r  thi s situation ,  a s I  se e it ,  i s  t o 
sq)arat e th e meta-semanti c projec t  from  th e 
psychological/semanti c projea ,  an d le t  eac h develop ,  fo r  th e 
tim e being ,  independentl y o f  th e other . 

A Few Definitions 

Concept 

Followin g th e standar d psychologica l  usage ,  I  a m usin g th e 
ter m 'concept '  t o mea n a  sub-prqjositiona l  menta l 

representation .  (Thi s i s i n contras t  t o th e standar d 
philosophica l  usag e i n whic h a  concep t  i s  mor e lik e a n 
abstrac t  object. )  Fo r  th e presen t  purposes ,  I  wil l  stic k t o 
example s o f  concept s (menta l  representations )  tha t  ar e abou t 
object s o r  natura l  kinds . 

Unacquainted Content 

Unacquainte d conten t  i s th e Achille s hee l  o f  N C A .  I t  i s th e 
kin d o f  conten t  tha t  a  concep t  ha s i f  it s beare r  ha s ha d n o 
direc t  experienc e wit h th e represente d objec t  o r  kind .  Fo r 
example ,  anyon e w h o ha s experienc e wit h dog s (i.e .  ahnos t 
everyon e readin g this )  wil l  hav e a  norma l  D O G concept .  Bu t 
most  Nort h American s w h o hav e hear d of ,  bu t  neve r 
directl y experienced ,  wombat s hav e a  w o m b a t  concep t 
wit h unacquainte d content. ' 

Th e ter m "unacquainte d content '  als o cover s m a n y kind s 
of  hypothesized ,  futur e o r  fictiona l  content .  Fo r  instanc e th e 
concept ,  UNICORN,  ha s unacquainte d conten t  becaus e th e 
concep t  bearer s coul d no t  possibl y hav e directl y 
experience d th e nraiexisten t  object s t o whic h i t  refers . 

Nonexistent Object 

Nonexisten t  object s ar e wha t  concept s wit h unacquainte d 
conten t  see m t o refe r  to .  Mayb e nonexisten t  object s ar e 
object s i n possibl e wwlds ,  mayb e the y hav e som e kin d o f 
Meinongia n nonexisten t  being ,  o r  mayb e the y don' t  exis t  a t 
al l  an d reference s t o the m ar e vacuous .  I  don' t  inten d t o tak e 
a positio n o n thi s ontologica l  issue ,  becaus e th e mai n 
questio n o f  th e pape r  i s no t  whethe r  ther e ar e unicorns ,  bu t 
whethe r  ther e ar e UNICORNS (atomi c representation s fo r 
unacquainte d content). ^ 

The Problem of Unacquainted Content 

Th e mai n proponent s o f  N C A ar e Dretske ,  Millika n an d 
Fodor .  Al l  thre e ar e engage d i n a  philosophica l  projec t  tha t 
seek s (a )  a  naturalize d accoun t  o f  (b )  externa l  oxitent ,  an d 
al l  thre e ten d t o assum e tha t  (c )  concq>t s ar e atom s wit h n o 
interna l  structure .  Thei r  thre e differen t  brand s o f  N C A 
differentiat e aroun d (d )  th e specia l  problem s pose d b y 
misrepresentation .  I  wil l  briefl y discus s thes e fou r  point s o f 
agreemen t  an d the n I  wil l  discus s th e difference s betwee n 

'  A  wor d i n smal l  cap s (e.g .  wombat )  refer s t o a  concept ,  whil e a 
wor d i n singl e quote s (e.g .  'wombat' )  efer s t o a  lexica l  ite m 
'  Alexiu s Meinon g wa s th e Germa n philosophe r  an d psychologis t 
credite d wit h proposin g thi s solutio n (Meinong ,  1904) . 
'  M y hunc h i i  tha t  everyda y common sens e i s pseudo-Meinongian , 
and therefor e m y descriptio n o f  a  unicor n a s a  nonexisten t  objec t 
wil l  b e perfectl y intelligibl e t o al l  bu t  th e mos t  dognuti c readers . 
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th e thre e proposals ,  focusin g o n th e specia l  proble m pose d 
by unacquainte d content. * 

(a )  A  Naturalize d Account .  T o naturaliz e conten t  woul d 
be t o fin d a  coheren t  stor y t o tel l  abou t  h o w th e intentiona l 
natur e o f  concept s arise s from  th e non-intentiona l  natur e o f 
ordinar y matter .  I n practic e thi s ha s typicall y mean t 
groundin g th e meanin g o f  a  symbo l  i n som e kin d o f  causa l 
or  information-bearin g relationshi p betwee n th e symbo l  an d 
th e objec t  i t  represents . 

(b )  Externa l  Content .  Proponent s o f  N C A follo w Putna m 
(1975 )  i n insistin g tha t  ther e ha s t o b e a n externa l  o r  broa d 
componen t  t o representationa l  content .  Meanin g i s no t 
(only )  i n th e head . 

(c )  Conceptua l  Atomism .  Dretske ,  Millikan ,  an d Fodo r  al l 
make th e assumptio n tha t  concept s an d othe r  meaningfu l 
menta l  state s mus t  b e bot h syntacticall y an d semanticall y 
atomic .  A  concep t  simpl y refer s t o a n objec t  i n th e world . 
Semanticall y speaking ,  n o par t  o f  a  concept' s meanin g 
derive s from  an y relationshi p i t  m a y hav e wit h othe r 
concepts .  Syntacticall y speaking ,  i f  th e concep t  ha d a n 
interna l  structur e o f  som e kind ,  i t  woul d rais e th e questio n 
of  wha t  th e individua l  part s o f  th e structur e refe r  to ,  an d it ^ 
doubtfu l  whethe r  tha t  i s  eve n a  meaningfu l  questio n t o as k 
i n thi s context .  If ,  fo r  example ,  D O G i s satisfie d b y al l  an d 
onl y dog s becaus e o f  a  causa l  relationshi p betwee n dog s 
an d dogs ,  the n ther e i s jus t  n o interna l  structur e i n th e 
equatio n tha t  need s t o b e explained . 

(d )  Misrepresentation .  I f  th e meanin g o f  D O G i s jus t  dog , 
and i f  d o g get s it s meanin g i n virtu e bein g cause d b y dogs , 
what  d o w e d o wit h th e feet  tha t  sometime s D O G token s 
migh t  b e cause d b y thing s othe r  tha n dogs ? Fo r  example ,  a 
cat  o n a  dar k nigh t  migh t  caus e a  d o g token .  I f  so ,  thi s 
seems t o impl y tha t  D O G mean s th e sam e a s 'do g o r  ca t  o n a 
dar k night' ,  whic h i s intuitivel y wrong .  I n fact ,  thi s 
"disjunctio n problem "  i s m u c h bigge r  tha n that .  Picture s o f 
dog s ca n als o caus e D O G tokens .  S o ca n th e wor d 'dog' , 
thought s abou t  pets ,  an d s o on .  S o th e meanin g o f  DOG,  o n 
thi s account ,  woul d actuall y b e a n infinit e disjunctio n 
includin g thing s lik e dogs ,  cat s o n dar k nights ,  'dog'tokens , 
PET tokens ,  LEAS H tokens ,  an d s o on .  I t  i s  i n attemptin g t o 
solv e thi s proble m tha t  th e thre e account s propose d b y 
Dretske ,  Millika n an d Fodo r  diverge . 

Dretske on Misrepresentation 

Dretsk e wa s th e first  t o formulat e a  versio n o f  N C A buil t  o n 
informatio n theor y (Dretske ,  1981) .  Accordin g t o thi s 
approach ,  a  concep t  c  represent s som e X  i n th e worl d onl y 
i f  C  carrie s informatio n abou t  X .  Mor e specifically ,  i f  X  an d 
onl y X  cause s c  the n c  represent s X .  Th e formulatio n i s 
meant  t o b e counterfactua l  supporting .  S o i f  X  an d onl y X 

*  Sometime s th e ter m 'misrepresentation '  i s  use d t o includ e 
representation s o f  nonexisten t  (Aject s an d state s o f  affair s a s wel l 
as representation s t<*ene d i n error .  Bu t  nonexisten t  object s ar e a 
kin d o f  unacquainte d content .  S o fo r  m y purposes ,  a 
misrepresentatio n i s a  representatio n tha t  wa s suppose d t o correctl y 
represen t  a n existin g objec t  o r  stat e o f  affairs ,  but ,  fo r  som e reason , 
faile d t o d o so . 

woul d caus e c ,  the n c  represent s X .  Lef l  lik e this ,  Dretske' s 
theor y suffer s from  th e disjunctio n proble m a s badl y a s an y 
causa l  theor y possibl y coul d -  th e conditio n tha t  onl y X 
woul d eve r  caus e C  i s fa r  to o stron g t o appl y t o rea l 
cognitiv e agent s i n nois y environments . 

Dretske' s propose d solutio n (Dretske ,  1986) *  begin s b y 
makin g a  distinctio n betwee n simpl e an d comple x 
organisms .  Simpl e organism s hav e onl y on e rout e t o a 
representationa l  state .  A s a n example ,  h e point s t o marin e 
bacteri a tha t  contai n magneti c sensor s calle d magnetosomes . 
Thes e sensor s detec t  th e surroundin g magneti c field  an d 
allo w th e bacteriu m t o alig n itsel f  wit h magneti c north . 
Sinc e i n th e norther n hemisphere ,  th e line s o f  th e magneti c 
field  ar e incline d downwards ,  th e bacteriu m ca n us e th e 
signa l  frcwn  it s magneti c sensor s t o sw i m upward s o r 
downward s i n th e water .  T h e bacteri a di e i n th e oxygen-ric h 
wate r  clos e t o th e surface ,  s o bacteri a livin g i n th e nort h ar e 
naturall y selecte d t o us e thei r  sensor s t o swi m downward s 
(toward s magneti c north) .  I f  the y ar e transplante d t o th e 
souther n hemispher e wher e th e field  line s inclin e upwards , 
the y wil l  kil l  themselve s b y swimmin g int o oxygen-ric h 
watCT. 

Dretsk e think s tha t  simpl e organism s lik e th e 
magnetosom e bacteri a canno t  accidentall y misrepresent , 
becaus e th e informatio n containe d i n whateve r 
representation s the y for m i s ambiguous .  I n it s natura l 
environment ,  th e bacterium' s magnetosom e representation s 
reliabl y causall y covar y wit h th e directio n o f  oxygen-fre e 
water .  Henc e i t  i s  temptin g t o sa y tha t  whe n th e bacteriu m i s 
moved t o th e souther n hemisphere ,  i t  begin s t o misrepresen t 
tha t  direction .  Bu t  o n th e othe r  hand ,  th e magnetosom e 
representation s als o reliabl y causall y covar y wit h th e 
directio n o f  magneti c north ,  an d thi s doe s no t  chang e n o 
matte r  wher e o n eart h th e bacteriu m i s move d to .  S o o n thi s 
latte r  view ,  i t  i s  no t  a  cas e o f  misrepresentatio n tha t  cause s 
th e norther n bacteri a t o kil l  themselve s wiie n move d t o th e 
south .  T h e magnetosom e mechanis m stil l  reliabl y indicate s 
magneti c north ,  bu t  somethin g els e i s goin g wron g insid e 
th e organis m tha t  cause s i t  t o swi m i n tha t  directio n an d kil l 
itsel f  Dretsk e conclude s from  thi s tha t  wher e ther e i s onl y 
one causa l  rout e t o a  representation ,  misrepresentatio n 
canno t  occu r  becaus e th e informationa l  conten t  o f  th e 
representatio n (i.e .  wha t  th e representatio n i s suppose d t o 
mean)  i s indeterminate .  Unles s i t  i s  possibl e t o 
unambiguousl y determin e a  representation' s informationa l 
content ,  i t  i s  no t  possibl e t o determin e whethe r  i t  ha s bee n 
tokene d i n error . 

I n mor e comple x organisms ,  ther e ca n b e mor e tha n on e 
rout e t o a  representation .  Fo r  instance ,  a  h u m a n bein g ca n 
detec t  a  hamburge r  b y seein g it ,  smellin g it ,  tastin g it , 
feelin g it ,  an d s o on .  Ther e ar e multipl e sensor y route s tha t 
end i n th e sam e representation ,  h .  If ,  o n th e contrary ,  on e 
coul d onl y detec t  a  hamburge r  b y smellin g it ,  h  woul d 
reliabl y causall y covar y wit h bot h th e hamburge r  an d th e 

'  I n late r  work ,  Dretsk e (1988 )  pursue d a  differen t  solutio n tha t 
share s mor e i n common wit h Millikan" s approach ,  discusse d 
below . 
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odor .  S o th e conten t  o f  h ,  o n Drctskc ^  story ,  woul d b e 
indeterminate .  Bu t  sinc e ther e ar e a t  leas t  fou r  sensor y 
route s (i n a  h u m a n )  t o H ,  th e conten t  ca n b e fixed .  A  toke n 
of  H  cause d b y seein g a  hamburge r  doe s no t  causall y covar y 
wit h th e odo r  o f  th e burger ,  s o th e odo r  ca n b e rule d ou t  a s 
par t  o f  h' s content .  N o w w e ca n se e h o w misrepresentatio n 
i s possible .  A n y on e o f  th e sense s ca n b e tricke d int o 
causin g a  toke n o f  h  whe n ther e i s n o hamburge r  present , 
but  sinc e th e conten t  o f  H  i s fixed  b y th e intersectio n o f 
multipl e causa l  routes ,  th e resultin g toke n H  ca n sensibl y b e 
considere d t o accidentall y misrepresent . 

Dretske and Unacquainted Content 

Informatioa-base d N C A o f  thi s kin d suffer s fro m a  bi g 
proble m wit h unacquainte d content .  I n Dretske' s version , 
th e proble m is ,  i n m a n y cases ,  on e o f  indeterminacy .  Tak e 
Jay Leao ,  th e hos t  o f  di e tonigh t  show .  Lik e mos t  peopl e 
wit h a  LEN O concept ,  I  hav e watche d hi m fo r  hour s o n T V .  I 
k n o w bot h wha t  h e look s lik e an d wha t  h e sound s like ,  s o I 
hav e tw o causa l  route s t o m y LEN O concept .  I f  I  eve r  sa w 
Jay Len o i n person ,  it' s  reasonabl e t o suppos e m y LEN O 
concep t  woul d b e tokene d throug h on e o r  mor e o f  thes e 
causa l  routes .  S o th e conditio n tha t  Len o woul d caus e len o 
token s i s satisfied .  Bu t  th e conditio n tha t  onl y Len o woul d 
caus e LEN O token s i s violate d -  recording s o f  Len o als o 
caus e LEN O tokens .  Unfortunately ,  th e multipl e causa l 
route s stor y i s n o hel p her e becaus e I  hav e onl y tw o causa l 
route s t o LEN O token s an d the y woul d bot h b e engage d 
whethe r  I  sa w h i m liv e o r  o n T V .  Iti s  possibl e tha t  thi s 
proble m ca n b e se t  asid e b y notin g tha t  ther e i s a  causa l 
relationshi p o f  som e sor t  betwee n th e rea l  Len o an d th e T V 
Leno ,  bu t  goin g dow n thi s roa d wil l  likel y produc e mor e 
problem s tha n i t  solves .  Ther e i s a  causa l  relationshi p 
betwee n a  cerui n typ e o f  bacteri a an d pimples ,  bu t  i t  shoul d 
not  follow,  a t  leas t  i n an y Conceptua l  Atomis t  story ,  tha t 
an y par t  o f  th e conten t  o f  m y pimpl e concep t  i s a  typ e o f 
bactoia . 

Th e proble m get s wors e whe n ther e i s n o possibilit y  a t  al l 
of  a  direc t  sensor y causa l  rout e t o a  token ,  a s i s th e cas e fo r 
nonexisten t  object s lik e th e fictional  detective ,  Sherloc k 
Holmes ,  o r  th e Secon d Shoote r  hypothesize d i n certai n 
theorie s abou t  th e assassinatio n o f  Joh n F .  Kennedy. '  I  d o 
k n o w a  lo t  o f  fact s abou t  wha t  thes e tw o nonexisten t  object s 
are ,  havin g hear d th e conspirac y theor y abou t  th e Kenned y 
assassinatio n an d rea d th e storie s abou t  Sherloc k Holmes . 
But  i t  doe s no t  follo w tha t  eithe r  o f  thes e individual s 
(shoul d the y tur n ou t  t o exis t  afte r  all )  woul d caus e 
appropriat e tokening s i n m e i f  I  eve r  sa w them ,  becaus e I 
hav e n o histor y o f  a  direc t  sensor y lin k wit h them ,  an d 
therefor e n o token s wit h th e appropriat e informationa l 
content . 

*  I  hav e n o opinio n abou t  thes e theories .  Let' s jus t  sa y fo r  th e sak e 
of  argumen t  tha t  ther e wa s n o Secon d Shooter . 

Millika n o n Misrepresentatio n 

Miliika n approaches  th e proble m o f  misrepresentatio n fi-om 
anothe r  direction .  O n e wa y o f  lookin g a t  misrepresentatio n 
i s t o sa y tha t  i t  arise s whe n a  give n representatio n fail s t o 
perfor m it s prope r  function .  Fo r  example ,  i f  D o o i s tokene d 
i n respons e t o a  cat ,  w e ca n intuitivel y sa y tha t  th e 
mechanis m tha t  output s D O O token s ha s &ile d t o d o it s jo b 
properly .  Th e d o o toke n i s onl y suppose d t o represen t  dogs , 
but  i t  i s  bein g tokene d (i n thi s case ,  accidentally )  i n 
respons e t o a  cat .  S o al l  th e approache s t o explainin g 
misrepresentatio n withi n a  theor y o f  N C A hav e i n c o m m o n 
tha t  the y wan t  t o find  som e naturalisti c wa y t o describ e th e 
prope r  flinctio n o f  a  give n representation .  Millika n meet s 
thi s challeng e hea d o n b y tryin g t o find a  teleologica l 
solutio n roote d i n th e theor y o f  natura l  selectio n (Millilca n 
1984 ;  1989 ;  1990 ;  als o se e Dretske ,  1988) . 

Conside r  th e huma n heart .  Intuitively ,  w e woul d lik e t o 
say tha t  it s prope r  functio n i s t o circulat e blood ,  bu t  wher e 
do w e ge t  th e authorit y t o sa y suc h a  thing ? Millika n 
answer s tha t  w e ca n sa y th e hear t  ha s th e functio n o f 
circulatin g bloo d i f  w e ca n sho w that ^  wha t  heart s wer e 
naturall y selecte d for .  Applyin g thi s ide a t o menta l 
representations ,  Millika n suggest s tha t  w e ca n sa y that ,  fo r 
instance ,  d o g refer s t o dog s i f  w e ca n sho w that' s wha t  d o g 
tdcen s wer e naturall y selecte d for . 

T o determin e wha t  a  representatio n wa s selecte d for , 
Millika n urge s u s t o focu s o n th e system s withi n th e 
organis m tha t  mak e us e o f  th e representatio n (Millikan , 
1989) .  Fo r  example ,  th e representatiwi s produce d b y th e 
navigatio n mechanis m withi n a  magnetosom e bacteriu m ar e 
consume d b y som e othe r  par t  o f  th e organis m tha t  use s th e 
infcHmatio n t o pic k th e curren t  swimmin g direction .  I f  w e 
assume tha t  thes e variou s mechanism s wer e selecte d fo r 
thei r  abilit y  t o prope l  th e bacteriu m awa y fro m oxygen-rid i 
water ,  the n th e prope r  functio n o f  th e magnetosom e 
representation s mus t  b e t o represen t  th e directio n o f  suc h 
water .  S o wte n w e transplan t  th e bacterium ,  i t  ca n trul y sai d 
t o b e Accidentall y Misrepresentin g tha t  direction .  Millikan ^ 
solutio n ha s th e advantag e o f  allowin g u s t o sa y wha t  w e 
intuitivel y wan t  t o sa y abou t  th e bacteri a -  tha t  i n norma l 
condition s the y represent ,  an d i n abnorma l  condition s the y 
misrepresent . 

A temptin g wa y o f  lookin g a t  thi s solutio n i s tha t  i t  i s th e 
same a s Dretske' s informatio n -base d solution ,  bu t  wit h th e 
causa l  covariatio n occurrin g o n a n evolutiraiar y tim e scal e 
rathe r  tha n ove r  th e lifetim e o f  a  singl e organism .  I n fiict, 
Dretsk e (1981 :  234 )  doe s to y wit h th e ide a o f  innat e 
representationa l  conten t  produce d i n jus t  suc h a  wa y -
representation s tha t  ar e selecte d fo r  th e informationa l 
conten t  the y carry .  Bu t  reflectio n o n th e cas e o f  th e 
magnetoscnn e bacteri a show s th e rea l  differenc e i n th e tw o 
theories .  Recal l  tha t  Dretsk e (1986 )  wa s force d t o conclud e 
tha t  th e conten t  o f  th e magnetosom e mechanism's ; 
representation s wer e indeterminat e -  ther e wer e jus t  to o 
m a ny thing s th e representation s causall y covarie d wit h t o 
judg e whic h wa s th e 'proper'informationa l  content .  Exactl y 
th e sam e argumen t  woul d appl y o n a n evolutionar y scale . 
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But  b y focusin g o n th e naturall y selecte d prope r  Tunctio n o f 
th e representations ,  Millika n avoid s thi s indetenninucy . 

Millikan and Unacquainted Content 

As appealin g a s Millikan ^  solutio n t o misrepresentatio n 
m ay seem ,  i t  ha s problem s wit h unacquainte d conten t  tha t 
ar e a t  leas t  a s ba d a s thos e associate d wit h Dretske ^ 
approach .  A s Dretsk e himsel f  ha s pointe d ou t  (Dretske , 
1986) ,  th e theor y canno t  explai n representationa l  conten t  fo r 
anythin g tha t  a  specie s eithe r  ha s no t  encountere d durin g it s 
evolutionar y history ,  o r  ha s encountere d bu t  ha d n o nee d o r 
us e for .  I f  n o member  o f  th e species ,  o r  an y ancesto r 
species ,  eve r  encountere d a  particula r  typ e o f  object ,  the n n o 
par t  o f  th e organism s tha t  compris e tha t  specie s coul d 
possibl y hav e bee n selecte d fo r  th e purpos e o f  rq)resentin g 
tha t  content .  Thi s denie s representationa l  conten t  t o almos t 
any representatio n o f  a  nonexisten t  objert ,  an d m a n y 
representation s o f  rea l  thing s suc h a s work s o f  art ,  n e w 
piece s o f  technology ,  o r  anythin g tha t  i s recen t  oioug h t o 
hav e playe d n o rol e i n th e evolutionar y histor y o f  th e 
species .  Millika n ha s a  proble m wit h unacquainte d conten t 
on a n evolutionar y scale. ' 

Fodor on Misrepresentation 

Arguably ,  th e mos t  prcxnisin g versio n o f  N C A come s from 
Fodo r  (1987 ;  1990 ;  1994 ;  1998) .  Fo r  th e las t  1 5 year s o r  so , 
he ha s bee n pushin g a  theor y o f  Asymmetri c Causa l 
Dependenc e ( A C D )  theor y t o explai n h o w a n information -
base d semantic s coul d dea l  vnth ,  amon g othe r  things , 
misrepresentation. *  I n hi s essay ,  " A theca y o f  conten t  IF ,  h e 
combine s Dretskia n informationa l  semantic s ( a concep t  c 
means X  i f  it' s  a  la w tha t  X' s caus e c% )  wit h a n asymmetri c 
dependenc e conditio n (Y' s tha t  caus e c' s onl y d o s o 
becaus e X' s caus e c' s an d no t  vic e versa) .  Thi s take s car e o f 
misrepresentation s suc h a s cat s o n dar k night s causin g E>OG 
token s (thi s stat e o f  af&ir s i s dependoi t  o n dog s causin g 
D OG token s bu t  no t  th e othe r  wa y around) ,  an d i t  i s  als o 
extendibl e t o explai n variou s kind s o f  "robust "  tokening s 
(non-X-cause d c  tokening s tha t  ar e nevertheles s no t  erro r 
case s -  fo r  instance ,  D O G token s tha t  ar e cause d b y picture s 
of  dog s o r  thought s abou t  leashes.) ' 

'  I t  coul d b e objecte d tha t  th e representatio n o f  hypothetica l  o r 
nonexisten t  thing s i n genera l  i s  ver y useful ,  an d thu s coul d hav e 
been selecte d for .  Bu t  Millikan' s theor y i s suppose d t o provid e a n 
explanatio n fo r  th e specifi c  conten t  o f  specifi c  representations ,  an d 
thi s i s wha t  i t  fail s  t o d o fo r  unacquainte d content . 
'  Lately ,  Fodo r  (1998 )  prefer s t o tal k abou t  concep t  acquisitio n a s a 
proces s o f  "lockin g on "  t o a  relevan t  property .  Th e ne w 
formulatio n addresse s som e concern s abou t  nativis m an d ontology , 
but  Fodo r  i s clea r  tha t  howeve r  lockin g o n works ,  th e meanin g o f 
th e resultin g concep t  i s stil l  grounde d i n a n informationa l 
relationship ,  an d A C D remain s hi s mos t  matur e attemp t  t o 
characteriz e tha t  relationship . 
'  Not e tha t  I  a m acniall y describin g wha t  Fodo r  (1990 )  calle d th e 
"pure "  versio n o f  A C D .  H e als o suggest s th e possibilit y  o f  a 
"mixed "  versio n i n whic h h e add s th e conditio n tha t  c  mus t  hav e 
actuall y bee n cause d b y X  a t  leas t  once .  Thi s mixe d versio n wil l 
obviousl y foil  fo r  unacquainte d content ,  s o I  wil l  onl y dea l  wit h 

F o d o r  an d Unacquainte d Conten t 

Th e proble m o f  unacquainte d conten t  fo r  pur e A C D i s 
immediatel y apparent ,  particularl y fo r  nonexisten t  objects . 
For  example ,  h o w ca n non-unicom-cause d tokening s o f 
UNICORN b e asymmetricall y dependen t  c m unicorn-cause d 
tokening s whe n ther e ar e n o existin g unicorns ? Fodo r  think s 
tha t  thi s objectio n ca n b e answered ,  b y remindin g u s that , 
lik e Dretske ,  h e i s tellin g a  nomi c story : 

It  ca n b e tru e tha t  th e propert y o f  bein g a  unicor n i s 
nomologicall y linke d wit h th e prc^rt y o f  bein g a  caus e o f 
UNICORNS eve n i f  ther e aren '  t  an y unicorns.. .  Ther e wouldn ^ 
be non-unicom-cause d unicor n token s bu t  tha t  unicorn s 
woul d caus e unicor n token s i f  ther e wer e an y unicorns . 
(Fodor ,  1990 ,  plOl ,  italic s remove d an d singl e quote s 
change d t o smal l  cap s fo r  consistency) . 

Fodo r  ha s bee n attacke d a a th e unicor n front  before .  Fo r 
instanc e Bake r  (1991 )  constructe d a  detaile d argumen t 
base d o n unicorn s an d "shunicoms "  ( a creatur e o f  he r  o w n 
design )  tha t  require s u s t o speculat e abou t  whic h o f  variou s 
possibl e world s containin g unicorn s and/o r  shunicom s i s 
"closer "  t o ou r  own .  I f  you r  min d boggle s a t  thi s kin d o f 
talk ,  I  wil l  n o w offe r  v»*a t  I  hop e i s a  slightl y simple r 
explanatio n belo w fo r  w h y unicorn s ar e a  bi g thor n i n th e 
sid e o f  th e pur e versio n o f  A C D . 

I n thi s unicorn-fre e worid ,  al l  vali d UNICORN tokening s 
must  b e robus t  tokening s -  the y ar e cause d b y thing s othe r 
tha n unicorns .  T h e acquisitio n o f  th e concep t  UNICORN i n 
th e absenc e o f  unicorn s ccnne s from  exposur e t o 
representation s (visua l  o r  verbal )  o f  unicorns .  Havin g 
learne d abou t  unicorn s from  book s an d stories ,  i f  a  uniax n 
suddenl y poppe d int o existenc e i n front  o f  you ,  i t  woul d 
likel y caus e a  unicor n token .  S o w e hav e tw o vali d causa l 
route s t o unicor n tokens :  on e from  representation s o f 
unicorns ,  an d on e from  possibl e rea l  unicorn s tha t  yo u 
migh t  encounte r  i n th e futur e (i f  imicom s bega n t o exist) .  T o 
appl y A C D ,  w e hav e t o kno w wha t  woul d happe n i f  w e 
hrck e eithe r  o f  thes e tw o causa l  links .  Wou l d breakin g th e 
causa l  lin k betwee n futur e unicorn s an d unicor n token s 
brea k th e lin k betwee n representation s o f  unicorn s an d 
unicor n tdcens ? M y intuiticx i  i s  tha t  thi s scenari o doesn t 
eve n m a k e sense ,  bu t  suppos e fo r  th e sak e o f  argumen t  tha t 
breakin g th e unicom/UNicoR N lin k vraul d brea k th e 
representation/uNlcOR N link .  The n unicor n tokoi s ar e 
causall y dependen t  o n (future )  unicorns . 

But  wha t  woul d happe n i f  w e brok e th e causa l  lin k 
betwee n representation s o f  unicorn s an d unicor n tokens ? 
Accordin g t o A C D ,  i f  UNICORN i s t o m e a n unicorn ,  the n thi s 
shoul d no t  affec t  th e causa l  lin k betwee n futur e unicorn s 
an d UNICORN tokens .  Bu t  i t  obviousl y does .  I n a  worl d 
withou t  unicorns ,  i f  yo u don t  lear n abou t  the m from 
representation s o f  the m the n yo u don \  lear n abou t  the m a t 
all .  Thi s mean s tha t  i f  a  unicor n suddenl y poppe d int o 
existenc e i n front  o f  you ,  yo u wouldn \  k n o w wha t  i t  was . 
M a y be i t  woul d caus e token s o f  horse ,  h o r n o r  whatever , 

pure ACD here. And to be &ir, Fodor (1994: i^pendix B) has 
made i t  prett y clea r  tha t  h e doesn t  thin k muc h o f  th e mixe d theor y 
anyway . 
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but  i t  wouldn \  caus e a  unicor n toke n becaus e yo u 
wouldn t  hav e on e fo r  i t  t o cause .  S o i n th e bes t  case ,  causa l 
dependenc e run s bot h way s an d A C D doesn t  apply .  I n th e 
wors t  cas e (wher e yo u don \  bu y th e stor y abou t  breakin g 
th e lin k betwee n futur e unicorn s an d UNICORN tokens )  A C D 
run s i n th e wron g directio n an d unicor n end s u p havin g 
representation s o f  unicorn s a s it s content .  Bu t  thi s mus t  b e 
felse  -  unicor n ha s unicorn s a s it' s  content.' "  Notic e tha t 
yo u ca n ru n exactl y th e sam e argumen t  fo r  an y typ e o f 
unacquainte d content ,  suc h a s m y len o concept .  Toke n ing s 
of  LEN O i n th e presenc e o f  Len o ar e causall y dependen t  o n 
tokening s o f  LEN O i n respons e t o representation s o f  Leno . 

Ther e i s a  wa y ou t  o f  thi s tra p for  a n extrem e radica l 
nativist .  Fodo r  (e.g .  1998 )  entertains ,  thoug h h e doe s no t 
endorse ,  th e possibilit y  tha t  w e ar e b o m wit h a  stoc k o f 
atomi c concept s waitin g t o b e triggere d b y th e righ t  sor t  o f 
content-fixin g experiences .  Applyin g thi s ide a t o 
unacquainte d content ,  i f  w e al l  hav e built-i n unicor n toke n 
type s tha t  jus t  nee d t o b e 'biggered "  somehow ,  the n mayb e 
our  firs t  encounte r  wit h a  unicor n woul d caus e a  unicor n 
toke n afte r  all .  O f  cours e w e wouldn \  hav e a  wor d fo r  thi s 
token ,  bu t  tha t  i s  irrelevant .  S o A C D woul d b e satisfie d b y 
assumin g tha t  w e ar e b o m wit h a  lifetim e suppl y o f  token s 
tha t  akead y hav e thei r  nomi c triggerin g condition s fixed . 

But  radica l  nativis m i s no t  a  pq)ula r  optio n i n cognitiv e 
science .  Thoug h Fodo r  correctl y point s ou t  tha t  whethe r  (o t 
t o wlia t  extent )  nativis m i s tru e i s a n empirica l  question ,  i t 
seems ver y unlikel y t o mos t  researdier s tha t  th e empirica l 
fects  wil l  bea r  th e theor y out .  Furthermore ,  i f  th e projec t  i s 
t o naturaliz e content ,  the n al l  radica l  nativis m doe s i s ope n 
up n e w questions .  W e ar e n o w owe d a  naturalisti c accoun t 
of  h o w i t  ca n b e th e cas e tha t  a n individua l  i s  bor a wit h a 
larg e stoc k o f  menta l  state s tha t  alread y hav e th e appropriat e 
nomi c connections .  Give n th e problem s wit h bot h Dretsk e 
and Millikan ^  evolutionar y accounts ,  i t  seem s unlikel y tha t 
suc h a  stor y i s forthcOTning .  Withou t  th e story ,  al l  w e hav e 
reduce s t o th e statemen t  tha t  UNICORN mean s unico m 
becaus e i t  ha s a  se t  o f  propertie s tha t  cause s i t  t o mea n 
unicorn . 

The Non-atomic Way Out 

Al l  thre e attempt s t o construc t  a  theor y o f  N C A see m t o fai l 
fo r  unacquainte d content .  Howeve r  ther e i s stil l  a  wa y ou t 
tha t  i s  consisten t  wit h a  slightl y weakene d versio n o f 
Conceptua l  Atomism .  Thi s solution ,  propose d b y Fodo r 
(1990 :  124 )  an d Dretsk e (1981 :  222 ,  230 )  i s t o allo w som e 
concept s t o b e non-atomic ,  stmcture d entitie s buil t  ou t  o f 
atomi c components. "  S o unicorn ,  leno ,  an d s o o n actuall y 

' "  Ther e i s a  persisten t  notio n tha t  unicor n mus t  refe r  t o a n ide a o r 
t o a  representation .  Bu t  a  unico m i s no t  a n ide a o r  a  representation ; 
it' s a n anima l  tha t  look s lik e a  hors e wit h a  hor n o n it s head .  Idea s 
and representation s ar e no t  animal s an d the y hav e neithe r  head s 
nor  horns .  S o idea s an d representation s ar e th e wron g sort s o f 
thing s t o serv e a s th e conten t  fo r  unicorn . 
"  Fodo r  propose s thi s (somewha t  apologetically )  onl y fo r  case s o f 
nonexisten t  objects ,  bu t  i t  i s easil y extendibl e t o an y unacquainte d 
content . 

unpac k int o phrasa l  entitie s i n th e languag e o f  thought , 
assemble d ou t  o f  primitiv e atoms .  Tha t  is ,  the y ar e 
definitions.̂ ^  Fodo r  fail s  t o provid e an y seriou s defens e o f 
th e position ,  excep t  t o stat e tha t  h e think s th e situatio n i n 
whic h a  comple x concep t  woul d b e require d i s "very ,  ver y 
rare "  (1990:124 ,  hi s italics) .  Dretsk e propose s th e sam e 
solution ,  bu t  lik e Fodor ,  balk s a t  defendin g it :  ' I  hop e [th e 
compositiona l  solution ]  i s  sufficientl y plausibl e no t  t o nee d 
argument "  (1981:222 ,  als o hi s italics) . 

But  contrar y t o Fodor ,  concept s wit h unacquainte d 
conten t  don \  see m t o b e particularl y rar e a t  all .  A n d 
contrar y t o Dretske ,  th e definitiona l  solutio n doe s nee d a n 
argument ,  havin g bee n Judge d implausible ,  a t  leas t  a s a 
genera l  accoun t  o f  conceptua l  structure ,  b y a  wid e 
consensu s o f  Cognitiv e Scientists.' ^  Almos t  an y standar d 
accoun t  o f  th e recen t  histor y o f  empirica l  researc h int o 
conceptua l  structur e begin s wit h a  recountin g o f  th e demis e 
of  so-calle d definitiona l  theorie s (e.g .  ICcmiatsu ,  1992 ; 
Laurenc e an d Margolis ,  1999 ;  Smit h an d Medin ,  1981) .  Th e 
most  commonl y cite d reason s fo r  abandonin g o f  a 
definitiona l  accoun t  o f  oxiceptua l  structur e ar e that :  a )  ther e 
i s a  widesprea d consensu s tha t  mos t  concep t  word s o f  an y 
interes t  ar e no t  rigorousl y definabl e (se e Laurenc e an d 
Margolis ,  1999) ;  b )  n o attemp t  t o fin d psychologica l  dat a 
tha t  migh t  revea l  a  definitiona l  structur e fo r  simpl e lexica l 
item s ha s succeede d (e.g .  Kintsch ,  1974) ;  an d c )  th e well -
establishe d psychologica l  phenomeno n o f  typicalit y ratings , 
or  'feoodnes s o f  example "  effect s (e.g .  R  osch ,  1973 )  i s 
extremel y difficul t  t o accoun t  fo r  withi n a  definitiona l 
theor y (se e Smit h an d Medin ,  1981) . 

Conclusion: A Better Way Out? 

Dretske ,  Millikan ,  an d Fodo r  hav e n o solutio n t o th e 
proble m o f  unacquainte d content ,  unles s w e tak e on e o f  tw o 
rathe r  unpalatabl e q)tions :  a )  accep t  a  radica l  concep t 
nativis m i n whic h token s lik e unicor n ar e a n innat e par t  o f 
our  psychologica l  make-up ;  o r  b )  accep t  tha t  man y 
concq)ts ,  includin g iwicoRN ,  W O M B A T,  LENO,  an d s o o n 
must  hav e a  definitiona l  stmctiu-e .  Nobod y seem s want s t o 
tak e optio n (a )  seriously ,  an d i t  beg s th e questio n anyhow , 
so weV e lef t  wit h optio n (b) ,  \\iiic h no t  onl y ha s n o 
empirica l  support ,  bu t  als o contradict s th e whol e spiri t  o f 
th e Conceptua l  Atomis t  enterprise .  Wha t  d o w e d o now ? 

Recal l  tha t  ther e ar e a t  leas t  tw o project s here :  th e meto -
semanti c projec t  o f  naturalizin g content ,  an d th e 
psychological/semanti c projec t  o f  Conceptua l  Atomism . 
Th e firs t  projec t  i s  stall ^  b y th e proble m o f  unacquainte d 
content ,  an d i n attemptin g t o sav e itself ,  ha s wreake d havo c 
on th e secon d project .  M y suggestio n i s tha t  w e d o no t 
accep t  thi s conclusion ,  an d tha t  w e separat e th e project s 
fro m n o w on .  Le t  thos e intereste d i n th e meta-semanti c 

'̂".. .  th e ide a tha t  man y term s expres s concept s tha t  hav e interna l 
structur e i s tantamoun t  t o th e ide a tha t  man y term s hav e 
definitions. "  (Fodor ,  1981:289 ) 
"  Ironically ,  thi s consensu s include s Fodo r  himsel f  (e.g .  Fodor , 
1998 ;  Fodor ,  Fodo r  an d Garrett ,  1975 ;  Fodor ,  Garret t  an d Walker , 
1980) . 
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proble m ti y t o solv e i t  o n it s ow n terms ,  an d leav e 
Conceptua l  Atomis m t o develo p o n it s own .  Tha t  wa y 
Ccmceptua l  Atomis m ca n b e consisten t  wit h itsel f  i n 
claimin g tha t  unicor n an d w o m b a t  ar e atomic ,  jus t  lik e 
DOG an d cow .  Thi s i s essentiall y  th e Languag e o f  Though t 
hypothesi s (Fodor ,  1975 )  wit h a  referentia l  semantics ,  bu t 
withou t  th e causal-historica l  meta-semantics .  unicor n 
refer s t o unicorns ,  bu t  how ,  exactly ,  i t  come s t o d o tha t  i s  a n 
issu e t o b e resolve d (o r  not )  b y th e separat e projec t  o f  meta -
semantics . 

I  suspec t  tha t  ther e wil l  b e som e skepticis m a s t o whethe r 
Conceptua l  Atomis m ca n surviv e withou t  it s accompanyin g 
meta-semanti c thewy .  Therefore ,  I  wil l  en d wit h tw o 
reason s wh y I  thin k tha t  i t  can . 

/ .  N o competin g theor y i s tie d t o a  simila r  meta-semanti c 
projec t  Fo r  example ,  neithe r  th e prototyp e theor y no r  th e 
theory-theor y o f  concept s attempt s t o sa y anythin g abou t 
ho w meanin g arise s from  non-meaningfii l  stuff .  Neithe r  d o 
most  m o d e m version s o f  th e definitiona l  theory .  And ,  afte r 
all ,  \ ^ y shoul d they ? A t  thi s earl y stage ,  a 
psychological/semanti c theor y shoul d b e judge d o n it s ow n 
mwits ,  no t  b y standard s se t  a t  som e othe r  leve l  o f  analysis . 

2.  Conceptua l  Atomis m i s stil l  a  decen t  theor y eve n 
withou t  th e meta-semanti c projec t  Ther e i s n o 
psychologica l  evidenc e fo r  definitiona l  structure ,  an d th e 
evidenc e tha t  drive s th e prototyp e an d theor y theorie s ca n b e 
accounte d fo r  withi n Conceptua l  Atomis m -  th e forme r  b y 
supposin g tha t  typicalit y effect s aris e from a  separat e 
categCN'izatio n mechanism ,  an d th e latte r  b y supposin g tha t 
peopl e d o hav e theorie s tha t  guid e thei r  behavior ,  bu t  tha t 
thes e theOTie s ar e abou t  th e concept s the y involve ,  rathe r 
tha n bein g constitutiv e o f  them .  An d abov e all ,  Coiceptua l 
Atomis m i s arguabl y on e o f  th e mos t  natura l  fits  t o th e 
computationa l  theorie s o f  min d tha t  ar e stil l  s o popular . 
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Abstrac t 

Pearl (2000) offiers a formal framework for modeling causal 
and counterfactua l  reasoning .  B y virtu e o f  th e wa y i t 
represent s interventio n o n a  causa l  system ,  th e framewor k 
makes prediction s abou t  ho w peopl e reaso n whe n aske d 
counterfactua l  question s abou t  causa l  relations .  Fou r  studie s 
ar e reporte d tha t  tes t  th e q>plicatio n o f  th e framewor k t o 
deterministi c causa l  an d conditiona l  arguments .  Th e result s 
suppor t  th e propose d representatio n o f  causa l  arguments , 
especiall y whe n th e natur e o f  th e counter&ctua l  interventio n 
i s mad e explicit .  Th e result s als o sho w tha t  conditiona l 
relation s ar e construe d i n differen t  ways . 

Introduction 

M a ny question s ar e decide d b y causa l  analysis .  I n th e law , 
issue s o f  negligenc e concer n w h o cause d a n outcom e and ,  a t 
leas t  unde r  c o m m o n law ,  th e determinatio n o f  guil t  require s 
evidenc e o f  a  causa l  chai n leadin g t o a  crime .  Evidenc e tha t 
migh t  increas e th e probabilit y  o f  guil t  (e.g. ,  a n accused' s 
race )  i s impermissibl e i f  i t  doesn' t  suppor t  a  causa l  analysi s 
o f  th e crime .  S o m e lega l  scholar s (Lipton ,  1992 )  clai m tha t 
lega l  analyse s o f  causalit y ar e i n n o sens e special ,  tha t 
causatio n i n th e la w derive s fro m everyda y thinkin g abou t 
causality .  Causa l  analysi s i s jus t  a s prevalen t  i n science , 
engineering ,  politics ,  indee d i n ever y domai n tha t  involve s 
human predictio n an d control . 

Causa l  analysi s i s ofte n difficul t  becaus e i t  depend s no t 
onl y o n wha t  happened ,  bu t  als o o n wha t  migh t  hav e 
happene d (Mackie ,  1974) .  Thu s th e clai m tha t  A  cause d B 
wil l  ofte n impl y tha t  i f  A  ha d no t  occurred ,  the n B  woul d 
not  hav e occurred .  Likewise ,  th e fac t  tha t  B  woul d no t  hav e 
occurre d i f  A  ha d no t  ofte n suggest s tha t  A  cause d B . 

Thi s explain s a  fundamenta l  la w o f  experimenta l 
science :  Mer e observatio n ca n onl y revea l  a  correlation ,  no t 
a causa l  relation .  That' s w h y causa l  inductio n require s 
manipulation ,  contro l  ove r  a n independen t  variabl e suc h tha t 
change s i n it s  valu e wil l  determin e th e valu e o f  th e 
dependen t  variabl e whils t  holdin g othe r  relevan t  condition s 
constant .  Everyda y causa l  inductio n ha s thes e sam e 
requirements .  Causa l  induction s i n everyda y context s ar e 
aide d b y manipulatio n o f  potentia l  causes ,  b y peopl e 
intervenin g o n th e worl d rathe r  tha n jus t  observin g i t  (th e 
condition s favorin g interventio n ar e spelle d ou t  i n Pearl , 
2000 ;  Spirtes ,  Glymour ,  &  Scheincs ,  1993) . 

I f  w e alread y hav e som e causa l  knowledge ,  the n certai n 
causa l  question s ca n b e answere d withou t  actua l 

intervention .  S o m e o f  thos e question s ca n b e answere d 
throug h menta l  intervention ,  b y imaginin g a  counterfactua l 
situatio n i n whic h a  variabl e i s manipulate d an d determinin g 
th e effect s o f  change .  Peopl e attemp t  this ,  fo r  example , 
wheneve r  the y wonde r  "i f  only... "  (i f  onl y I  hadn' t  mad e tha t 
stupi d comment.. .  I f  onl y m y dat a wer e different...) . 

Pear l  (2000 )  offer s a  causa l  modelin g framewor k tha t 
cover s suc h coimterfactiuk l  reasoning .  Th e framewor k make s 
prediction s abou t  h o w peopl e reaso n w h e n aske d 
counterfactua l  question s abou t  causa l  relations .  Pearl' s 
analysi s extend s t o relation s o f  probabilisti c  causalit y bu t 
thi s pape r  i s limite d t o studie s o f  deterministi c arguments . 
Befor e describin g thos e studies ,  w e briefl y revie w th e 
relevan t  aspect s o f  Pearl' s  analysis . 

Observation vs. Causation 

(Seein g vs .  D o i n g ) 

Seeing 

I n general ,  observatio n ca n b e represente d usin g th e tool s o f 
conventiona l  probability .  Th e probabilit y  o f  observin g a n 
even t  (say ,  tha t  a  logi c gat e i s workin g properly )  under  som e 
circumstanc e (e.g. ,  th e temperatur e i s  low )  ca n b e 
represente d a s th e conditiona l  probabilit y  tha t  a  rando m 
variabl e G ,  representin g th e logi c gate ,  i s  a t  som e leve l  o f 
operatio n g  whe n temperatur e T  i s observe d t o tak e som e 
valu e t : 

Pr{G = g|T = t} defined as P^iG=g&T = t) 

Pr{ T =  t } 

Conditional probabilities are symmetric in the sense that, if 
well-defined ,  thei r  converse s ar e well-define d too .  I n fact , 
give n th e margina l  probabilitie s o f  th e relevan t  variables , 
Bayes '  rul e tell s  u s h o w t o evaluat e th e converse : 

Pr{ T =  t| G =  g }  =  Pr{ G =  g | T =  t } ^ ^ ' ^  * ^  . 
Pr{ G =  g } 

(1 ) 

Do in g 

To represen t  action .  Pear l  propose s a n operato r  do(» )  tha t 
control s bot h th e valu e o f  a  variabl e tha t  i s  manipulate d a s 
wel l  a s a  grap h tha t  represent s causa l  dependencies . 
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do(X=x )  ha s th e effec t  o f  settin g th e variabl e X  t o th e valu e 
X an d als o change s th e grap h representin g causa l  relation s 
by removin g an y directe d link s fro m othe r  variable s t o X 
(i.e. ,  b y cuttin g X  of f  fro m th e variable s tha t  normall y caus e 
it) .  Fo r  example ,  imagin e tha t  yo u believ e tha t  temperatur e 
T causall y influence s th e operatio n o f  logi c gat e G ,  an d tha t 
altitud e A  causall y influence s T .  Thi s coul d b e represente d 
i n th e followin g causa l  diagram : 

- •  T - •  G 

Presumably ,  changin g th e operatio n o f  th e logi c gat e woul d 
not  affec t  temperatur e (i.e. ,  there' s n o causa l  lin k fro m G  t o 
T) .  W e ca n decid e i f  thi s i s tru e b y actin g o n th e logi c gat e 
t o chang e i t  t o som e operationa l  stat e g  an d the n measur e 
th e temperature ;  i.e. ,  b y runnin g a n experimen t  i n whic h th e 
operatio n o f  th e logi c gat e i s manipulated .  W e coul d no t  i n 
genera l  determin e a  causa l  relatio n b y jus t  observin g 
temperature s unde r  differen t  logi c gat e conditions ,  becaus e 
observatio n provide s merel y correlationa l  information . 
Measurement s take n i n th e contex t  o f  action ,  a s oppose d t o 
observation ,  woul d reflec t  th e probabilit y  tha t  T= t  unde r  th e 
conditio n tha t  do((j=gy . 

Pr{T = t|do(G = g)} 

Obtained by, first, constructing a new causal model by 
removin g an y causa l  link s t o G : 

A •  T  G 

The rationale for this is that if I have set G=g, then my 
interventio n render s othe r  potentia l  cause s o f  g  irrelevant .  I 
a m overridin g thei r  effects ,  s o I  shoul d no t  m a k e an y 
inference s abou t  them .  N o w I  ca n examin e th e probabilit y 
distributio n o f  T  i n th e causa l  graph .  Bu t  i n doin g so ,  I 
shoul d no t  tak e int o accoun t  th e prio r  probabilit y  o f  g , 
becaus e I  hav e se t  it s value ,  makin g it s valu e certai n b y 
virtu e o f  m y action .  Becaus e th e d o operatio n render s T  an d 
G probabilisticall y independent ,  th e resul t  i s  that : 

Pr{T = t|ifo(G = g)} = Pr{T = t}. 

The do operator is used to represent experimental 
manipulations .  I t  provide s a  mean s t o tal k abou t  causa l 
inferenc e throug h action .  I t  ca n als o b e use d t o represen t 
menta l  manipulations .  I t  provide s a  mean s t o m a k e 
counterfactua l  inference s b y determinin g th e representatio n 
of  th e causa l  relation s relevan t  t o inferenc e i f  a  variabl e ha d 
been se t  t o som e counteriactua l  value . 

Do we  "do"? 

Conside r  th e followin g Causa l  Argumen t  (1 )  i n whic h A ,  B , 
C,  an d D  ar e th e onl y relevan t  events : 

A cause s B . 
A cause s C . 
B cause s D . 
C cause s D . 
D definitel y occurred . 

On the basis of these facts, please answer the following 2 
questions : 
i .  I f  B  ha d no t  occurred ,  woul d D  stil l  hav e occurred ? 

(ye s o r  no ) 
ii .  I f  B  ha d no t  occurred ,  woul d A  hav e occurred ? (ye s 

or  no ) 

Pearl (2000) gives the following analysis of such a 
system .  First ,  w e ca n grap h th e causa l  relation s amongs t  th e 
variable s a s follows : 

Y o u ar e tol d tha t  D  ha s occurred .  Thi s implie s tha t  B  o r  C  o r 
bot h occurred ,  whic h i n tur n implie s tha t  A  mus t  hav e 
occurred .  A  i s th e onl y availabl e explanatio n fo r  D .  Thus ,  al l 
4 event s hav e occurred .  W h e n aske d wha t  woul d hav e 
happene d i f  B  ha d no t  occurred ,  w e shoul d appl y th e d o 
operator ,  <fo( B =  di d no t  occur )  wit h th e effec t  o f  severin g 
th e link s t o B  fro m it s causes : 

Therefore ,  w e shoul d no t  dra w an y inference s abou t  A  fro m 
th e absenc e o f  B .  S o th e answe r  t o th e counterfactua l 
questio n ii .  abov e i s "yes "  becaus e w e alread y decide d tha t 
A occurred ,  an d w e hav e n o reaso n t o chang e ou r  minds . 
The answe r  t o counterfactua l  questio n i .  i s  als o "yes " 
becaus e A  occurre d an d w e k n o w A  cause s C  whic h i s 
sufficien t  fo r  D . 

Othe r  theorie s o f  propositiona l  reasoning ,  menta l  model s 
theor y (Johnson-Lair d &  Byrne ,  1991 )  an d an y theor y base d 
on logi c (e.g. ,  Rips ,  1994) ,  don' t  reall y mak e prediction s i n 
thi s contex t  becaus e th e argumen t  use s causa l  relation s an d 
therefor e lie s outsid e th e propositiona l  domain .  Th e closes t 
the y ca n com e i s t o posi t  tha t  causa l  relation s ar e interprete d 
as materia l  conditional s (a n assumptio n mad e b y Goldvar g 
& Johnson-Laird ,  2001) .  T o se e i f  suc h a n interpretatio n o f 
Causa l  Argumen t  (1 )  i s valid ,  w e ca n conside r  Abstrac t 
Conditiona l  Argumen t  (1) : 

If A then B. 
I f  A  the n C . 
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I f  B  the n D . 
I f  C  the n D . 
D i s true . 

The corresponding questions were: 
i .  I f  B  wer e false ,  woul d D  stil l  b e true ? (ye s o r  no ) 
ii .  I f  B  wer e false ,  woul d A  b e true ? (ye s o r  no ) 

The causal modeling framework makes no particular 
predictio n abou t  suc h a n argumen t  excep t  t o sa y that , 
becaus e i t  doc s no t  necessaril y  concer n causa l  relations , 
response s coul d wel l  b e differen t  fro m thos e fo r  th e causa l 
argument .  Th e prediction s mad e b y a  "materia l  conditional " 
accoun t  wil l  depen d o n assumption s abou t  ho w peopl e 
interpre t  th e questions ;  i.e. ,  ho w the y modif y th e origina l  se t 
of  premises .  T o answe r  questio n i .  peopl e ma y suppres s th e 
statemen t  tha t  D  i s true ,  whils t  addin g th e statemen t  tha t  B 
i s false .  I f  the y do ,  th e trut h o f  D  i s indeterminate ,  becaus e i t 
i s  no t  entaile d b y th e falsit y o f  B .  Alternatively ,  peopl e 
migh t  no t  suppres s D .  Th e answe r  woul d the n b e "yes " 
becaus e th e origina l  premise s stat e tha t  D  i s true .  Suc h a n 
accoun t  yield s a  les s ambiguou s answe r  t o questio n ii .  Onc e 
peopl e suppos e tha t  B  i s false ,  the y ar e license d t o infer ,  b y 
modus tollens ,  tha t  A  i s false .  I f  thes e "materia l  conditional " 
theorie s mak e an y predictio n fo r  th e causa l  arguments ,  thes e 
shoul d correspon d t o thei r  predictio n fo r  comparabl e 
conditiona l  arguments . 

Experiment 1 

Method .  23 8 Universit y o f  Texa s a t  Austi n 
undergraduate s wer e give n on e o f  th e tw o argument s show n 
and aske d th e hste d questions . 

Results .  Response s ar e show n i n Tabl e 1 .  Th e 
prediction s o f  th e causa l  modelin g framewor k wer e 
supporte d fo r  th e causa l  argument s bu t  no t  fo r  th e 
conditiona l  arguments .  Th e predominanc e o f  "yes " 
response s i n th e causa l  conditio n implie s tha t  fo r  th e 
majorit y o f  participant s th e suppositio n tha t  B  didn' t  occu r 
di d no t  influenc e thei r  belief s abou t  whethe r  A  o r  D 
occurred .  Thi s i s consisten t  wit h th e ide a tha t  thes e 
participant s mentall y severe d (undid )  th e causa l  lin k 
betwee n A  an d B  an d thu s di d no t  dra w ne w conclusion s 
abou t  A  o r  abou t  th e effect s o f  A  fro m a  counterfactua l 
assumptio n abou t  B .  Response s t o th e conditiona l  argumen t 
wer e mor e variable :  n o on e strateg y fo r  interpretin g an d 
reasonin g wit h conditiona l  statement s dominated . 

Table 1: Percentages of participants responding "yes" to 
Abstrac t  Causa l  an d Conditiona l  Argument s (1) . 

Question Causal Conditional 
i .  D  hold s 
ii .  A  hold s 

8 0 % 
7 9 % 

5 7 % 
3 6 % 

Thes e result s wer e replicate d wit h tw o additiona l 
argument s tha t  use d a n identica l  causa l  o r  logica l  structur e 
but  adde d semanti c conten t  t o th e problems .  Fo r  example . 

one pai r  o f  argument s concerne d a  robot .  Her e i s th e causa l 
versio n o f  tha t  proble m (Robo t  Causa l  Argumen t  1) : 

A certain robot is activated by 100 (or more) units of 
ligh t  energy .  A  50 0 uni t  bea m o f  ligh t  i s  shon e throug h a 
pris m whic h split s th e bea m int o tw o part s o f  equa l 
energy ,  Bea m A  an d Bea m B ,  eac h no w travellin g i n a 
ne w direction .  Bea m A  strike s a  sola r  pane l  connecte d t o 
th e robo t  wit h som e 25 0 unit s o f  energy ,  causin g th e 
robot' s activation .  Bea m B  simultaneousl y strike s 
anothe r  sola r  pane l  als o connecte d t o th e robot .  Bea m B 
als o contain s aroun d 25 0 unit s o f  ligh t  energy ,  enoug h t o 
caus e activation .  No t  surprisingly ,  th e robo t  ha s bee n 
activated . 

i. If Beam B had not struck the solar panel, would the robot 
hav e bee n activated ? 

ii .  I f  Bea m B  ha d no t  struc k th e sola r  panel ,  woul d th e 
origina l  (50 0 unit )  bea m hav e bee n shon e throug h th e 
prism ? 

The same 238 undergraduates were given either the 
causa l  o r  conditiona l  versio n o f  thi s problem .  Thei r 
response s ar e show n i n Tabl e 2 . 

Table 2: Percentages of participants responding "yes" to 
Robot  Causa l  an d Conditiona l  Argument s (1) . 

Questio n Causal  Conditiona l 
i .  robo t  activate d 
ii .  bea m shon e 

8 0 % 
7 1 % 

6 3 % 
5 5 % 

The result s ar e ver y clos e t o thos e o f  th e abstrac t 
proble m excep t  tha t  a  highe r  percentag e o f  participant s sai d 
"yes "  i n th e conditiona l  versio n o f  thi s problem ,  z  =  2.83 ;  p 
< .01 .  Thi s ma y hav e occurre d becaus e a  large r  proportio n 
interprete d th e "if-then "  connective s o f  th e conditiona l 
versio n a s causa l  relations .  Th e clea r  physica l  causalit y o f 
th e robo t  proble m lend s itsel f  t o causa l  interpretation . 

Experiment 2 

One migh t  argu e tha t  th e differenc e betwee n th e causa l 
and conditiona l  argument s i n th e previou s example s i s no t 
due t o a  greate r  tendenc y t o counterfactuall y decoupl e 
variable s fi-o m thei r  cause s i n th e causa l  ove r  th e conditiona l 
context ,  bu t  instea d t o differen t  pragmati c implicature s o f 
th e tw o contexts .  I n particular ,  perhap s th e causa l  contex t 
presuppose s th e occurrenc e o f  A  mor e tha n th e conditiona l 
contex t  presuppose s th e trut h o f  A .  It' s  mor e plausibl e tha t 
D woul d b e tru e i n th e conditiona l  argument s eve n i f  A  wer e 
fals e tha n tha t  D  woul d hav e occurre d i n th e causa l 
argument s eve n i f  A  ha d not .  I f  so ,  the n th e greate r 
likelihoo d o f  sayin g "yes "  i n th e causa l  scenario s coul d b e 
due t o thes e differen t  presupposition s rathe r  tha n differen t 
likelihood s o f  undoing . 

To contro l  fo r  thi s possibilit y  a s wel l  a s t o replicat e th e 
effect ,  w e examine d causa l  an d conditiona l  version s o f 
argument s wit h th e followin g structure : 
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Tabi c 4 :  Percentage s o f  participant s respondin g "yes "  t o 
Robot  Causa l  an d Conditiona l  Argument s (2) . 

Participant s wer e tol d no t  onl y tha t  th e final  effect ,  E ,  ha d 
occurred ,  bu t  als o tha t  th e initia l  cause .  A ,  ha d too .  Thi s 
shoul d eliminat e an y differenc e i n presuppositio n o f  th e 
initia l  variabl e becaus e it s valu e i s mad e explicit .  T o 
illustrat e wit h on e o f  th e problem s shown ,  her e i s th e causa l 
versio n o f  th e abstrac t  proble m (Causa l  Argumen t  2) : 

A causes B. 
B cause s C . 
B cause s D . 
C cause s E . 
D cause s E . 
A definitel y occurred . 
E definitel y occurred . 

i. If D did not occur, would E still have occurred? 
ii .  I f  D  di d no t  occur ,  woul d B  stil l  hav e occurred ? 

The causal modeling framework predicts that a 
counterfactua l  assumptio n abou t  D  shoul d disconnec t  i t 
from  B  i n th e causa l  contex t  s o tha t  participant s shoul d 
answer  "yes "  t o bot h questions .  Participant s shoul d onl y 
answer  "yes "  i n th e conditiona l  contex t  i f  the y interpre t  th e 
proble m causally .  Onc e agai n th e prediction s o f  a  materia l 
conditiona l  accoun t  depen d o n assumption s abou t  h o w th e 
question s modif y th e premises .  A  plausibl e assumptio n i s 
tha t  onl y statement s mentione d i n th e questio n ar e 
suppressed .  Thu s i n answerin g questio n ii. ,  belie f  abou t  th e 
trut h o f  D  an d B  migh t  b e suspende d an d not- D supposed . 
However ,  thi s lead s t o a  conflic t  becaus e not- D implie s not -
B (vi a modu s tollens )  bu t  th e premise s stat e A  an d thu s 
impl y B  (vi a modu s ponens) .  I t  i s  thu s unclea r  whethe r  o r 
not  the y shoul d infe r  B .  I n an y case ,  a  materia l  conditiona l 
accoun t  mus t  predic t  n o differenc e betwee n th e causa l  an d 
conditiona l  contexts . 

Method .  Twent y B r o w n Universit y undergraduate s 
receive d eithe r  th e causa l  o r  conditiona l  version s o f  th e 
abstrac t  an d robo t  problem s describe d above . 

Results .  Th e results ,  show n i n Table s 3  an d 4 ,  ar e 
comparabl e t o thos e from  th e earlie r  problems ,  althoug h th e 
proportio n o f  "yes "  response s tende d t o b e lowe r  i n th e 
causa l  condition ,  especiall y fo r  th e likelihoo d o f  th e bea m 
shinin g i f  th e sola r  pane l  ha d no t  bee n struc k (onl y 5 5 % i n 
Tabl e 4) . 

Table 3: Percentages of participants responding "yes" to 
Abstrac t  Causa l  an d Conditiona l  Argument s (2) . 

Questio n Causal  Conditiona l 

Questio n Causal  Conditiona l 
i .  robo t  activate d 
ii .  bea m shon e 

90 % 
55% 

75% 
45% 

i .  E  hold s 
ii .  B  hold s 

7 0 % 
7 4 % 

4 5 % 
5 0 % 

A differenc e betwee n causa l  an d conditiona l  argument s 
agai n obtaine d fo r  Abstrac t  arguments ,  z  =  2.20 ;  p  =  .01 ,  bu t 
not  fo r  Robo t  ones ,  z  =  1.18 ;  n.s .  Th e differenc e fo r 
Absfrac t  argument s suggest s tha t  th e earlie r  result s canno t 
be attribute d entirel y t o differen t  pragmati c implicature s 
from  causa l  an d conditiona l  contexts .  Th e overal l  reductio n 
i n "yes "  response s coul d b e du e t o eithe r  a  differen t 
participan t  population ,  som e proportio n o f  participant s 
failin g t o establis h a n accurat e causa l  mode l  wit h thes e mor e 
complicate d scenarios ,  o r  participant s no t  implementin g th e 
undoin g operatio n i n th e expecte d wa y (i.e. ,  no t  mentall y 
disconnectin g B  from  D ) . 

Failur e t o und o i s no t  entirel y unreasonabl e fo r  thes e 
problem s becaus e D' s nonoccurrenc e i s no t  definitivel y 
counterfactual .  Th e questio n sai d "I f  D  di d no t  occur "  whic h 
doe s no t  stat e w h y D  di d no t  occur ;  th e reaso n i s lef t 
ambiguous .  On e possibilit y  i s  tha t  D  di d no t  occu r  becaus e 
B didn't .  Nothin g i n th e proble m explicitl y  state s tha t  th e 
nonoccurrenc e o f  D  shoul d no t  b e treate d a s diagnosti c o f 
th e nonoccurrenc e o f  B . 

Experiment 3 

Th e causa l  modelin g framewor k predict s tha t  th e 
connectio n betwee n B  an d D  shoul d b e mentall y undon e 
wheneve r  D  i s explicitl y  prevented ;  whe n a n interventio n 
(menta l  o r  physical )  outsid e th e mode l  determine s th e valu e 
of  D .  T o simulat e suc h a  situation ,  w e repeate d Experimen t 
2,  bu t  mad e th e interventiona l  preventio n o f  D  explicit . 

Method .  Participant s sa w exactl y th e sam e set s o f 
premises  i n bot h causa l  an d conditiona l  contexts ,  bu t  wer e 
aske d differen t  questions ,  question s tha t  mad e th e externa l 
preventio n o f  D  explici t  (Causa l  an d Conditiona l  Argimient s 
2EP) .  Fo r  th e abstrac t  causa l  context ,  th e question s were : 

i. If somebody stepped in to prevent D from occurring, 
woul d E  stil l  hav e occurred ? 

ii .  I f  somebod y steppe d i n t o preven t  D  from  occurring , 
woul d B  stil l  hav e occurred ? 

For the abstract conditional context, the questions were; 

i. If somebody stepped in and changed the value of D to 
false ,  woul d E  stil l  b e true ? 

ii .  I f  somebod y steppe d i n an d change d th e valu e o f  D  t o 
false ,  woul d B  stil l  b e true ? 

For the robot context, the questions in the causal and 
conditiona l  version s wer e identica l  (onl y th e paragraph s 
describin g th e situatio n differed) : 
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i .  I f  a  lea d barrie r  wer e place d i n th e pat h o f  Bea m B  t o 
preven t  i t  fro m strikin g th e sola r  panel ,  woul d th e robo t 
hav e bee n activated ? 

ii .  I f  a  lea d barrie r  wer e place d i n th e pat h o f  Bea m B  t o 
preven t  i t  fro m strikin g th e sola r  panel ,  woul d th e origina l 
(50 0 unit )  bea m hav e bee n shon e throug h th e prism ? 

Responses were obtained from either 18 or 20 Brown 
undergraduates . 

Results .  Result s ar e show n i n Table s 5  an d 6 .  Th e 
probabilit y  o f  sayin g "yes "  wa s highe r  i n th e explici t 
preventio n contex t  tha n i n it s absence ,  bu t  no t  significantl y 
so,  z  =  1.1 6 an d 1.3 9 fo r  Abstrac t  an d Robo t  arguments , 
respectively .  Th e tw o ma y no t  diffe r  statisticall y becaus e th e 
probabilit y  o f  sayin g "yes "  wa s alread y s o hig h i n th e causa l 
conditio n o f  Experimen t  2 .  I n an y case ,  th e grea t  majorit y o f 
participant s acte d a s i f  explicitl y  preventin g D  cause d i t  t o 
hav e n o diagnosti c valu e fo r  it s caus e (B) ,  an d tha t  therefor e 
othe r  effect s o f  th e caus e (E )  stil l  held .  I n othe r  words ,  th e 
effec t  o f  explicitl y  preventin g D  i s wel l  capture d b y th e d o 
operator . 

Table 5: Percentages of participants responding "yes" to 
Abstrac t  Causa l  an d Conditiona l  Argument s (2EP) , 

preventio n o f  th e anteceden t  explicit . 

Question Causal Conditional 
i .  E  hold s 
ii .  B  hold s 

75% 
80% 

50% 
67 % 

Tabl e 6 :  Percentage s o f  participant s respondin g "yes "  t o 
Robot  Causa l  an d Conditiona l  Argument s (2EP) . 

Questio n Causal  Conditiona l 
i .  robo t  activate d 
ii .  bea m shon e 

7 5 % 
7 5 % 

8 3 % 
6 7 % 

An unexp>ccte d byproduc t  o f  explici t  preventio n wa s t o 
increas e th e proportion s o f  "yes "  response s i n eve n th e 
conditiona l  context ,  z  =  1.80 ;  p  <  .05 .  Thi s probabl y 
occurre d becaus e th e explici t  preventio n contex t  mad e i t 
more likel y tha t  th e argument s woul d b e construe d causally . 
For  example ,  a  questio n beginnin g "I f  a  lea d barrie r  wer e 
place d i n th e pat h o f  Bea m B  t o preven t  i t  from  strikin g th e 
sola r  panel, "  ma y wel l  hav e suggeste d t o participant s tha t 
the y shoul d constru e th e situatio n i n term s o f  physica l 
causatio n an d reaso n abou t  th e situatio n usin g causa l  logic . 

O ne implicatio n o f  thi s observatio n i s tha t  th e 
interpretatio n o f  conditional s varie s wit h th e them e o f  th e 
tex t  tha t  th e statement s ar e embedde d in .  Conditional s 
embedded i n dconti c context s ar e wel l  know n t o b e 
interprete d deonticall y (Manktelo w &  Over ,  1990) .  Th e 
Abstrac t  Conditiona l  Argument s (1 )  an d (2 )  abov e sho w 
tha t  whe n th e them e i s ambiguous ,  th e interpretatio n wil l  b e 
highl y variable .  Robo t  Conditiona l  Argumen t  (2EP )  show s 
tha t  whe n th e them e i s causal ,  conditional s wil l  b e 
interprete d causally . 

Exper imen t  4 

The fina l  experimen t  attempt s t o replicat e th e 
observation s mad e thu s fa r  b y showin g th e undoin g effec t  a s 
wel l  a s th e enhancemen t  o f  th e effec t  i n a n explici t 
preventio n context .  Moreover ,  i t  doe s s o usin g a n if-the n 
statemen t  i n orde r  t o sho w tha t  a  conditiona l  statemen t  ca n 
be treate d a s causa l  i n a n appropriat e context . 

Method .  Th e followin g scenari o wa s describe d t o 7 8 
Brow n undergraduates : 

All rocketships have two components, A and B. 
Component  A  cause s componen t  B  t o operate .  I n othe r 
words ,  i f  A ,  the n B . 

The scenario assumes the simplest possible causal graph: 

A • B 

Notice that the relation between A and B is stated using an 
if-the n construction .  Approximatel y hal f  th e participants ,  i n 
th e non-explici t  preventio n condition ,  wer e the n asked : 

i. Suppose component B were not operating, would 
componen t  A  stil l  operate ? 

ii .  Suppos e componen t  A  wer e no t  operating ,  woul d 
componen t  B  stil l  operate ? 

The remaining half, in the explicit prevention condition, 
wer e asked : 

i. Suppose component B were prevented from operating, 
woul d componen t  A  stil l  operate ? 

ii .  Suppos e componen t  A  wer e prevente d from  operating , 
woul d componen t  B  stil l  operate ? 

The causal modeling framework predicts the undoing 
effect ,  tha t  participant s wil l  sa y "yes "  t o questio n i. , 
Component  A  wil l  continu e t o operat e i f  B  isn' t  becaus e A 
shoul d b e disconnecte d from B  b y virtu e o f  th e 
counterfactua l  suppositio n abou t  B .  I t  als o predict s th e 
proportio n wil l  b e highe r  i n th e explici t  tha n non-explici t 
preventio n condition s becaus e th e natur e o f  th e interventio n 
causin g B  t o b e nonoperativ e i s les s ambiguous .  N o othe r 
framework,  logica l  o r  otherwise ,  make s eithe r  o f  thes e 
predictions .  Finally ,  th e causa l  modelin g framework 
predict s tha t  peopl e shoul d respon d "no "  t o th e secon d 
questio n regardles s o f  condition .  I f  A  i s th e caus e o f  B ,  the n 
B shoul d no t  operat e i f  A  doe s not . 

Results .  Th e result s ar e show n i n Tabl e 7 .  Th e 6 8 % 
givin g a n affirmativ e answe r  t o th e first  questio n i n th e 
Non-explici t  Preventio n conditio n replicate s th e undoin g 
effec t  see n i n th e previou s studies .  Th e eve n greate r 
percentag e (89% ,  z  =  2.35 ;  p  <  .01 )  i n th e Explici t  conditio n 
replicate s th e finding  tha t  th e undoin g effec t  i s greate r  whe n 
th e reaso n tha t  a  variabl e ha s th e specifie d valu e i s mad e 
explicit .  Response s t o th e secon d questio n wer e almos t  al l 
negative ,  demonstratin g tha t  peopl e ar e clearl y 

832 



understandin g tha t  th e relevan t  relatio n i s causal .  Thi s rule s 
out  a n alternativ e explanatio n fo r  th e earlie r  studies ,  tha t 
peopl e wer e treatin g cause s an d effect s a s disconnecte d 
becaus e the y didn' t  interpre t  th e relation s a s causa l  bu t 
merel y a s correlational . 

Table 7: Percentages of participants responding "yes" to 
question s i n th e Rocketshi p scenari o give n question s wit h 

antecedent s non-explicitl y  o r  explicitl y  prevented . 

Questio n Non-
explici t 

Preventio n 

Explici t 
Preventio n 

i .  i f  no t  B ,  the n A ? 6 8 % 
ii .  i f  no t  A ,  the n B ? 2.6 % 

Discussion 

8 9 % 
5.3 % 

Thes e dat a sho w tha t  mos t  peopl e obe y a  rationa l  rul e o f 
counterfactua l  inference ,  th e undoin g principle .  Whe n 
reasonin g abou t  th e consequence s o f  a  counterfactua l 
suppositio n o f  a n event ,  mos t  peopl e d o no t  chang e thei r 
belief s abou t  th e stat e o f  th e norma l  cause s o f  th e event . 
They reaso n a s i f  th e mentall y change d even t  i s 
disconnecte d an d therefor e no t  diagnosti c o f  it s  causes .  Thi s 
i s a  rationa l  principl e o f  inferenc e becaus e a n effec t  i s 
indee d no t  diagnosti c  o f  it s  cause s wheneve r  th e effec t  i s  no t 
bein g generate d b y thos e cause s bu t  instea d b y menta l  o r 
physica l  interventio n from  outsid e th e norma l  causa l 
system .  T o illustrate ,  whe n a n experimente r  manipulate s th e 
brightnes s o f  a  compute r  monitor ,  on e shoul d no t  assum e 
tha t  th e monito r  need s replacing . 

The demonstration s al l  describe d a  deterministi c causa l 
system .  Th e undoin g principl e als o applie s t o probabilisti c 
cause s however . 

Thes e dat a suppor t  th e psychologica l  realit y o f  a  centra l 
tene t  o f  Pearl' s  (2000 )  causa l  modelin g framework.  Th e 
principl e i s s o centra l  becaus e i t  serve s t o distinguis h causa l 
relation s from  othe r  relations ,  suc h a s mer e probabilisti c 
ones .  Th e presenc e o f  a  forma l  operato r  tha t  enforce s th e 
undoin g principle ,  Pearl'st̂ o operator ,  make s i t  possibl e t o 
construc t  representation s tha t  affor d vali d causa l  inductio n 
and inferenc e ~  inductio n o f  causa l  relation s tha t  suppor t 
manipulatio n an d contro l  an d inferenc e abou t  th e effec t  o f 
suc h manipulation ,  b e i t  from  actua l  physica l  interventio n o r 
merel y counterfactua l  though t  abou t  intervention .  Th e d o 
operatio n i s precisel y what' s require d t o distinguis h 
representation s o f  probabilit y  lik e Bayes '  net s fro m 
representation s o f  causality . 

More generally ,  th e finding s ar e consisten t  i n a 
qualitativ e sens e wit h th e vie w o f  cognitio n assume d b y 
Pear l  (2000 )  followin g Spirtes ,  Glymour ,  an d Scheine s 
(1993) .  Thei r  analysi s start s wit h th e assumptio n tha t  peopl e 
constru e th e worl d a s a  se t  o f  autonomou s causa l 
mechanism s an d tha t  though t  an d actio n follo w from  tha t 
construal .  Th e problem s o f  prediction ,  control ,  an d 
understandin g ca n therefor e b e reduce d t o th e problem s o f 
learnin g an d inferenc e i n a  networ k tha t  represent s causa l 

mechanism s veridically .  Onc e a  veridica l  representatio n o f 
causa l  mechanism s ha s bee n established ,  learnin g an d 
inferenc e ca n tak e plac e b y intervenin g o n th e 
representatio n rathe r  tha n o n th e worl d itsel f  Bu t  non e o f 
thi s ca n b e achieve d withou t  a  suitabl e representatio n o f 
intervention .  Th e d o operato r  i s intende d t o allo w suc h a 
representatio n an d th e studie s reporte d herei n provid e som e 
evidenc e tha t  peopl e ar e abl e t o us e i t  correctly . 

Representin g interventio n i s no t  alway s a s eas y a s 
forcin g a  variabl e t o som e valu e an d cuttin g th e variabl e of f 
from  it s causes .  Indeed ,  mos t  o f  th e dat a reporte d her e sho w 
some variabilit y  i n people' s responses .  Peopl e ar e no t 
generall y satisfie d t o simpl y implemen t  a  d o operation . 
Peopl e ofte n wan t  t o kno w precisel y ho w a n interventio n i s 
takin g place .  A  surgeo n can' t  simpl y tel l  m e tha t  he' s goin g 
t o replac e m y hip .  I  wan t  t o kno w how ,  wha t  it' s goin g t o b e 
replace d with ,  etc .  Afte r  all ,  knowin g th e detail s  i s th e onl y 
way fo r  m e t o kno w wit h an y precisio n ho w t o interven e o n 
my representation ,  whic h variable s t o do ,  an d thu s wha t  ca n 
be safel y learne d an d inferred . 

Causal  reasonin g i s no t  th e onl y mod e o f  reasoning .  Bu t 
th e presenc e o f  a  calculu s fo r  causa l  inferenc e remove s an y 
doubt  tha t  it' s a n importan t  one . 
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Abstrac t 

The idea that to perceive an object is to perceive its 
affordances—tha t  is ,  th e interaction s o f  di e perceive r  wit h 
th e worl d tha t  th e objec t  support s o r  affords—i s attractiv e 
from  th e poin t  o f  vie w o f  theorie s i n cognitiv e scienc e 
tha t  emphasiz e th e fundamenta l  rol e o f  action s i n repre -
sentin g a n agent' s knowledg e abou t  th e world .  However , 
i n thi s genera l  form ,  th e notio n ha s s o & r  lacke d a  forma l 
expression .  Thi s pape r  offer s a  representatio n fo r  object s 
i n term s o f  thei r  affordance s usin g Linea r  Dynami c Even t 
Calculus ,  a  formalism  fo r  reasonin g abou t  causa l  relation s 
ove r  events .  I t  argue s tha t  a  represaitatio n o f  thi s kind , 
linkin g object s t o th e event s whic h the y ar e characteris -
tically  invdve d in ,  underlie s som e universa l  operation s 
of  natura l  languag e syntacti c an d semanti c compositio n 
tha t  ar e postulate d i n Combinatoi y Categoria l  Grammar 
(CCG) .  Thes e observation s impl y tha t  th e langua ^  fac -
ult y  i s mor e directl y relate d t o prelinguisti c cognitiv e ap -
paratu s use d fo r  plannin g actio n tha n forma l  dieorie s i n 
eithe r  domai n hav e previousl y seeme d t o allow . 

Introduction 
T h e notio n o f  a n affordanc e (Gibso n 1966 )  ha s i n it s 
most  basi c sens e o f  a n invarian t  supportin g perceptio n 
bee n extremel y helpfu l  i n directin g attentio n t o non -
obviou s propertie s o f  th e sensor y arra y relevan t  t o visua l 
an d hapti c perception ,  an d moto r  contro l  (Le e 1980 ;  Tur -
ve y 1990) .  I n it s mor e genera l  sens e o f  a n interactio n 
wit h th e worl d tha t  a  perceive d objec t  mediate s (Gibso n 
1979 )  i t  ha s prove d equall y attractiv e t o a  wid e rang e 
of  theoretica l  position s tha t  hav e emphasize d th e funda -
menta l  rol e o f  th e notio n o f  actio n i n h u m a n cognitio n 
(No rma n 1988 ,  1999) .  Thi s i s th e sens e i n whic h a  doo r 
"affords "  egres s an d ingress ,  a  knif e afford s cuttin g an d 
scraping ,  an d th e like .  T h e attractio n o f  thi s notio n i s 
tha t  i t  seem s t o offe r  a  w a y i n whic h perceptua l  learnin g 
ca n b e linke d t o th e goal s an d action s upo n th e environ -
ment  o f  th e learner ,  a n ide a tha t  ha s bee n followe d u p b y 
E.  Gibso n an d Spelk e (1983) ,  a m o n g others .  However , 
it s  influenc e i n thes e domain s ha s bee n limite d b y tw o 
difficulties . 

O ne ha s bee n th e controversia l  ide a o f  "direc t  percep -
tion" .  Thi s i s th e ide a tha t  th e perceptio n tha t  a  mail -
bo x "  afford s letter-mailin g t o a  letter-writin g h u m a n i n 
a communi t y wit h a  posta l  system "  (Gibso n 1979 ,  p .  139 , 
citin g Gibso n 1950 )  i s a s directl y relate d t o propertie s o f 
th e sensor y arra y a s time-to-impac t  i s t o characteristic s 
o f  th e opti c flo w fiel d fo r  a  divin g gannet .  I t  i s  certainl y 

har d t o believ e tha t  th e perceptio n o f  suc h affordance s 
i s "direct "  i n thi s sti'on g sense ,  althoug h recognitio n o f 
mailboxes ,  lik e tha t  o f  everythin g else ,  i s  undoubtedl y 
mediate d i n par t  b y suc h Gibsonia n invariant s o f  th e op -
ti c arra y a s relativ e spatia l  frequenc y specti-a ,  an d acqui -
sitio n o f  th e mailbo x artefac t  concep t  unquestionabl y de -
pend s upo n th e associatio n o f  suc h invariant s wit h af -
fordance s i n th e mor e genera l  sense .  I  shal l  ignor e th e 
perceptua l  aspec t  o f  affordance s here . 

A mor e seriou s obstacl e t o th e exploitatio n o f  th e ide a 
o f  affordance s i n thi s genera l  sens e ha s stemme d firo m 
th e vei y fac t  tha t  m a n y suc h affordance s ar e action s o r 
events .  A  forma l  theor y o f  event s i n thei r  relatio n t o ob -
ject s tha t  i s applicabl e t o suc h perceptua l  categorizatio n 
and/o r  conceptua l  representatio n o f  artefac t  concepts — 
tha t  is ,  a  theor y o f  wha t  th e affordanc e itsel f  actuall y is , 
an d h o w i t  actuall y work s a s a  basi s fo r  effectiv e actio n 
i n th e wor ld—ha s bee n lacking . 

The Linear Dynamic Event Calculus 

The Linear Dynamic Event Calculus (LDEC) combines 
th e insight s o f  th e Even t  Calculu s o f  Kowalsk i  an d Ser -
got  (1986) ,  itsel f  a  descendan t  o f  th e Situatio n Calculu s 
of  McCarth y an d Haye s (1969 )  an d th e STRIP S planne r 
of  Fike s an d Nilsso n (1971) ,  wit h th e Dynami c an d Lin -
ear  Logic s tha t  wer e develope d b y Hare l  (1984) ,  Girar d 
(1987 )  an d others . 

Dynami c logic s ar e a  for m o f  moda l  logi c  i n whic h th e 
•  an d O  modalitie s ar e relativize d t o particula r  events . 
For  example ,  i f  a  (possibl y nondeterministic )  progra m 
or  comman d a  compute s a  functio n F  ove r  th e integers , 
the n w e ma y writ e th e following : 

i\)n>0=>[a]( y =  Fin) ) 

(2 )  n>0=>{a){ y =  F{n) ) 

T h e intende d meanin g o f  th e firs t  o f  thes e i s "i n an y sit -
uatio n i n whic h n  >  0 ,  afte r  ever y executio n o f  a  tha t 
terminates ,  >» =  F{n) " .  Tha t  o f  th e secon d i s (dually )  tha t 
"i n an y situatio n i n whic h n > 0 ,  ther e i s a n executio n o f 
a tha t  terminate s wit h y  =  F(n)" . 

We ca n thin k o f  thes e modalitie s a s definin g a  logi c 
whos e model s ar e Kripk e diagram s i n whic h accessi -
bilit y  betwee n possibl e world s i s represente d b y events . 
Suc h event s ca n b e define d a s mapping s betwee n situ -
ation s o r  partiall y  specifie d possibl e worlds ,  define d i n 
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term s o f  condition s o n th e anteceden t  whic h mus t  hol d 
fo r  the m t o appl y (suc h a s tha t  n  >  0  i n (1)) ,  an d conse -
quence s (suc h a s tha t  y  =  F{n) )  tha t  hol d i n th e conse -
quent . 

Th e particula r  dynami c logi c tha t  w e ar e dealin g wit h 
her e i s on e tha t  include s th e followin g dynami c axiom , 
whic h say s tha t  th e operator ;  i s sequence ,  a n operatio n 
relate d t o Junctiona l  compositio n ove r  events ,  viewe d a s 
function s from  situation s t o situations : 

(3)[a][P]/'=>[a;P] P 

Usin g thi s notation ,  w e ca n convenientl y represent ,  say , 
a pla n fo r  gettin g outsid e a s th e compositio n o f  push -
in g a  doo r  an d the n goin g thmug h it ,  writte n push';go -
through' . 

Compositio n i s on e o f  th e mos t  primitiv e combina -
tors ,  o r  operation s combinin g functions ,  whic h Curr y 
and Fey s (1958 )  cal l  B .  I t  ca n b e define d b y th e fol -
lowin g equivalenc e wit h a  lambd a term : 

(4 )  B a P =  Xj.a(pi ) 

Plan s Vikcpush'^go-through '  coul d b e writte n i n Curry' s 
notatio n a s  ̂ push'go-through ' 

Situation/Event Calculi and the Frame 

P r o b l e m 

Th e situatio n calcul i  ar e hei r  t o a  proble m know n i n 
th e A I  literatur e a s th e Fram e Proble m (McCarth y an d 
Haye s 1969) .  Thi s proble m arise s becaus e th e wa y tha t 
we structur e ou r  knowledg e o f  chang e i n th e worl d i s i n 
term s o f  event-type s tha t  ca n b e characterize d (mostly )  a s 
affectin g jus t  a  fe w fluent s amon g a  ver y larg e collectio n 
representin g th e stat e o f  th e world .  (Fluent s ar e fact s o r 
proposition s tha t  ar e subjec t  t o change) .  Naiv e even t  rep -
resentation s whic h m a p entir e situation s t o entir e othe r 
situation s ar e therefor e representationall y redimdan t  an d 
inferentiall y  inefficient .  A  goo d representatio n o f  affor -
dance s mus t  ge t  aroun d thi s problem . 

To avoi d th e frame  proble m i n bot h it s representationa l 
and inferentia l  aspects ,  w e nee d a  n e w for m o f  logica l 
implication ,  distinc t  from  th e standar d o r  intuitionisti c 
^  w e hav e use d u p til l  now .  W e wil l  follo w Bibe l  e t  al . 
(1989 )  an d other s i n usin g linea r  logica l  implicatio n - o 
rathe r  tha n intuitionisti c implicatio n = > i n thos e rule s tha t 
chang e th e valu e o f  fluents. 

For  example ,  w e ca n represen t  event s involvin g door s 
i n a  worl d (simplifie d fo r  purpose s o f  exposition )  i n 
whic h ther e ar e tw o place s ou t  an d i n separate d b y a  doo r 
whic h m a y b e ope n o r  shut ,  a s follows : 

(6 )  a .  in(y )  -
b.  outiy ) 

^o-through{y,x)]out(y ) 
o \go-through(y,x)]in{y ) 

(5 )  a .  shut(x )  -
b.  open{x ) 

\push{y,x)]open{x ) 
3 \push{y,x)]shut{x ) 

We follo w a  logi c programmin g conventio n tha t  al l  vari -
able s spearin g i n th e consequen t  ar e implicitl y  universall y 
quantifin l  an d al l  othe r  variable s ar e implicitl y  existential y 
quantified .  Sinc e i n th e rea l  worl d door s don' t  alway s ope n 
when yo u pus h them ,  bo x mus t  b e rea d a s defaul t  necessity , 
meanin g "usually" . 

Linea r  implicatio n ha s th e effec t  o f  buildin g int o th e rep -
resentatio n th e updat e effect s o f  actions—tha t  onc e yo u 
appl y th e rule ,  th e propositio n i n questio n i s "use d up" , 
and canno t  tak e par t  i n an y fiirthe r  proofs ,  whil e a  n e w 
fac t  i s  added .  Th e formula e therefor e sa y tha t  i f  some -
thin g i s shu t  an d yo u pus h it ,  i t  become s ope n (an d vic e 
versa) ,  an d tha t  i f  yo u ar e i n an d yo u g o throug h some -
thin g the n yo u becom e ou t  (an d vic e versa) . 

To interpre t  linea r  implicatio n a s i t  i s  use d her e i n 
term s o f  proo f  theor y an d proo f  search ,  w e nee d t o thin k 
of  possibl e world s a s state s o f  a  singl e updatabl e S T R I P S 
databas e o f  facts .  Rule s lik e (S )  an d (6 )  ca n the n b e 
interprete d a s (partial )  function s ove r  th e state s i n th e 
model  tha t  m a p state s t o othe r  state s b y removin g fact s 
and addin g othe r  facts .  Linea r  implicatio n an d th e dy -
nami c bo x operato r  ar e her e essentiall y  use d a s a  singl e 
state-changin g operator :  yo u can' t  hav e on e withou t  th e 
other . 

Th e effec t  o f  suc h system s ca n b e exemplifie d a s fol -
lows .  I f  th e initia l  situatio n i s tha t  yo u ar e i n an d th e doo r 
i s shut : 

(7 )  in(you )  Adoor{d )  Ashut{d ) 

— t h e n th e linea r  rule s (5 )  mea n tha t  a n attemp t  t o prov e 
th e propositio n i n (8 )  concernin g th e stat e o f  th e doo r  i n 
th e situatio n tha t  result s from  pushin g th e doo r  wil l  fai l 
becaus e rul e (5a )  ha s remove d th e fac t  i n questio n from 
th e databas e tha t  result s from  th e actionpush{you,d) } 

(8 )  \push{you,d)]shut{d ) 

On th e othe r  hand ,  attempt s t o prov e th e followin g wil l 
al l  succeed ,  sinc e the y ar e al l  fact s i n th e databas e tha t 
result s from  th e actionpush{you,d )  i n th e initia l  situatio n 
(7) : 

(9 )  a .  \push(you,d)]open{d ) 
b.  \push{you,d)]door{d ) 
c.  \push{you,d)]in{you ) 

The advantag e o f  interpretin g linea r  implicatio n i n thi s 
way i s tha t  i t  build s th e STRIP S treatmen t  o f  th e frame 
proble m (Fike s an d Nilsso n 1971 )  int o th e proo f  the -
ory ,  an d entirel y avoid s th e nee d fo r  inferentiall y  cum -
bersom e reifie d frame  axiom s o f  th e kin d propose d b y 
Kowalsk i  (1979 )  an d m a n y other s (se e Shanaha n 1997) . 

Usin g linea r  implicatio n (o r  th e equivalen t  rewritin g 
logi c device s o r  stat e updat e axiom s o f  Thielsche r  (1999 ) 
and Marti-Olie t  an d Mesegue r  (1999) )  fo r  STRIPS-lik e 
rule s make s suc h frame  axiom s unnecessary .  Instead , 
the y ar e theorem s concernin g th e linea r  logi c represen -
tation . 

Eve n i n thi s extremel y simplifie d world ,  w e nee d a 
littl e mor e apparatu s t o represen t  ou r  knowledg e abou t 
door s i n a  wa y whic h wil l  allo w u s t o m a k e plan s in -

^We follo w th e logi c programmin g conventio n o f  negatio n 
by fejiure,  accordin g t o whic h a  propositio n i s treate d a s fals e 
i f  i t  canno t  b e positivel y prove d t o b e true . 
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volvin g them .  W e als o nee d t o stat e precondition s o n 
th e action s o f  pushin g an d goin g through .  Her e ordinar y 
non-linea r  intuitionisti c implicatio n i s appropriate: ^ 

(10) a. door{x) Aopen{x) 
=•  possible{go-through(y,x) ) 

b.  door{x )  = > possible(push{y,x) ) 

Thes e rule s sa y (oversimplifyin g wildly )  tha t  i f  a  thin g i s 
a doo r  an d i s ope n the n it' s possibl e t o g o throug h it ,  an d 
tha t  i f  a  thin g i s a  doo r  the n it' s possibl e t o pus h it . 

We als o nee d t o defin e th e transitiv e propert y o f  th e 
possibiht y relation ,  a s follows ,  usin g th e definitio n (3 )  o f 
even t  sequenc e composition : 

(11 )  possible(a )  A  [a]possible{^ )  ̂  possible{a ;  P ) 

Thi s say s tha t  an y situatio n i n whic h i t  i s  possibl e t o a , 
and i n whic h actuall y doin g a  get s yo u t o a  situatio n 
wher e i t  i s possibl e t o P ,  i s a  situatio n i n whic h i t  i s pos -
sibl e t o a  the n p . 

I f  w e regar d action s a s function s fro m situation s t o sit -
uations ,  the n thi s rul e defines^ncn'o/ i  compositio n a s th e 
basi c plan-buildin g operato r  o f  th e system .  Compositio n 
i s on e o f  th e simples t  o f  a  smal l  collectio n o f  combi -
nator s whic h Curr y an d Fey s (1958 )  use d t o defin e th e 
foundation s o f  th e X-calculu s an d othe r  applicativ e sys -
tem s i n whic h n e w concept s ca n b e define d i n term s o f 
old .  Sinc e th e knowledg e representatio n tha t  underlie s 
h u m an cognitio n an d h u m a n languag e coul d hardl y b e 
anythin g othe r  tha n a n applicativ e syste m o f  som e kind , 
we shoul d no t  b e surprise d t o se e i t  tur n u p a s on e o f  th e 
basi c operation s o f  plannin g systems . 

Thi s fragmen t  give s u s a  simpl e planne r  i n whic h start -
in g fro m th e worl d (12 )  i n whic h yo u ar e in ,  an d th e doo r 
i s shu t  an d statin g th e goa l  (13 )  meanin g "fin d a  possi -
bl e serie s o f  action s tha t  wil l  ge t  yo u out, "  can ,  give n a 
suitabl e searc h control ,  b e mad e t o automaticall y delive r 
a constructiv e proo f  tha t  on e suc h pla n i s (14) ,  th e com -
positio n o f  pushing ,  an d goin g through ,  th e door : 

(12) in(you) Adoor(d) Ashut{d) 

(13) possible{a) A[a]out(you) 

(14) a = push{you,d);go-through(you,d). 

One way to produce this proof, which is suggested as 
an exercise ,  i s vi a backward-chainin g fro m th e goa l  (13 ) 
on th e consequent s o f  rule s (10 )  usin g th e transitivit y rul e 
(11) .  Th e situatio n tha t  result s fkt m executin g thi s pla n i n 
th e star t  situatio n (7 )  i s on e i n whic h th e followin g con -
junctio n o f  fects  i s directl y represente d b y th e database : 

(15 )  out{you )  A  door{d )  A  open(d ) 

Thi s calculu s i s develope d fiirther  i n Steedma n 1997 , 
200 2 i n applicatio n t o mor e ambitiou s plans ,  suc h a s th e 
"monke y an d bananas "  problem ,  an d a  numbe r  o f  gener -

i c versio n o f  linea r  logi c mixin g linea r  an d standar d im -
plicatio n i s i s  closel y relate d t o "Bunche d Implicatio n Logic " 
(se e Py m 2001 ,  whic h give s a n extensiv e treatmen t  o f  it s  se -
mantic s an d proo f  theory ,  includin g a  cu t  eliminatio n theorem) . 

alization s o f  th e fram e problem ,  usin g o n a  nove l  anal -
ysi s o f  durativ e event s extendin g ove r  interval s o f  time , 
whic h ar e ignore d here . 

However ,  w e hav e sai d nothin g ye t  abou t  th e proble m 
of  searc h implici t  i n searchin g fo r  an d identifyin g suc h 
plans . 

Formalizing Affordance using LDEC 

Althoug h th e exampl e i s simplifie d fo r  purpose s o f  expo -
sitio n (i n particular ,  wit h respec t  t o th e proble m o f  dura -
tivity) ,  i t  provide s th e basi s fo r  a  quit e genera l  calculu s 
of  events .  (Se e Shanaha n (1997) ,  Thielsche r  1999 ,  an d 
Steedma n (1997 ,  2000b )  fo r  relate d proposal s includin g 
discussion s o f  ramification ,  qualification ,  delaye d action , 
simultaneity ,  nondeterminis m an d othe r  standar d prob -
lem s tha t  suc h representation s hav e t o dea l  with. ) 

I n fac t  th e representatio n o f  action s an d event s i n term s 
of  a n associatio n o f  precondition s an d consequence s wit h 
th e cor e even t  i s a  ver y generall y applicabl e one .  I f  th e 
preconditio n i s a  conditiona l  stimulu s suc h a s a  light ,  an d 
th e consequenc e i s a  reward ,  suc h a s food ,  whil e th e ac -
tio n concerne d i s peckin g o r  pressin g a  bar ,  the n i t  ca n b e 
considere d a s a  representatio n o f  a n operan t  i n th e cogni -
tiv e sens e o f  Rescorl a an d Wagne r  (1972) ,  itsel f  a  notio n 
closel y relate d t o tha t  o f  a n affordance . 

I t  als o provide s th e basi s fo r  a  formalizatio n o f  th e re -
latio n betwee n object s an d thei r  affordances ,  o f  th e kin d 
tha t  w e nee d i n orde r  t o tal k abou t  perceptua l  an d cogni -
tiv e learnin g i n non-linguisti c animal s an d prelinguisti c 
children .  Fo r  example ,  th e fact s i n (5 )  an d (6 )  strik e m e 
as a  prett y goo d representatio n o f  wha t  m y ca t  know s 
abou t  th e affordance s o f  doors .  O f  course ,  th e represen -
tatio n i s perfectl y neutra l  concernin g th e invariant s tha t 
affor d th e perceptio n o f  door s i n th e first  place ,  thei r  re -
latio n t o bodil y propertie s lik e th e siz e o f  th e cat' s head , 
and aspect s relevan t  t o learnin g suc h a s moto r  embed -
din g o f  th e action s o f  pushin g an d goin g through ,  an d 
so on .  I t  i s  a  representatio n o f  wha t  sor t  o f  thin g i t  i s 
tha t  i s  perceive d an d learned .  Nevertheless ,  th e repre -
sentatio n coul d b e use d t o explai n th e transitio n sh e mad e 
i n he r  perceptua l  learnin g fro m a  stag e wher e door s af -
forde d he r  (6 )  (goin g throug h fo r  purpose s o f  egres s an d 
ingress )  bu t  no t  (5 )  (pushin g t o ope n an d close) ,  homin g 
i n vi a a  se t  o f  superstitiou s an d rapidl y extinguishin g spu -
rious  affordance s t o a  correc t  affordanc e (5 )  supportin g 
th e moto r  pla n (14 )  an d it s internalizatio n a s ye t  anothe r 
affordanc e o f  doors .  Th e representatio n als o suggest s 
a basi s fo r  experimentall y investigatin g precis e detail s 
of  th e cat' s representatio n o f  th e affordance s o f  doors . 
(Fo r  example ,  d o the y affor d he r  th e ingres s an d egres s 
of  othe r  cats? )  M a n y o f  thes e experiment s hav e alread y 
bee n d o n e — m o s t  notably ,  b y Kohle r  (1925) ,  i n hi s in -
vestigation s o f  too l  us e an d plannin g i n Chimpanzees . 

O ne o f  Kohler' s mos t  thought-provokin g observation s 
concernin g suc h plannin g wa s th e following .  A  chim -
panze e whic h wa s perfectl y capabl e o f  consistentl y us -
in g a  too l  suc h a s a  stic k t o reac h otherwis e unattain -
abl e objects—on e t o w h o m stick s afforde d reaching — 
was unabl e t o enac t  suc h a  pla n unles s th e stic k wa s ac -
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tuall y presen t  i n th e proble m situation .  Mer e availibilit y 
of  a  stic k i n a n adjoinin g room—eve n on e whic h th e ap e 
had recentl y explored—wa s no t  enoug h t o trigge r  th e rel -
evan t  knowledg e an d caus e th e ap e t o fetc h th e stick . 

Thi s observatio n suggest s tha t  fo r  non-linguisti c  ani -
mals ,  includin g thos e closes t  t o u s i n evolutionar y terms , 
acces s t o th e aifordance s o f  object s i s tie d t o immediat e 
perceptio n o f  th e object s themselves ,  a s Gibso n believed . 
For  a n animal ,  thi s i s  quit e a  goo d wa y o f  runnin g you r 
plaimer .  I f  yo u don' t  hav e muc h contro l  ove r  you r  phys -
ica l  environment ,  i t  i s  probabl y bette r  t o loo k a t  thos e 
plan s th e situatio n affords ,  rathe r  tha n backwar d chain -
in g t o condition s tha t  ther e ma y b e n o wa y fo r  yo u t o 
satisfy ,  sa y becaus e o f  th e tim e o f  year .  Thi s i n tur n sug -
gests ,  uncontroversially ,  tha t  afTordance s lik e egres s ar e 
indexe d i n suc h animal s b y object-concept s lik e door , 
rathe r  tha n b y end-state s lik e bein g out ,  an d tha t  plan -
nin g proceed s reactivel y b y forwar d chainin g from  wha t 
i s  th e case ,  rathe r  tha n backwar d chainin g from  th e goal . 

We ca n represen t  suc h indexin g b y first  definin g ac -
tion s lik e pushin g an d goin g thmug h a s fiinctions  lik e 
th e followin g derive d from  (5 )  an d (6) : 

(16 )  a .  push(y,x) -
r  shut{x) -

open{x ) 

b. go-through{y,x)'^ 

open{x ) 
0 shut{x ) } 

(  in{y )  - o outiy ) 
\  outiy )  - o inly ) 

(Her e ~ » read s a s "yields" .  Th e linea r  implicatio n sym -
bol  - o i s overloade d t o signif y linea r  mappin g o f  stat e 
t o stat e accompanie d b y deletio n an d additio n o f  facts . 
Implicatio n i s s o closel y relate d t o fiinctiona l  mapping , 
and th e function s i n questio n ar e s o closel y relate d t o th e 
stat e updat e o r  rewrit e axiom s o f  th e proo f  theor y tha t 
thi s overloadin g seem s unlikel y t o caus e confusion. ) 

The se t  o f  suc h function s Affordances{door )  consti -
tute s th e affordance s o f  doors : 

(17 )  Affordances{door ) 
\  go-throug h J 

The Gibsonia n affordance-base d door-schem a door ' 
can the n i n tur n b e define d a s a  fiinctio n mappin g door s 
int o (second-order )  function s from  thei r  affordance s lik e 
pushin g an d going-throug h t o thei r  results : 

(18) door^ = ^door-^Affonlances(,door)-PX 

The operatio n o f  turnin g a n objec t  o f  a  give n typ e int o 
a functio n ove r  thos e function s tha t  appl y t o object s o f 
tha t  typ e i s anothe r  primitiv e combinato r  calle d T  o r  typ e 
raising .  A s i n th e cas e o f  compositio n (4) ,  th e effec t  o f 
thi s combinato r  ca n b e define d b y equivalenc e t o th e cor -
respondin g X.-term : 

(19 )  J x =  Xp.p x 

Accordingly, (18) can be rewritten: 

(20) dooT^ = hcdoor-Tx 

Such a  concep t  o f  door s i s usefu l  fo r  reactiv e planning , 
and on e ca n ad d mor e affordance s t o Affordances{door ) 
as one' s experienc e increases .  I t  seem s quit e likel y tha t 

thi s i s  clos e t o th e wa y cat s o r  a t  leas t  chimpanzee s con -
ceptualiz e doors . 

However ,  i n huma n term s i t  i s  a  somewha t  stultifyin g 
representation ,  i n tha t  i t  restrict s th e concep t  t o previ -
ousl y encountere d event s involvin g door s tha t  on e ha s 
somehow stumble d across .  On e woul d lik e t o hav e th e 
advantage s i n term s o f  efficienc y o f  plannin g tha t  think -
in g o f  object s i n term s o f  thei r  affordance s allows ,  whil e 
als o bein g abl e envisag e nove l  use s fo r  doors—fo r  ex -
ample ,  usin g on e a s a  table ,  o r  a s a  raft—whe n circum -
stance s denaan d it .  I n othe r  words ,  on e woul d lik e t o b e 
abl e t o generaliz e (18 )  ove r  a  wide r  rang e o f  affordances , 
suc h a s th e affordance s o f  natura l  kind s suc h a s flat  mov -
abl e objects ,  o r  o f  othe r  thing s tha t  yo u ca n pus h and/o r 
go through .  However ,  ther e ar e reason s t o thin k ou r 
abilit y  t o generaliz e ver y fa r  beyon d natura l  kind s an d 
directl y experience d affordance s i s quit e limited .  (Fo r 
example ,  peopl e find  considerabl e difficult y i n solvin g 
thos e irritatin g conundrum s whic h requir e on e t o se e tha t 
a pai r  o f  plier s afford s th e weigh t  fo r  a  plumbline ,  o r  tha t 
th e bo x tha t  thumbtack s ar e package d i n afford s a  bracke t 
tha t  ca n b e thumbtacke d t o th e wal l  t o provid e a  suppor t 
fo r  a  candle. )  I t  seem s likel y tha t  th e basi s fo r  suc h lim -
ite d generalizatio n i s partl y perceptual ,  an d partl y em -
bedde d i n ou r  mode s o f  interactio n wit h objects ,  a s Gib -
son insisted . 

Combinator y system s tha t  includ e bot h compositio n 
and typ e raisin g ar e quit e expressive—se e Smullya n 
(1985 ,  1994 )  fo r  discussion .  The y hav e th e characte r 
of  calcul i  fo r  rebracketin g an d permutin g term s i n ex -
pressions .  Suc h calcul i  ar e closel y relate d t o linea r  logi c 
itself—se e Lambe k (1988 )  fo r  discussion .  I n thi s con -
nectio n i t  i s  interestin g tha t  th e theor y o f  Combinator y 
Categoria l  Grammar  (CCG ,  Ade s an d Steedma n 1982 , 
Steedma n 2000a )  implie s tha t  th e gramma r  o f  al l  lan -
guage s involve s bot h type-raisin g o f  argumen t  categorie s 
and compositio n o f  predicates . 

Combinatory Grammars 

C C G,  lik e othe r  varietie s o f  Categoria l  Grammar ,  i s  a 
theor y i n whic h al l  linguisti c element s ar e categorize d 
or  type d a s eithe r  fiinctions  o r  basi c types ,  an d i n whic h 
syntacti c derivatio n i s achieve d b y syntacti c rule s corre -
spondin g t o directionall y an d categoriall y  restricte d ver -
sion s o f  a  smal l  numbe r  o f  combinator s prominentl y in -
cludin g compositio n B  an d T .  Thu s i t  i s  a  theor y tha t 
makes languag e loo k a s i f  i t  ha s bee n buil t  o n a  pre -
existin g syte m fo r  plannin g actio n i n th e world ,  an d 
thereb y see m les s uniqu e a s a  cognitiv e facult y tha n i s 
usuall y assumed . 

Whil e reader s mus t  b e directe d elsewher e fo r  a  ful l 
presentation ,  i t  ma y suffic e fo r  presen t  purpose s t o 
merel y not e tha t  i n C C G element s lik e verb s ar e asso -
ciate d wit h a  syntacti c "category "  whic h identifie s the m 
as/unctions ,  an d specifie s th e typ e an d directionalit y o f 
thei r  argument s an d th e typ e o f  ̂ei r  result .  Fo r  example , 
a ditransitiv e ver b (DTV )  i s a  functio n from  (indirec t  ob -
ject )  NP s o n th e righ t  int o transitiv e verb s (TV)—^tha t  is , 
int o function s from  (direc t  object )  NP s o n th e righ t  int o 
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VP:* 

(21 )  g \ \e : ' {VP/NP) /N P 

Suc h a  D T V i s a  (curried )  functio n tha t  ca n appl y t o it s 
argument s t o yiel d VP ,  a s follows : 

(22 )  giv e Bil l  a  biscui t 

{VP/NP)fN P N P 

VP/N P 

NP 

VP 

However ,  th e involvemen t  o f  fiirther  combinator y op -
eration s engender s a  wid e variet y o f  coordinatio n phe -
nomena characteristi c o f  al l  language s o f  th e world ,  in -
cludin g Englis h "argument-cluste r  coordination" ,  "back -
war d gapping "  an d verb-raisin g construction s i n Ger -
mani c languages ,  an d Englis h gapping .  Th e first  o f 
thes e i s illustrate d b y th e followin g analysis ,  from  Dowt y 
(1988) : 

(23 )  giv e Bil l  a  biscui t  an d Han y a n appl e 

DTV Tyxol r  v p ^  c o m tvxdt v vp\t v 
-<B :  CB VP\DT V VP\DT V 

VP \DT V <•> 

VP 

The type-raisin g an d compositio n rules ,  indicate d b y T 
and B  repectively ,  guarante e tha t  th e semantic s o f  no n 
standar d constituent s lik e Bil l  a  biscui t  i s  suc h a s t o re -
duc e appropriatel y wit h a  ditransitiv e ver b lik e give .  I t 
i s i n fac t  a  predictio n o f  th e theor y tha t  suc h a  construc -
tio n ca n exis t  i n English ,  an d it s inclusio n i n th e gramma r 
require s n o additiona l  mechanis m whatsoever . 

Th e earlie r  paper s sho w tha t  n o othe r  non-constituen t 
coordination s o f  dative-accusativ e N P sequence s ar e al -
lowe d i n an y languag e wit h th e Englis h ver b categories , 
give n th e assumption s o f  C C G.  Thu s th e followin g ar e 
rule d ou t  i n principle ,  rathe r  tha n b y stipulation : 

(24 )  a .  •Bil l  t o Su e an d introduc e Harr y t o Georg e 
b.  'Introduc e t o Su e Bil l  an d t o Georg e Harr y 

Example s lik e (23 )  hav e ofte n bee n describe d i n term s 
of  ver y powerfu l  mechanism s o f  "deletio n unde r  iden -
tity "  o f  missin g element s lik e th e ver b giv e i n th e right 
conjunct .  However ,  unlik e C C G,  suc h proposal s fai l  t o 
explai n th e observatio n tha t  suc h deletion s preserv e wor d 
order ,  i n th e sens e tha t  i n bot h coordinat e an d canonica l 
sentence s o f  English ,  verb s ar e t o th e lef t  o f  thei r  com -
plements . 

Thi s observatio n i s merel y th e Englis h specifi c  mani -
festatio n o f  a  generalizatio n concernin g Universa l  gram -
mar ,  du e t o Ros s (1970) ,  w h o note d tha t  whe n verb s ar e 
"deleted "  i n thi s wa y i n language s wit h othe r  "basic " 
wor d orders ,  suc h a s verb-fina l  ( S O V )  an d ver b initia l 

*Wc her e us e th e "resul t  leftmost "  notatio n i n whic h a 
rightward-combining  iiincto r  ove r  a  domai n ̂  int o a  rang e a 
ar e writte n a/P ,  wliil e th e correspondin g leftward-combinin g 
functo r  i s  writte n a\p .  ( a an d P  ma y themselve s b e functio n 
categories. )  Ther e i s a n alternativ e "resul t  o n top "  notation , 
accordin g t o whic h th e latte r  categor y i s writte n P\a . 

( V S O)  languages ,  the y alway s d o s o i n a  wa y tha t  pre -
serve s th e canonica l  left-to-righ t  orderin g o f  ver b an d ar -
gument ,  thus: * 

(25 )  V S O : ' S O an d V S O V S O an d S O 
SOV:  S O an d S O V ' S O V an d S O 

Logical and Neurological Relations between 

L a n g u a g e a n d Ac t io n 

The ubiquitou s appearanc e o f  compositio n B  an d type -
raisin g T  i n bot h afTordance-mediate d actio n plannin g o f 
th e mos t  elementar y sor t  o n th e on e hand ,  an d univer -
sal  gramma r  o n th e other ,  strongl y suggest s tha t  th e lan -
guag e facult y i n it s syntacti c aspec t  i s directl y hun g ont o 
a mor e primitiv e se t  o f  prelinguisti c operation s includin g 
thes e combinators ,  originall y develope d fo r  moto r  plan -
ning .  Thi s hypothesi s ha s stron g implication s fo r  th e the -
or y o f  evolutio n an d th e child' s acquisitio n o f  language , 
fo r  whic h ther e i s considerabl e circumstantia l  evidenc e 
from  neurologica l  an d neuroanatomica l  observations . 

The Linear-Dynami c Even t  Calculu s an d relate d lin -
ear  an d STRIPS-lik e system s offe r  a  wa y o f  represent -
in g action s i n way s tha t  ar e usefu l  fo r  plannin g action . 
Thi s i n tur n offer s a  wa y o f  capturin g affordance s o f  ob -
jects ,  a  notio n tha t  i s  relevan t  t o doin g s o efficiently ,  an d 
whic h i s therefor e relevan t  t o perceptua l  categorizatio n 
and concep t  learnin g relevan t  t o tool-use .  T w o combi -
nator y operation s o f  compositio n an d type-raisin g pla y 
a centra l  rol e i n thi s process .  Thos e sam e combinator s 
appea r  i n syntacti c guis e i n natura l  language ,  wher e the y 
provid e th e basi s fo r  a n explanator y accoun t  o f  langtiage -
specifi c  construction s an d cross-linguisti c universa l  gen -
eralization ,  an d wher e a  considerabl e bod y o f  evidenc e 
from  neuroanatom y an d chil d developmen t  tha t  ha s bee n 
adduce d i n suppor t  o f  th e Moto r  Theor y suggest s tha t 
plannin g an d languag e ar e closel y related .  L D E C an d 
C CG mak e tha t  relatio n loo k direc t  enoug h t o explai n th e 
fac t  tha t  th e evolutionar y advanc e i n questio n appear s t o 
hav e bee n ver y rapi d indeed . 

I t  i s  interestin g t o speculat e upo n wha t  suc h a n evo -
lutionar y ste p migh t  b e based .  O n e stron g candidat e i s 
th e attainmen t  o f  th e moda l  an d propositiona l  attitud e 
concept s tha t  ar e necessar y t o suppor t  a  theor y o f  othe r 
minds—tha t  is ,  function s ove r  propositiona l  entities . 
(We hav e s o fa r  glosse d ove r  a n importan t  distinctio n 
betwee n plans ,  whic h compos e action s o f  typ e stat e - ^ 
state ,  an d grammar ,  whic h compose s fiinction s o f  typ e 
proposition- ^  propositio n o r  propert y - y property. ) 

I t  i s  propositiona l  fiinction s tha t  induc e tru e recursio n 
i n bot h conceptua l  structure s an d grammar .  Ther e i s n o 
evidenc e tha t  ape s entertai n suc h concepts .  I n particular , 
th e mos t  successfii l  attempt s t o teac h ape s t o us e lan -
guage ,  notabl y thos e involvin g A S L an d othe r  manipula -
tiv e languages ,  sho w a  lac k o f  recursiv e synta x couple d 

'interestingly ,  S V O language s lik e Enghs h patter n wit h 
ver b initia l  language s i n thi s respect ,  rathe r  tha n wit h ver b fiiuil. 
Thi s fac t  an d certai n apparen t  exception s t o Ross' s generaliza -
tio n arisin g i n language s wit h mor e tha n on e "basic "  wor d orde r 
ar e discusse d i n Steedma n 2000a . 
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wit h a n almos t  autisti c paucit y o f  conversationa l  initia -
tive .  Perhap s i t  i s  onl y th e lac k a  theor y o f  min d an d 
th e associate d prepositiona l  attitud e concept s tha t  hold s 
apes bac k fro m developin g huma n languag e o n th e basi s 
of  thei r  plannin g abilities ,  a  suggestio n consisten t  wit h 
th e view s o f  Tomasell o 1999 . 
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Abstrac t 

Previous research in our lab (Tan. Slefanucci, Proffitt & 
Pausch ,  2001 )  demonstrate d tha t  a  multimoda l  prototyp e 
compute r  system ,  th e InfoCoclq)it ,  coul d increas e users ' 
memory o f  Informatio n compare d t o a  standar d deskto p 
computer .  Displayin g informatio n o n multipl e monitor s 
wit h ambien t  visua l  an d auditor y dispay s engage s 
context-dependen t  memor y an d memor y fo r  location . 
thu s facilitatin g recall .  W e replicat e thi s findin g an d 
isolat e th e memor y cue s t o fin d whethe r  th e combinatio n 
of  contextua l  informatio n an d spatia l  locatio n i s 
necessar y t o obtai n thi s memor y advantage .  Ou r 
finding s sho w tha t  contextua l  informatio n alon e provide s 
user s wit h th e bes t  strateg y fo r  late r  recall . 

Introduction 

I n th e pas t  years ,  compute r  interface s hav e bee n 
designe d wit h th e goa l  o f  promotin g usability .  Thes e 
interface s hav e a  consisten t  "loo k an d feel "  tha t  foster s 
usabilit y bu t  doe s no t  hel p th e use r  remembe r 
informatio n learne d o n th e system .  Ou r  researc h 
examine s a  newl y buil t  interface ,  terme d th e 
InfoCockpit ,  whic h support s an d aid s huma n memor y 
and performanc e whil e preservin g usability . 

Th e desig n o f  th e InfoCockpi t  i s  base d o n 
psychologica l  researc h tha t  ha s uncovere d m a n y way s 
of  improvin g m e m o r y throug h th e us e o f  spatia l  an d 
enviromnenta l  memor y cues .  Thes e cue s ar e 
incorporate d int o th e InfoCockpi t  s o tha t  user s ca n 
mor e easil y recal l  informatio n tha t  the y lear n o n th e 
computer .  Thi s syste m provide s user s wit h "locations " 
and "places "  t o hoo k thei r  memorie s ont o withou t 
compromisin g usability . 

Creating Place 

Memories are tied to the environmental context in 
whic h the y tak e plac e (Smith .  Glenberg .  &  Bjork . 
1978) .  Fo r  example ,  on e migh t  tr y t o hel p a  friend 
remember  a  conversatio n b y referencin g th e contex t  o f 
tha t  conversatio n (e.g .  "don' t  yo u remembe r  w e talke d 
abou t  thi s a t  th e coffe e sho p downtown?") .  Havin g 
recalle d th e plac e o f  th e conversation ,  th e frien d ca n 
mor e easil y remembe r  wha t  wa s said .  Thi s strateg y 

recruit s a n importan t  cu e fo r  huma n memory ;  th e 
contex t  o r  "place "  i s a  referenc e t o star t  a  searc h fo r  th e 
informatio n discussed .  Bein g i n places ,  o r  referencin g 
them ,  evoke s memorie s an d increase s th e chance s o f 
rememberin g information . 

Psychologist s hav e researche d th e us e o f 
environmenta l  contex t  a s a  cu e fo r  m e m o r y fo r  th e pas t 
fe w decade s (Godde n &  Baddeley .  1975 ;  Smith . 
Glenber g &  Bjork .  1978) .  Smit h (1979 )  foun d tha t 
peopl e associat e informatio n an d th e environmenta l 
contex t  i n whic h i t  i s  learned .  Althoug h thes e 
association s ar e ofte n incidental ,  the y ca n b e usefu l 
retrieva l  cue s whe n recallin g information .  Smit h 
(1982 )  als o ha d participant s encod e informatio n i n 
multipl e learnin g environment s o r  differen t  "places" . 
He showe d tha t  th e amoim t  o f  informatio n recalle d 
increase s whe n learnin g take s plac e i n differen t 
contexts .  I n furthe r  studies ,  however .  Smit h (1984 ) 
foun d tha t  recal l  performanc e i n multipl e learnin g 
context s wa s no t  significantl y improve d whe n 
participant s returne d t o th e plac e tha t  the y wer e i n a t  th e 
tim e o f  encoding .  Divers e learnin g environment s 
provid e a  memor y advantag e ove r  a  singl e learnin g 
environmen t  bu t  thi s advantag e i s no t  contingen t  upo n 
reinstatemen t  o f  th e contex t  a t  retrieval . 

I n additio n t o th e numbe r  o f  learnin g environments , 
context s tha t  ar e distinctiv e ca n als o increas e memor y 
performance .  Place s tha t  dra w attentio n ar e th e mos t 
effectiv e i n producin g a  memor y advantag e (Smith . 
Vela ,  &  Williamson ,  1988) .  Learnin g informatio n 
throug h differen t  sensor y modalitie s ca n creat e a 
distinctiv e context .  I n additio n t o visua l  cues ,  ambien t 
three-dimensiona l  sound s ca n serv e a s distinctiv e cue s 
fo r  memory .  I t  ha s bee n show n tha t  ambien t  soimd s 
enhanc e memor y fo r  visua l  informatio n presente d i n 
thei r  contex t  (Davis ,  Scott ,  Pair ,  Hodges ,  &  Oliverio ,  J. , 
1999) . 

Providing Location 

Memories are also tied to a location in space (Gordon, 
1903) .  Wherea s w e us e "place "  t o denot e a n ambien t 
environmenta l  context ,  "location "  refer s t o th e positio n 
of  informatio n withi n tha t  "place" .  W e canno t  hel p bu t 
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notice ,  fo r  example ,  th e positio n o f  a n objec t  m a  room . 
The locatio n o f  tha t  objec t  i n spac e i s proccsie d 
preattentivel y an d remembere d almos t  automaticall y 
(Logan ,  1998) .  Similarly ,  mos t  peopl e commen t  tha t 
the y ca n remembe r  wher e o n a  pag e the y rea d 
somethin g withou t  rememberin g th e informatio n the y 
read .  Severa l  studie s confirme d thi s anecdot e b y 
showin g th e reliabilit y  o f  spatia l  locatio n a s a n 
importan t  memor y cu e (Rothkopf ,  1971 ;  Zechmeiste r  & 
McKillip ,  1972) .  Give n th e evidenc e above ,  i t  follow s 
tha t  spatiall y distribute d informatio n i s easie r  t o 
remember  tha n informatio n presente d i n a  singl e 
locatio n (Gordon ,  1903) . 

Combining Location and Place: Tlie 
InfoCoclqii t 

The InfoCockpit (see Figure 1) uses multiple projectors 
t o displa y a  panorami c imag e o f  a  "place "  ont o larg e 
screens .  I t  provide s a  contex t  fo r  user s t o referenc e 
when the y ar e retrievin g informatio n fro m memory . 
Ambien t  three-dimensiona l  surroun d soim d i s adde d t o 
immers e th e use r  i n th e place .  Fo r  example ,  panorama s 
of  a  woodlan d scen e ar e projecte d wit h consisten t  3 D 
sound s lik e leave s rustling ,  bird s chirping ,  an d insects . 
The InfoCockpi t  provide s spatia l  cue s b y presentin g 
informatio n t o user s o n multipl e monitors .  W h e n 
learnin g th e information ,  user s inadvertentl y notic e o n 
whic h monito r  informatio n i s presented .  W e 
hypothesize d tha t  user s woul d b e mor e likel y t o 
remember  th e informatio n i f  the y coul d recal l  o n whic h 
monito r  i t  wa s presented . 

Figur e 1 .  -  Th e InfoCockpi t  use s multipl e monitor s 
t o provid e "location "  cue s an d ambien t  visual s wit h 
three-dimensiona l  sound s t o creat e "place "  cues . 

This system stands in stark contrast to current 
deskto p systems ,  whic h presen t  al l  informatio n t o th e 
use r  o n a  singl e monitor ,  an d d o no t  displa y a  plac e cue . 
Deskto p user s d o no t  hav e t o orien t  themselve s t o 
information ;  window s simpl y brin g informatio n t o 
them .  Ther e ar e n o spatia l  cue s encode d wit h th e 
informatio n an d n o wa y o f  easil y retrievin g informatio n 
by rememberin g th e contex t  i n whic h i t  wa s seen . 

Previou s researc h ha s no t  attempte d t o construc t 
environment s tha t  presen t  "location "  an d "place "  cue s 
t o systematicall y examin e whethe r  a  larg e effec t  ca n b e 
obtained .  I n ou r  lab ,  w e combine d thes e cue s (locatio n 
and place )  t o se e i f  the y produce d a  greate r  memor y 
advantag e tha n whe n presente d independentl y (Tan , 
Stefanucci ,  Proffitt ,  Pausch ,  2001) .  Ta n e t  al .  foun d 
tha t  user s o f  th e InfoCockpi t  ha d a  5 6 % improvemen t  i n 
memory performanc e whe n compare d t o user s o f  a 
standar d deskto p computer . 

The curren t  pape r  addresse d whethe r  user s o f  th e 
InfoCockpi t  systematicall y relie d o n on e cu e ove r  th e 
othe r  o r  i f  th e combinatio n o f  "location "  an d "place " 
was th e bes t  wa y t o promot e late r  recall .  Eac h o f  th e 
cue s wa s examine d i n isolatio n t o asses s it s solitar y 
contributio n t o th e large r  effect .  Base d o n ou r  previou s 
findings ,  w e assume d tha t  participant s usin g th e 
InfoCockpi t  woul d b e abl e t o remembe r  mor e tha n 
participant s usin g a  standar d deskto p computer .  A n d 
indeed ,  thi s wa s true .  I n addition ,  w e hypothesize d tha t 
"mor e i s better" ;  participant s i n th e InfoCockpi t 
conditio n woul d remembe r  significantl y mor e wor d 
pair s tha n participant s w h o receive d "location "  o r 
"place "  cue s i n isolation .  Contrar y t o ou r  hypothesis , 
our  experimen t  reveale d tha t  participant s receivin g onl y 
"place "  cue s performe d significantl y bette r  tha n 
participant s i n al l  othe r  conditions . 

Method 

Participant s 

Eight y Universit y o f  Virgini a student s (40M ,  40F ) 
participate d i n th e experiment .  Participant s wer e pai d 
$2 0 fo r  thei r  participation .  The y wer e naVv e t o th e 
purpose s o f  th e experimen t  an d ha d no t  participate d i n a 
previou s memor y experimen t  lik e thi s one . 

Apparatus 

The apparatu s use d t o displa y materials ,  th e 
InfoCockpit ,  i s  a  larg e multipl e scree n displa y syste m 
(se e Figur e 1) .  Th e display s ar e ru n fro m a  Del l 
Precisio n Workstatio n wit h 62 0 Pentiu m II I  Xeo n dua l 
processors .  Installe d i n th e Del l  ar e tw o Appia n 
Jeronim o Pr o 4-por t  graphic s card s tha t  allo w th e 
compute r  t o driv e th e si x displa y screens .  T w o set s o f 
display s ar e arraye d thre e across ,  wit h N E C 18 "  L C D 
monitor s directl y belo w th e projectio n surfaces .  Th e 
L C D monitor s serv e a s th e mai n workin g are a o n whic h 
user s interac t  wit h information .  Th e projectio n display s 
provid e a  horizonta l  viewin g angl e o f  approximatel y 
145 degree s an d ar e use d t o immers e th e use r  i n a 
particula r  place .  Thre e Shar p Notevisio n 6  projector s 
(220 0 lumens )  displa y th e contex t  image s o n th e 
projectio n screens . 

We create d an d playe d bac k audi o context s o n a 
Macintos h 0 4 usin g a  Digidesig n Pr o Tool s Mix2 4 
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digita l  audi o workstation .  Th e contextua l  environment s 
wer e comprise d o f  6  channel s o f  sound .  Speaker s wer e 
place d surroundin g th e use r  a t  ea r  leve l  an d a t  4  fee t 
abov e ea r  level ,  +/ -  3 0 degree s a t  ea r  level ,  an d +/ -  12 0 
degree s a t  4  fee t  abov e ea r  level .  Th e ea r  leve l  speaker s 
wer e 5  fee t  awa y from  th e use r  whil e th e speaker s 
abov e wer e 8  fee t  away . 

Procedure 

Th e experimenta l  desig n consiste d o f  tw o phases :  a 
trainin g phas e an d a  testin g phase . 

Training Phase Participants learned three lists of 
words ,  eac h lis t  containin g te n pair s o f  word s (al l 
c o m m o n,  hig h frequency  nouns) .  Al l  participant s 
learne d th e list s on e a t  a  time .  Eac h lis t  consiste d o f  1 0 
cu e word s an d 1 0 targe t  words .  Th e 1 0 cu e word s wer e 
th e sam e fo r  th e 3  lists ,  bu t  th e targe t  word s varie d from 
lis t  t o lis t  (i.e .  'plate-passenger' ,  'plate-string' ,  an d 
'plate-scientist') .  W e name d th e list s Lawn ,  Museum , 
and Histor y t o hel p th e participant s pars e th e list s i n 
memory.  Fo r  th e participant s i n th e InfoCockpi t  o r 
Contex t  conditions ,  thes e name s referre d t o projecte d 
places . 

Th e trainin g phas e consiste d o f  bot h a  stud y perio d 
and a  learnin g period .  Durin g th e stud y perio d 
participant s wer e presente d wit h eac h pai r  o f  word s 
onc e (fo r  S  second s each) .  Afte r  stud y wa s completed , 
th e learnin g tas k began .  O n e o f  th e cu e word s from a 
pai r  wa s randoml y presente d t o th e participants . 
Participant s the n type d th e targe t  wor d tha t  wen t  wit h 
th e cue .  Feedbac k wa s give n t o th e participants .  I f  the y 
wer e incorrect ,  th e correc t  wor d wa s presented . 
Anothe r  cu e wor d woul d the n appea r  an d the y woul d 
hav e t o typ e it s target .  Thi s wen t  o n iterativel y unti l 
participant s ha d recalle d al l  o f  th e pair s correctl y i n on e 
iteratio n (meetin g 1 0 0 % criteria) .  Thi s ensure d tha t  al l 
participants '  knowledg e o f  th e materia l  wa s equivalen t 
befor e testing .  Participant s ha d unlimite d tim e t o finish 
th e learnin g portion .  Th e procedur e fo r  learnin g th e 
wor d list s wa s explaine d t o participant s befor e trainin g 
began . 

Participant s wer e assigne d t o on e o f  fou r  condition s 
(Desktop ,  InfoCockpit ,  Spatial ,  o r  Context )  define d b y 
th e displa y configuratio n o n whic h the y learne d pair s o f 
words .  A n equa l  numbe r  o f  male s an d female s wer e 
randoml y assigne d t o eac h condition .  Participant s i n 
th e InfoCockpi t  grou p studie d an d learne d th e wor d 
lists ,  eac h o n a  differen t  monito r  an d associate d wit h 
differen t  contextua l  image s an d sounds .  Fo r  example , 
participant s woul d se e image s an d hea r  sound s from a 
m u s e u m whil e the y wer e learnin g th e wor d pair s fo r  th e 
" M u s e u m "  lis t  o n th e middl e monitor . 

The Deskto p grou p performe d th e tas k o n a  standar d 
deskto p compute r  wit h a  singl e monitor .  The y learne d 
th e sam e thre e list s (Lawn ,  Museum ,  an d History )  o n 
on e screen ,  wit h n o projecte d contex t  image s o r  three -
dimensiona l  sounds . 

For  th e Spatia l  condition ,  participant s learne d th e 
thre e wor d list s o n differen t  monitors .  However ,  the y 
di d no t  lear n th e list s i n differen t  projecte d contexts . 
The y als o ha d n o sounds .  Thi s conditio n wa s designe d 
t o asses s th e individua l  contributio n o f  spatia l  cue s i n 
th e InfoCockpit . 

Participant s i n th e Contex t  conditio n learne d th e thre e 
list s o n on e monitor .  Eac h lis t  wa s presente d wit h it s 
correspondin g context .  Participant s learne d th e list s 
wit h th e projecte d contex t  image s an d sounds ,  al l  o n th e 
same monitor .  Thi s conditio n teste d th e importanc e o f 
contextua l  plac e cue s o n learnin g i n th e InfoCockpit . 

Testing Phase The testing phase of the experiment 
too k plac e a  da y later .  Al l  participant s returne d t o th e 
la b an d wer e teste d o n h o w man y wor d pair s the y 
remembere d from  th e trainin g phase .  Retrieva l  wa s 
don e o n a  lapto p i n a  differen t  roo m tha n th e trainin g 
phase .  Participant s wer e give n cu e word s from  eac h o f 
thre e lists ,  on e lis t  a t  a  time ,  an d wer e aske d t o typ e i n 
as man y o f  th e target s a s the y coul d remember .  The y 
receive d n o feedbac k o n thei r  performance . 

Resul t s 

Out  o f  3 0 possibl e items ,  th e mea n recal l  score s wer e 
8.8 0 fo r  th e Deskto p group ,  11.6 5 fo r  th e InfoCockpi t 
group ,  9.6 0 fo r  th e Spatia l  group ,  an d 15.0 5 fo r  th e 
Contex t  group .  A  one-wa y analysi s o f  varianc e 
( A N O V A)  comparin g th e fou r  condition s reveale d 
significan t  difference s betwee n th e groups ,  F  (3 ,  76 )  = 
9.065 ,  p  <  0.00 0 (se e Figur e 2) .  Pos t  ho c comparison s 
usin g th e Fishe r  L S D tes t  showe d tha t  participant s i n 
th e Contex t  conditio n recalle d significantl y mor e wor d 
pair s tha n th e Spatial ,  Deskto p an d InfoCockpi t 
conditions .  I n addition ,  th e InfoCockpi t  conditio n 
remembere d significantl y mor e wor d pair s tha n th e 
Deskto p condition .  A  one-wa y analysi s o f  varianc e 
( A N O V A)  comparin g numbe r  o f  iteration s t o lear n th e 
wor d pair s t o criteri a di d no t  sho w a  significan t 
differenc e amon g th e conditions ,  p  =  0.762 . 
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Conditio n 

•  Desk to p 

Dl Spatial 

• InfoCockpit 

D Context 

Figur e 2 . 
condition . 

Number  o f  wor d pair s recalle d b y eac h 

Discuss io n 

InfoCockpi t  participant s remembere d significantl y 
mor e wor d pair s tha n participant s usin g a  standar d 
deskto p computer .  Addin g "location "  an d "place "  cue s 
t o a  compute r  enhance d participants '  memor y fo r 
informatio n learne d o n tha t  system .  Thi s conclusio n 
replicate s previou s researc h from  ou r  la b (Tan , 
Stefanucci ,  Proffitt ,  Pausch ,  2001) . 

We assume d th e individua l  component s o f  th e 
InfoCockpi t  woul d improv e memor y wit h relatio n t o 
th e standar d deskto p computer ,  bu t  w e di d no t  believ e 
the y woul d b e a s effectiv e a s th e ensembl e o f  cues .  Ou r 
hypothesi s tha t  "mor e i s better "  wa s incorrec t  fo r  thi s 
task .  Participant s receivin g onl y "place "  cue s a t 
encodin g recalle d mor e word s tha n participant s i n al l 
othe r  conditions . 

Thi s finding  m a y b e a  consequenc e o f  th e strateg y th e 
InfoCockpi t  participant s use d whe n retrievin g th e wor d 
pairs .  W e believ e thes e participant s ha d tw o strategie s 
availabl e a t  recal l  fo r  rememberin g th e information . 
One o f  th e strategie s involve d th e locatio n o f  th e lis t  o n 
one o f  th e monitors .  Participant s coul d retriev e th e 
appropriat e targe t  b y recallin g th e locatio n o f  th e 
monito r  o n whic h i t  wa s learned .  Likewise , 
InfoCockpi t  participant s coul d acces s environmenta l 
plac e cue s t o recal l  th e pairs .  T o remembe r  th e targe t 
wor d the y coul d imagin e th e contextua l  image s an d 
sound s displaye d whe n learnin g th e pair .  I t  i s  possibl e 
tha t  thes e tw o recal l  strategie s interfere d wit h eac h 
other ,  compromisin g th e bes t  recal l  strateg y (simpl y 
recallin g th e "place "  cue )  b y th e evokin g th e les s 
effectiv e locatio n recal l  strategy .  I n th e tas k w e 
describe ,  th e contextua l  plac e informatio n wa s a  mor e 
reliabl e cu e fo r  late r  recal l  an d thos e participant s i n th e 
Contex t  conditio n wer e abl e t o exploi t  i t  t o th e fiillest. 

Whil e participant s i n th e InfoCockpi t  conditio n 
performe d bette r  tha n participant s i n th e standar d 
deskto p computer ,  the y wer e no t  a s successfii l  a s 
participant s i n th e Contex t  condition .  Providin g user s 
wit h a  singl e cu e i n isolatio n (place )  wa s mor e effectiv e 
tha n providin g the m wit h tw o set s o f  cues .  Thi s fmdin g 

i s no t  surprisin g give n previou s research .  Fo r  instance , 
Jone s (1976 )  an d Smit h (1984 )  foun d tha t  isolate d cue s 
coul d hel p thei r  participant s retriev e a n entir e memory , 
eve n whe n combination s o f  cue s wer e presen t  a t 
encoding .  M o r e recently ,  Parke r  an d Gellatl y (1997 ) 
showe d tha t  a n increas e i n th e amoun t  o f  cue s a t 
encodin g di d no t  produc e a  reliabl e increas e i n recall . 
The y gav e thei r  participant s bot h musi c an d odor s whil e 
encodin g information .  A t  retrieval ,  eithe r  bot h o r  onl y 
on e o f  th e cue s wa s reinstated .  I n eithe r  condition , 
participant s recalle d th e sam e amoun t  o f  information . 
I n contrast ,  ou r  findings  sugges t  tha t  participant s 
receivin g onl y on e o f  th e cue s (place )  a t  encodin g ha d 
an advantag e ove r  th e othe r  conditions .  Th e typ e o f  cu e 
we use d m a y accoun t  fo r  th e difference .  Perhap s th e 
plac e cu e wa s mor e distinctiv e tha n th e locatio n cu e an d 
peopl e wer e mor e successfu l  i n associatin g i t  wit h th e 
words .  Th e "mor e i s better "  approac h t o th e desig n o f 
compute r  interface s shoul d b e examine d closel y 
becaus e ther e m a y b e situation s i n whic h a  "les s i s 
more "  attitud e ca n augmen t  performanc e t o a  highe r 
degree . 

Conclusions 

The InfoCockpi t  increase d m e m o r y compare d 
t o a  standar d deskto p computer .  I t  utilize d bot h "place " 
and "location "  cue s t o facilitat e memor y retrieval . 
W h en presente d wit h "place "  cue s i n isolation , 
participants '  memor y performanc e increase d 
significantl y i n compariso n t o performanc e o n th e 
InfoCockpit .  Providin g multipl e memor y cue s a t 
encodin g increase s recall .  However ,  interferenc e 
betwee n contextua l  an d spatia l  cue s m a y hav e a 
negativ e effec t  o n performance .  Evaluatio n o f  th e 
interaction s betwee n cues ,  a s wel l  a s th e cue s 
themselves ,  i s  necessar y t o ensur e a  complet e 
understandin g o f  th e rol e tha t  thes e cue s pla y i n 
memory. 
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Abstrac t 
Th e menta l  mode l  theor y postulate s tha t 
reasoner s buil d menta l  model s o f  th e situation s 
describe d i n premises ,  an d tha t  eac h mode l 
represent s a  possibility .  Th e theory' s mai n 
principl e — th e principl e o f  truth — i s tha t  thes e 
representation s ar e incomplete ,  becaus e menta l 
model s represen t  onl y wha t  i s  true ,  an d no t  wha t 
i s  false .  Th e presen t  pape r  defend s a n analogou s 
principl e o f  self-interest :  whe n individual s hav e 
t o thin k strategically ,  the y ten d t o represen t  onl y 
thei r  ow n option s an d payoffs ,  no t  thos e o f  thei r 
opponents .  Fou r  experiment s hav e corroborate d 
thi s principle . 

Introduction 
Strategi c thinkin g underlie s thos e decision s 

tha t  depen d o n wha t  othe r  individual s ar e likel y 
t o decide .  Suc h decision s ar e ubiquitou s i n 
business ,  politics ,  an d dail y life .  T o outwi t  a n 
adversary ,  o r  t o maximiz e th e benefit s o f  co -
operatio n wit h a  partner ,  yo u ofte n nee d t o thin k 
abou t  wha t  thi s othe r  individua l  i s  likel y t o 
choos e t o do .  Th e theor y o f  game s provide s a 
normativ e theor y o f  strategi c thinking ,  especiall y 
sinc e Joh n Nash' s theore m determinin g thos e 
strategie s tha t  ar e optima l  fo r  al l  player s — th e so -
calle d Nas h equilibriu m (see ,  e.g. .  Dixi t  an d 
Nalebuff ,  1991) .  However ,  a s Reinhar d Selten , 
CO-winne r  o f  th e Nobe l  priz e wit h Nas h i n 1994 , 
has remarked :  gam e theor y i s rationa l  theolog y 
(persona l  communication) .  Tha t  is ,  n a v e 
individual s i n dail y lif e ar e unlikel y t o abid e b y 
it s canon s o f  rationality .  Th e ter m n a v e her e 
refer s t o individual s w h o hav e no t  mastere d 
g a me theory ;  i t  doe s no t  impug n thei r 
intelligence .  Thinking  abou t  wha t  othe r  peopl e 
m ay b e thinkin g i s indee d likel y t o b e difficult , 
becaus e i t  call s fo r  a  representation ,  no t  onl y o f 
you r  o w n stat e o f  mind ,  bu t  als o o f  anothe r 
person' s preferences ,  an d fo r  inference s abou t 

thei r  likel y strategies .  I f  yo u fai l  t o thin k throug h 
thei r  optima l  strategy ,  the n yo u ar e unlikel y t o 
selec t  a  rationa l  strateg y fo r  you r  sel f 

Conside r  a s a n exampl e a  simpl e gam e i n 
whic h yo u hav e tw o option s ( A an d B ) ,  you r 
opponen t  ha s tw o option s ( A an d B ) ,  yo u bot h 
make you r  choice s simultaneously ,  an d yo u bot h 
receiv e payoff s a s a  functio n o f  you r  choices . 
We sho w you r  payof f  followe d b y you r 
opponent' s payof f  i n eac h cell : 

Your 
option s 

A 
B 

Your  opponent' s option s 
A 
S4/S 4 
$2/$ 4 

B 
$l/$ 3 
$6/$ l 

I f  you r  opponen t  choose s A  the n yo u shoul d 
choos e A  an d receiv e $4 .  But ,  i f  you r  opponen t 
choose s B ,  yo u shoul d choos e B  an d receiv e $6 . 
Hence ,  t o mak e th e right  choic e yo u shoul d thin k 
abou t  wha t  you r  partne r  i s likel y t o choose .  I f 
she i s rational ,  sh e shoul d think :  I f  I  choos e A , 
the n regardles s o f  wha t  m y opponen t  chooses ,  I 
get  $4 ;  bu t  i f  I  choos e B ,  the n regardles s o f  wha t 
my opponen t  chooses ,  I  wil l  ge t  les s tha n $4 . 
Therefore ,  I  shoul d choos e A  (becaus e B  i s 
dominate d b y thi s strategy) .  Hence ,  i f  yo u ar e 
rationa l  an d yo u kno w tha t  you r  opponen t  i s 
rational ,  the n yo u shoul d choos e A .  Thi s sor t  o f 
thinkin g exemplifie s g a m e theory ,  whic h 
formalize s optima l  strategie s o n th e assumptio n 
tha t  player s ar e rational . 

I n contrast ,  th e presen t  pape r  argue s tha t  th e 
tas k o f  inferrin g rationa l  prediction s abou t  othe r 
player s choice s i s to o difficul t  fo r  naiv e huma n 
players .  Th e pape r  accordingl y propose s a n 
alternativ e accoun t  o f  h o w n a v e individual s 
make strategi c decisions . 

Mental Models and Na ve Strategic 

Thinidn g 
Th e menta l  mode l  theor y postulate s tha t 
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reasonin g depend s o n understandin g th e meanin g 
of  premise s an d usin g thi s meanin g an d genera l 
knowledg e t o envisag e th e state s o f  affair s tha t 
ar e possibl e give n th e trut h o f  th e premise s 
(Johnson-Lair d an d Byrne ,  1991) .  Eac h menta l 
model  represent s a  possibility .  A  conclusio n i s 
necessar y i f  i t  hold s i n al l  th e model s o f 
premises .  I t  i s possibl e i f  i t  hold s i n a t  leas t  on e 
model  o f  premise s (Bel l  an d Johnson-Laird , 
1998) .  A n d it s probabilit y  — it s likelihoo d o f 
bein g tru e — depend s o n th e proportio n o f  model s 
of  th e premise s i n whic h i t  i s  tru e (Johnson -
Laird ,  Legrenzi ,  Girotto ,  Legrenzi ,  an d Cavemi , 
1999) .  Th e theor y ha s als o bee n extende d t o 
accoun t  fo r  meanin g an d reasonin g wit h causa l 
relation s (Goldvar g an d Johnson-Laird ,  2001) . 
A fundamenta l  assumptio n o f  th e theor y i s th e 
principl e o f  truth :  i n orde r  t o minimiz e th e loa d 
on workin g memory ,  menta l  model s normall y 
represen t  onl y wha t  i s true .  Th e failur e t o 
represen t  wha t  i s fals e give s ris e t o illusor y 
inference s o f  variou s sorts ,  i.e .  inference s tha t 
nearl y everyon e makes ,  bu t  tha t  ar e wron g (see , 
e.g. ,  Goldvar g an d Johnson-Laird ,  2000) . 

Th e mode l  theor y extend s naturall y t o 
h u m an strategi c thinking .  I t  postulate s tha t 
individual s construc t  menta l  model s o f  th e 
option s an d payoffs .  I n orde r  t o minimiz e th e 
loa d o n workin g memory ,  however ,  th e theor y i s 
base d o n a n assumptio n analogou s t o th e 
principl e o f  truth .  Accordin g t o th e principl e o f 
self-interest ,  menta l  model s normall y represen t 
onl y individual s o w n option s an d payoffs .  Th e 
failur e t o represen t  othe r  player s payoff s shoul d 
giv e ris e t o systemati c error s i n strategi c 
thinking .  Th e ai m o f  ou r  experiment s wa s t o 
tes t  th e principl e o f  self-interest . 

Experiment 1: Games as payoff 

matrice s 
Our  firs t  experimen t  examine d whethe r  o r  no t 
individual s spontaneousl y represen t  thei r 
partne r  s  payof f  i n game s i n whic h thei r  optima l 
choic e depend s o n thei r  partne r  s  choice .  Th e 
participant s playe d 2 5 games ,  eac h presente d i n 
th e for m o f  a  payof f  matrix .  Fiv e o f  th e game s 
wer e independent ,  tha t  is ,  th e participant s 
optima l  choic e di d no t  depen d o n thei r  partner s 
choice .  Her e i s a n exampl e o f  a n independen t 
game i n whic h onl y th e participant' s payoff s ar e 
shown : 

1 
1 

Your 
option s 

A 
B 

Your  partner' s option s 
A 
SS 
$4 

B 
S6 
$5 

I n th e absenc e o f  informatio n abou t  thei r 
partner' s payoffs ,  ther e ar e thre e possibl e 
strategie s tha t  th e participant s coul d adopt : 
1)  The y coul d maximiz e thei r  mea n payoffs .  I n 
thi s gam e i t  i s  optio n A ,  whic h lead s t o a  mea n 
payof f  o f  $5.5 . 
2)  The y coul d maximiz e thei r  m in imu m gain . 
Optio n A  yield s th e large r  m in imu m gai n (o f 
$5) . 
3)  The y coul d maximiz e thei r  m a x i m u m gain . 
Optio n A  yield s th e m a x i m u m gai n (o f  $6) . 
Hence ,  i n general ,  wit h independen t  game s al l 
thre e strategie s lea d t o th e sam e choice . 

The remainin g 2 0 game s wer e dependeni , 
tha t  is ,  t o m a k e th e optima l  choice ,  th e 
participant s neede d t o k n o w thei r  partner' s 
choice ,  e.g. : 

1 
1 

Your 
option s 

A 
B 

Your  partner' s option s 
A 
$5 
$6 

B 
$7 
$4 

Here ,  i f  th e partne r  choose s A ,  the n th e 
participan t  shoul d choos e B ,  wherea s i f  th e 
partne r  choose s B ,  th e participan t  shoul d choos e 
A.  Grante d th e principl e o f  self-interest , 
however ,  th e participant s shoul d no t  notic e th e 
differenc e betwee n independen t  an d dependen t 
games.  The y shoul d b e prepare d t o pla y bot h 
sort s o f  g a m e withou t  knowledg e o f  thei r 
partner' s payoffs .  I n th e presen t  game ,  th e thre e 
precedin g strategie s al l  lea d t o th e choic e o f 
optio n A .  Th e experimen t  include d thre e othe r 
sort s o f  dependen t  gam e tha t  allowe d u s t o 
identif y th e participants '  strategies . 

We teste d 2 0 Princeto n undergraduates ,  an d 
i n thi s an d th e othe r  experiments ,  w e checke d 
tha t  the y wer e n a v e abou t  gam e theory .  Th e 
instruction s explaine d tha t  th e participant s woul d 
be presente d wit h simpl e games ,  an d tha t  thei r 
tas k wa s t o decid e whic h optio n the y woul d 
choos e i n eac h game .  Befor e th e participant s 
responde d t o eac h game ,  the y wer e asked :  D o 
yo u hav e al l  th e necessar y informatio n t o pla y 
th e game ? I f  N o ,  wha t  els e d o yo u nee d t o kno w 
t o mak e th e decision ? Th e participant s the n 
made a  choice . 
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Result s 
The majorit y o f  th e participant s responde d 

tha t  the y ha d th e al l  th e necessar y informatio n t o 
pla y th e game :  onl y fiv e participant s requeste d 
thei r  partners '  payoff s o n mor e tha n hal f  th e 
trials .  Hence ,  th e bia s t o pla y th e game s withou t 
knowin g thes e payoff s wa s reliabl e (Sig n test ,  n 
= 20 ,  p  <  .025) .  Ther e wa s n o reliabl e differenc e 
betwee n dependen t  game s an d independen t 
games i n th e tendenc y fo r  participant s t o pla y i n 
ignoranc e o f  thei r  partners '  payoff s (1 5 
participant s i n bot h case s playe d o n mor e tha n 
hal f  th e trials ;  F  <  1 ,  p  >  .25) .  Th e preferre d 
strateg y wa s t o maximiz e th e m a x i m u m possibl e 
gai n (1 4 ou t  o f  2 0 participant s o n mor e tha n hal f 
th e trials ,  p  <  .05) . 

Experiment 2: Conditional descriptions of 
games 

The previou s experimen t  presente d game s i n 
th e for m o f  payof f  matrices .  Skeptic s coul d 
argu e tha t  thi s forma t  i s no t  familia r  enoug h t o 
na v e participant s t o enabl e the m t o d o justic e t o 
thei r  ability .  W e therefor e carrie d ou t  a  simila r 
experiment ,  bu t  eac h gam e wa s presente d i n a  se t 
of  conditiona l  assertions ,  whic h ar e eas y t o 
understand .  Fo r  example ,  a n independen t  gam e 
was describe d i n th e followin g way : 

I f  yo u choos e A  an d you r  partne r  choose s 
A,  yo u wil l  receiv e $5 . 
I f  yo u choos e A  an d you r  partne r  choose s 
B,  yo u wil l  receiv e $6 . 
I f  yo u choos e B  an d you r  partne r  choose s 
A,  yo u wil l  receiv e $4 . 
I f  yo u choos e B  an d you r  partne r  choose s 
B,  yo u wil l  receiv e $5 . 

O ne grou p o f  participant s receive d suc h 
descriptions ,  whic h ar e incomplet e becaus e the y 
do no t  sa y anythin g abou t  th e partner' s payoffs . 
A secon d grou p o f  participant s receive d onl y 
partia l  description s o f  thei r  o w n payoffs ,  e.g : 

I f  yo u choos e A  an d you r  partne r  choose s A , 
the n yo u wil l  receiv e $5 . 
I f  yo u choos e B  an d you r  partne r  choose s B , 
the n yo u wil l  receiv e $6 . 

Thes e description s wer e onl y fo r  case s i n whic h 
bot h player s chos e th e sam e option s ( A A an d 
B B ) .  A  thir d grou p o f  participant s receive d 
description s o f  onl y thei r  partner' s payoff s bu t 
not  thei r  own ,  e.g. : 

I f  yo u choos e A  an d you r  partne r  choose s A , 
you r  partne r  wil l  receiv e $5 . 
I f  yo u choos e A  an d you r  partne r  choose s B , 
you r  partne r  wil l  receiv e $6 . 
I f  yo u choos e B  an d you r  partne r  choose s A , 
you r  partne r  wil l  receiv e $4 . 

I f  yo u choos e B  an d you r  partne r  choose s B , 
you r  partne r  wil l  receiv e $5 . 

Accordin g t o th e principl e o f  self-interest ,  th e 
participant s shoul d b e mor e likel y t o as k fo r  thei r 
o wn payoff s tha n fo r  th e payoff s o f  thei r 
partners .  Th e participant s i n eac h grou p wer e 
aske d thre e questions :  W o u l d yo u pla y th e 
game? D o yo u hav e al l  th e necessar y informatio n 
t o mak e a  choice ? I f  N o ,  wha t  els e d o yo u nee d 
t o kno w t o mak e you r  choice ? Th e procedur e 
and th e 2 5 game s wer e th e sam e a s thos e i n 
Experimen t  1 .  W e teste d te n Princeto n 
undergraduate s i n eac h group . 

Results 
I n th e grou p tha t  kne w onl y thei r  o w n payoffs , 
1 0 0 % o f  response s wer e decision s t o pla y bot h 
dependen t  an d independen t  games .  I n th e grou p 
tha t  kne w onl y thei r  o w n partia l  payoffs ,  1 0 0 % 
of  response s wer e decision s t o pla y bot h sort s o f 
games.  But ,  a s predicted ,  i n th e grou p tha t 
kne w onl y thei r  partners '  payoff s onl y 4 0 % o f 
th e response s ( 4 participant s o n mor e tha n hal f 
th e trials )  wer e decision s t o pla y th e games .  Th e 
differenc e betwee n th e thre e group s i s 
significant ,  Kniskal-Walli s  (x 2 =  14.5 ,  p  <  .001) . 
Hence ,  th e majorit y o f  participant s w h o ha d onl y 
thei r  partner s payoff s refuse d t o pla y th e game s 
withou t  knowin g thei r  o w n payoffs .  T h e 
participants '  preferre d strateg y wa s t o maximiz e 
thei r  averag e payof f  ( 8 0 % o f  strategies .  Binomia l 
test ,  p  <  .005) . 

Experiment 3: Games with real opponents 

The participants in the previous experiments 
migh t  hav e playe d game s withou t  knowin g thei r 
partners '  payoff s becaus e th e game s seeme d 
artificia l  an d unreal .  W e therefor e carrie d ou t  a 
replicatio n o f  Experimen t  2  i n a  wa y tha t  wa s 
close r  t o rea l  games .  Th e participant s playe d 
agains t  rea l  opponent s an d the y coul d wi n rea l 
money.  Eac h experimenta l  sessio n teste d tw o 
participant s a t  a  time ,  w h o ha d no t  previousl y 
met .  The y wer e tol d tha t  the y woul d b e playin g 
a se t  o f  game s agains t  eac h other .  A n d the y the n 
went  t o differen t  rooms ,  an d eac h participan t 
receive d th e instruction s an d carrie d ou t  th e 
games.  Th e desig n an d procedur e wer e 
otherwis e identica l  t o Experimen t  2 .  W e teste d 
10 Princeto n undergraduate s i n eac h group .  Th e 
participant s wer e tol d tha t  th e perso n w h o w o n 
th e mos t  nomina l  mone y i n th e game s woul d 
ente r  a  lotter y wit h a  possibilit y  t o wi n $20 . 

Results 

847 



T h e ste p toward s verisimilitud e slightl y 
enhance d performance ,  bu t  th e result s otherwis e 
replicate d th e previou s experiment .  T w o 
participant s w h o kne w onl y thei r  o w n payoff s 
requeste d additiona l  informatio n o n mor e tha n 
hal f  th e trials .  Fiv e participant s w h o kne w onl y 
thei r  opponents '  payoff s requeste d additiona l 
informatio n o n mor e tha n hal f  th e trials .  Nin e 
participant s w h o kne w onl y thei r  o w n partia l 
payoff s requeste d additiona l  informatio n (bu t 
onl y abou t  th e res t  o f  thei r  o w n payoffs) .  Th e 
differenc e betwee n th e thre e group s wa s 
significan t  (Kruskal-Walli s x 2 =  11.21 ,  p  < 
.005) .  A  planne d compariso n betwee n thos e 
w ho kne w thei r  o w n payoff s an d thos e w h o 
k n e w thei r  opponents '  payoff s wa s als o 
significan t  ( 2 =  3.2 ,  p  <  .03) .  Th e participants ' 
preferre d strateg y wa s agai n t o maximiz e thei r 
averag e payof f  ( 7 0 % o f  participants ,  p  <  .005) . 
Hence ,  o n th e whole ,  individual s w h o kne w thei r 
o wn payoff s wer e happ y t o pla y wit h rea l 
parmer s an d fo r  rea l  money . 

Experiment 4: The effect of losses. 
I n th e previou s experiments ,  non e o f  th e 

games threatene d th e participant s wit h a  los s o f 
money dependin g o n th e outcom e o f  a  game . 
Peopl e ar e know n t o thin k differentl y abou t 
losse s tha n abou t  gains .  The y ar e ris k seekin g 
when the y thin k abou t  losse s bu t  ris k avers e 
when the y thin k abou t  gain s (Tversk y an d 
K a h n e m a n,  1981) .  Gain s an d losse s ar e 
represente d asymmetrically .  Th e negativ e effec t 
of  a  los s o f  a  certai n amoun t  i s greate r  tha n th e 
positiv e effec t  o f  a  gai n o f  th e sam e amount . 
Hence ,  peopl e m a y represen t  game s wit h losse s 
differentl y from  th e wa y the y represen t  game s 
wit h onl y gains .  Likewise ,  losse s m a y als o 
affec t  individuals '  strategi c thinking .  I n 
particular ,  the y migh t  thin k mor e carefull y an d 
requir e mor e informatio n abou t  losse s tha n the y 
do whe n the y thin k abou t  gains .  Thi s greate r 
car e may ,  i n turn ,  elici t  a  nee d fo r  informatio n 
abou t  thei r  partner' s option s an d payoffs .  A 
differen t  possibility ,  however ,  i s  tha t  potentia l 
losse s woul d m a k e individual s anxiou s an d 
confused .  Hence ,  the y migh t  represen t  les s 
informatio n tha n usual ,  an d mak e eve n fewe r 
request s fo r  thei r  partner' s payoffs .  T o examin e 
thes e possibilities .  Experimen t  4  use d a  se t  o f 
games simila r  t o thos e i n th e previou s 
experiments ,  bu t  i t  include d payoff s tha t  wer e 
losses .  O n e grou p o f  participant s playe d game s 
wit h gain s onl y i n th e first  bloc k o f  th e 
experimen t  an d game s wit h gain s an d losse s i n 
th e secon d block .  Anothe r  grou p receive d th e 

tw o block s i n th e opposit e order .  Th e procedur e 
was simila r  t o Experimen t  3 ,  usin g bot h rea l 
partner s an d a  rea l  monetar y reward . 

Results 
The participant s w h o receive d onl y gain s i n 

th e firs t  bloc k wer e mor e likel y t o pla y i n tha t 
bloc k ( 9 7 % o f  responses )  tha n th e grou p w h o 
receive d gain s an d losse s i n th e firs t  bloc k ( 8 0 % 
of  response s i n th e first  block ,  Kruskal-Wallis ,  p 
< .005) .  Overall ,  ther e wa s n o differenc e 
betwee n th e firs t  an d secon d block s i n th e 
propensit y t o play .  But ,  th e effec t  o f  los s i n 
inhibitin g participant s from  playin g wa s greate r 
i n th e secon d bloc k tha n i n th e firs t  bloc k 
(Kruskal-Walli s x 2 =  10.4 ,  p  <  .05) . 

Bot h group s wer e equall y likel y t o reques t 
additiona l  informatio n ( 3 6 % an d 3 5 % o f 
responses) .  Ther e wa s n o significan t  effec t  o f 
block .  However ,  ther e wa s agai n a  significan t 
interactio n betwee n th e grou p an d th e block , 
Kruskal-Walli s (x 2 =  10.5 ,  p  <  .05) .  Onl y on e 
participan t  wh o receive d onl y gain s i n th e firs t 
bloc k requeste d mor e informatio n o n mor e tha n 
hal f  th e trials ;  wherea s si x o f  th e participant s 
w ho receive d gain s an d losse s i n th e firs t  bloc k 
requeste d mor e informatio n o n mor e tha n hal f 
th e trial s (Kruskal-Walli s x2 = 11.2076 ,  p  < 
.005) .  Thus ,  th e participant s di d no t  notic e tha t 
somethin g wa s missin g whe n the y playe d game s 
wit h gain s only .  But ,  whe n the y move d o n t o 
games wit h gain s an d losses ,  the y tende d t o 
notic e tha t  th e game s wer e incomplete .  I n 
contrast ,  thos e w h o receive d game s wit h gain s 
and losse s showe d n o chang e i n thei r  request s fo r 
additiona l  informatio n whe n the y move d o n t o 
games wit h onl y gain s ( 3 6 % request s i n th e first 
block ,  an d 3 6 % request s i n th e secon d block) .  I n 
sum,  losse s ha d thei r  larges t  effect s whe n the y 
appeare d afte r  th e game s wit h gain s only .  Th e 
participant s preferre d strateg y wa s agai n t o 
maximiz e averag e payoff s ( 8 5 % o f  strategies ,  p 
< .005) . 

Genera l  Discussio n 
Our  everyda y experience s ofte n cal l  fo r 

representin g wha t  othe r  peopl e think ,  believ e an d 
desire .  Strategi c decisio n makin g i s on e o f  man y 
situation s tha t  cal l  fo r  individual s t o thin k abou t 
thei r  partner s preference s an d choices . 
Moreover ,  the y ofte n hav e t o tak e int o accoun t 
thei r  opponent s consideration s o f  thei r  o w n 
options ,  an d s o o n an d on .  Thi s proble m ma y 
easil y becom e intractable ,  and ,  a t  th e ver y least , 
highl y complex .  Th e presen t  pape r  ha s defende d 
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th e principl e o f  self-interest :  whe n individual s 
hav e t o thin k strategically ,  the y ten d t o focu s o n 
thei r  ow n option s an d payoffs .  Th e cxperimen u 
corroborate d thi s principle .  Experimen t  1 
demonstrate d th e effec t  wit h payof f  matrices . 
Experimen t  2  replicate d i t  wit h conditiona l 
description s o f  games .  Bot h Experimen t  2  an d 3 
showe d tha t  individual s notic e whe n thei r  o w n 
payoff s ar e missing ,  an d tha t  the y the n reques t 
them .  W h e n thei r  o w n payoff s ar e describe d 
onl y i n part ,  the y reques t  informatio n abou t  th e 
res t  o f  thei r  payoffs .  Otherwise ,  the y ar e 
prepare d t o pla y i n ignoranc e o f  thei r  partner' s 
payoff s bot h fo r  dependen t  an d independen t 
games.  Experimen t  4  showe d tha t  w h e n 
participant s ca n los e mone y dependin g o n thei r 
choices ,  th e majorit y o f  the m wer e stil l  prepare d 
t o pla y withou t  askin g fo r  additiona l 
information .  I t  i s  rationa l  t o pla y independen t 
games i n ignoranc e o f  you r  partner' s payoff s o r 
likel y choic e o f  option ;  bu t  i t  i s  no t  rationa l  t o 
pla y dependen t  game s i n thes e circimistances . 

W hy don' t  individual s realiz e tha t  the y 
shoul d as k fo r  thei r  partner' s payoffs ? Th e 
simples t  gam e tha t  elicit s th e nee d fo r  strategi c 
thinkin g i s on e i n whic h tw o player s eac h hav e 
tw o options .  Suc h a  game ,  however ,  call s fo r 
reasoner s t o hol d i n min d fou r  separat e 
possibilitie s i n orde r  t o wor k ou t  a n optima l 
strategy .  Fou r  simpl e possibilitie s ar e know n t o 
be a t  th e limi t  o f  typica l  adul t  competenc e i n 
reasonin g (Johnson-Lair d an d Byrne ,  1991) ,  an d 
so i t  i s  natura l  fo r  reasoner s t o focu s o n thei r 
own payoffs .  Thi s tendency ,  a s w e hav e shown , 
i s influence d b y experimenta l  manipulations . 
We believ e tha t  i f  n a v e individual s wer e give n 
immediat e payoff s afte r  eac h game ,  an d ra n th e 
ris k o f  los s wit h sub-optima l  choices ,  the n the y 
woul d soo n realiz e th e nee d t o infe r  thei r 
opponents '  likel y choices .  The y shoul d the n b e 
abl e t o eliminat e clearl y dominate d strategie s i n 
simpl e games .  But ,  i t  i s  unlikel y tha t  the y 
woul d b e abl e t o comput e a n equilibriu m fo r 
mor e comple x game s — th e numbe r  o f 
possibilitie s woul d overwhel m th e processin g 
capacit y o f  workin g memory .  A s ou r  result s 
imply ,  n a v e individual s d o no t  normall y 

envisag e th e payoff s o f  thei r  opponents ,  an d tha t 
i s wh y the y d o no t  as k fo r  thi s information .  A s 
th e adag e says ,  i t  i s  har d t o pu t  onesel f  int o 
others '  shoes .  This  difficult y can ,  i n turn ,  lea d t o 
an erroneou s choic e o f  optio n i n thos e case s i n 
whic h th e optima l  choic e depend s o n th e choice s 
of  others . 
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Abstrac t 

This paper describes simulations of implicit learn-
in g experiments .  I t  compare s simulation s usin g con -
nectionis t  model s wit h existin g simulation s usin g 
symboli c models .  I t  addresse s a n interestin g issu e 
raise d b y proponent s o f  symboli c models ,  namely , 
th e clai m tha t  implici t  learnin g i s bette r  modele d 
by symboli c rul e learnin g pro-ams .  Thi s pape r 
revisit s suc h a n issu e b y quantitativel y comparm g 
connectionis t  simulation s wit h symboli c ones ,  i n th e 
contex t  o f  th e seria l  reactio n tim e tas k o f  Lewick i  e t 
al  (1987) .  Thi s compariso n i s interestin g becaus e i t 
help s t o clarify ,  t o som e extent ,  som e lon g stand -
in g confusion s compounde d b y man y claim s an d 
counter-claims .  I t  als o point s t o th e ide a o f  hybri d 
connectionis t  an d symboli c models . I n t r o d u c t i o n 

There have been a variety of simulations of implicit 
learnin g experiments .  T h e majorit y  o f  the m air e con -
nectionist ,  whil e som e M e symbolic .  Proponent s o f 
symboli c models ,  however ,  raise d som e interestin g 
issues .  The y clai m tha t  implici t  learnin g i s "bette r 
modele d b y symboU c rul e learnin g programs "  (Lin g 
an d Marino v 1994) ,  an d symboli c model s ar e bette r 
fo r  "no t  onl y consciou s processin g bu t  als o uncon -
sciou s processing" ,  base d o n som e Umite d succes s o f 
modelin g Lewicki' s  experiment s (Lewick i  e t  a l  1987 ) 
usin g C4.5 ,  a  decisio n tre e learnin g algorith m de -
velope d b y Ros a Quinlan .  I n thi s paper ,  w e wil l 
revisi t  suc h claim s b y quantitativel y comparin g con -
nectionis t  simulation s wit h symboU c ones ,  especiall y 
i n th e contex t  o f  th e seria l  reactio n tim e (SRT )  tas k 
of  Lewick i  e t  a l  (1987) .  Thi s compariso n i s interest -
in g becaus e i t  help s t o clarify ,  t o som e extent ,  som e 
lon g standin g confusion s compounde d b y man y sim -
ila r  clzdm s an d counter-claims . 

S o me backgroun d i s i n orde r  here .  Wit h regar d t o 
th e seria l  reactio n tim e tas k specifically ,  Cleereman s 
an d McClellan d (1991 )  simulate d a n S R T tas k in -
volvin g nondeterministi c grammars .  The y employe d 
a recurren t  backpropagatio n networ k tha t  sa w on e 
positio n a t  a  tim e bu t  develope d a n interna l  contex t 
representatio n ove r  tim e tha t  helpe d t o predic t  nex t 
positions .  Th e mode l  succeede d i n matdiin g humzj i 
dat a i n term s o f  degree s o f  dependenc y o n precedin g 

segment s i n a  sequenc e (i.e. ,  conditiona l  probabili -
ties) .  However ,  thei r  succes s wa s obtadne d throug h 
introducin g additiona l  mechanism s fo r  severa l  type s 
of  primin g (e.g. ,  short-ter m weigh t  change s an d ac -
cumulatin g activations) .  The y di d no t  dea l  wit h 
capturin g directl y th e reactio n tim e dat a o f  thei r 
subjects . 

Lin g an d Marino v (1994 )  simulate d th e S R T dat a 
from  Lewick i  e t  a l  (1987) ,  usin g a  symboU c deci -
sio n tre e learnin g algorith m (i.e. ,  C4.5) .  Thei r  mode l 
produce d dat a o n quadran t  predictio n accurac y and , 
base d o n th e data ,  the y succeede d i n matchin g th e 
h u m an reactio n tim e data ,  usin g a  transformatio n 
tha t  include d a  powe r  functio n (fo r  capturin g un -
specifi c  learning) .  However ,  the y di d no t  attemp t 
th e matc h withou t  suc h a  powe r  function . 

Similarly ,  Lebier e e t  a l  (1998 )  simulate d dat a o n 
S RT usin g A C T - R .  T h e simulatio n wa s base d o n a 
combinatio n o f  instance-base d learnin g implemente d 
i n A C T - R an d a  se t  o f  hand-coded ,  symbohc ,  a  prior i 
rules .  A  fit  wit h dat a wa s found . 

I t  ha s bee n claimed ,  o n th e connectionis t  side , 
tha t  a  vas t  majorit y o f  h u m a n cognitiv e activitie s 
(i.e. ,  impUci t  processes) ,  includin g "perception ,  m o -
to r  behavior ,  fluent  linguisti c behavior ,  intuitio n i n 
proble m solvin g an d gjim e playin g — i n short ,  prac -
ticall y  al l  skille d performance" ,  ca n onl y b e modele d 
by subsymboU c computatio n (connectionis t  mod -
els) ,  an d symboli c model s ca n giv e onl y a n impre -
cis e an d approximat e explanatio n t o thes e processe s 
(Smolensk y 1988) .  I t  ha s als o bee n claimed ,  o n 
th e symboUcis t  side ,  tha t  "on e an d th e sam e algo -
rith m ca n b e responsibl e fo r  consciou s an d noncon -
sciou s processe s alike" ,  o r  eve n tha t  implici t  learnin g 
"shoul d b e bette r  modele d b y symboli c rul e learnin g 
programs "  (Lin g ain d Marino v 1994) .  Se e als o Fodo r 
an d Pylyshy n (1988) . 

Thi s Mgiunen t  i s i n a  wa y simila r  t o wha t  ha s 
bee n happenin g i n relatio n t o modelin g past-tens e 
acquisitio n i n childre n (includin g ho w t o captur e th e 
U-shape d curve s i n th e process) .  Fo r  argument s an d 
counter-airgument s concernin g advantage s o r  disad -
vantage s o f  connectionis t  an d symboli c model s i n 
relatio n t o past-tens e acquisition ,  see ,  fo r  example , 
Christianse n e t  a l  (1999) .  I n thi s paper ,  le t  u s loo k 
int o th e simulatio n o f  impUci t  learnin g specifically . 
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S i m u l a t i n g L e w i c k i  e t  a l  ( 1 9 8 7 ) 

T h e M o d e l .  CLARIO N i a a  genera l  cognitiv e archi -
tectur e capabl e o f  simulatin g a  variet y o f  cognitiv e 
dat a (se e Su n 1999 ,  Su n e t  a l  2001) .  Th e mode l 
consist s o f  tw o levels :  a n implici t  learnin g leve l  (th e 
botto m level )  tha t  learn s usin g trieil-and-erro r  pro -
cesse s throug h a  combinatio n o f  backpropagatio n 
ein d reinforcemen t  learnin g (i.e. ,  Q-learning )  algo -
rithm s (Watkin s 1989 ,  Su n an d Peterso n 1998) ;  a n 
expUci t  lecumin g leve l  (th e to p level )  tha t  learn s ex -
plici t  rule s throug h on-lin e hypothesi s testin g base d 
on informatio n fro m th e implici t  leve l  (th e botto m 
level) ,  whic h wa s terme d "bottom-u p leaning "  i n 
Sun e t  a l  (2001) .  Bottom-u p learnin g proceed s b y 
first  constructin g th e mos t  specifi c  rul e tha t  corre -
spond s t o a  "good "  decisio n mad e b y th e botto m 
level ,  an d the n refinin g (generalizing )  i t  throug h 
examinin g th e resul t  o f  applyin g th e rule ,  mainl y 
throug h th e us e o f  a n "informatio n gain "  measur e 
tha t  compare s th e succes s ratio s o f  variou s modifi -
cation s o f  th e curren t  rule . 

Not e tha t  fo r  thi s typ e o f  task ,  ther e i s n o sig -
nifican t  amoun t  o f  explici t  learnin g i n hume m sub -
jects ,  a s show n b y Lewick i  e t  £i l  (1987) .  (Thi s poin t 
ca n b e controversial ;  mor e discussion s later. )  Corre -
spondingly ,  i n th e model ,  th e to p leve l  i s  no t  relevjin t 
(practicall y  speaking) .  A  paramete r  i n th e mode l  i s 
set  i n accordanc e wit h domai n characteristics ,  whic h 
prevent s explici t  learnin g fro m occurring .  Th e pa -
ramete r  concern s th e min imu m frequenc y o f  repeti -
tion s o f  a  patter n i n orde r  fo r  th e afore-mentione d 
expUci t  leaurnin g t o occu r  (se e Su n e t  a l  200 1 fo r  de -
tail s o f  explici t  learning) . 

I n th e botto m level ,  a  simplifie d learnin g pro -
ces s wa s employed ,  agai n i n aK;cordanc e wit h domjii n 
characteristics ,  i n whic h th e backpropagatio n algo -
rith m wa s use d bu t  tempora l  credi t  assigimaen t  (Q -
leaming )  wa s not .  Thi s wa s becaus e i n thi s task , 
subject s predicte d on e positio n a t  a  time ,  wit h im -
mediat e feedback ,  an d thu s ther e wa s n o rol e fo r 
tempora l  credi t  assignmen t  (Q-learning )  t o play . 

Specificeilly ,  i n th e model ,  Q{x,a )  compute s th e 
likelihoo d o f  th e nex t  positio n a ,  give n th e infor -
matio n concernin g th e curren t  an d pas t  position s x . 
Th e actuj d probabilit y  o f  choosin g o  a s th e curren t 
predictio n (o f  th e nex t  position )  i s determine d base d 
on th e Boltzman n distribution ,  a s i s c o m m o n fo r  Q -
leaming : 

P{a\x )  = 

wher e a  control s th e degre e o f  randonmes s (temper -
ature )  o f  th e decision-makin g process .  Thi s metho d 
i s als o know n a s Luce' s choic e axio m (Watkin s 1989) . 

Th e erro r  signa l  use d i n th e learnin g algorith m i s 
as follows : 

AQ{x,a) = a{r+jmax{y,b)-Q{x,a) = a{r-Q{x,a)) 
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(1 )  identificatio n triad s (2 )  matri x scaimin g trial s 

Figure 1: Identification trials and matrix scanning 
trials . 

wher e x  i s th e input ,  a  i s on e o f  th e output s (th e pre -
dictions) ,  r  =  1  i f  o  i s th e correc t  prediction ,  r  =  0 
i f  o  i s no t  th e correc t  prediction ,  an d 7maxj,(y,6 ) 
(whic h represent s Q-learnin g o f  Watkin s 1989 )  i s se t 
t o zer o becaus e o f  th e fac t  tha t  onl y one-ste p predic -
tio n i s involve d i n thi s task .  Thi s proces s {imount s t o 
a v£u-ian t  o f  th e backpropagatio n algorithm .  Base d 
on th e erro r  measure ,  th e bsickpropagatio n algo -
rith m i s appUe d t o stdjus t  interna l  weight s (whic h 
ar e randornl y initialize d befor e training )  a s usual . 

T h e Task .  Th e tas k wa s base d o n matri x scan -
ning :  Subject s wer e t o sca n a  matrix ,  determin e th e 
quadran t  o f  a  t£irge t  digi t  (th e digi t  6 )  an d respon d 
by pressin g th e ke y correspondin g t o tha t  quadrant . 
Eac h bloc k consiste d o f  si x identificatio n trial s fol -
lowe d b y on e matri x scannin g trisJ .  I n identificatio n 
tricils ,  th e targe t  appe2ire d i n on e o f  th e quadrant s 
an d th e subjec t  wa s t o pres s th e correspondin g keys . 
I n matri x scannin g trials ,  th e targe t  wa s embedde d 
among 3 6 digit s i n a  matrix ,  bu t  th e subject' s tas k 
was th e same .  Se e Figur e 1 .  I n eac h bloc k o f  7  trials , 
th e actua J locatio n o f  th e targe t  i n th e 7t h (matri x 
scanning )  tria l  wa s determine d b y th e sequenc e o f 
th e 6  precedin g identificatio n tried s (ou t  o f  whic h 4 
wer e relevant) .  2 4 rule s wer e use d t o determin e th e 
locatio n o f  th e targe t  o n th e 7t h trial .  Eac h o f  thes e 
nJe s mappe d th e tairge t  quadrant s i n th e 6  identifi -
catio n triad s t o th e targe t  locatio n o n th e 7t h trial s 
i n eac h block .  2 4 (ou t  o f  a  tota l  o f  36 )  location s 
wer e possibl e fo r  th e targe t  t o appear .  Th e majo r 
dependen t  variabl e wa s th e reactio n tim e o n th e 7t h 
tria d i n eaic h block . 

Th e whol e experimen t  consiste d o f  4 8 segments , 
eac h o f  whic h consiste d o f  9 6 block s o f  7  trial s (s o 
ther e wer e a  tota l  o f  4,60 8 blocks) .  Durin g th e first 
42 segments ,  th e afore-mentione d rule s wer e use d t o 
determine d tairge t  locations .  However ,  o n th e 43r d 
segment ,  a  switc h occurre d tha t  reverse d th e out -
comes o f  th e rul e set :  th e uppe r  lef t  wa s replace d b y 
th e lowe r  right,  th e lowe r  lef t  wa s replace d b y th e 
uppe r  right ,  an d s o on .  Th e purpos e wa s t o sepa -
rat e unspecifi c  learnin g (e.g. ,  moto r  leairning )  & o m 
predictio n learnin g (i.e. ,  learnin g t o predic t  th e tar -
get  locatio n o n th e 7t h trial) . 

T h e Data .  Th e reactio n tim e dat a o f  thre e sub -
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ject s wer e obtaine d b y Lewick i  e t  a l  (1987) .  Se e Fig -
ur e 2 .  Eac h curv e showe d a  stead y decreas e o f  reac -
tio n time s u p unti l  th e switc h point .  A t  tha t  point , 
ther e wa s a  significan t  increas e o f  reactio n times . 
Afte r  that ,  th e curv e grfiduall y lowere d again . 

T h e M o d e l  Setup .  Th e inpu t  t o th e mode l  con -
taine d ( a sequenc e of )  6  elements ,  wit h eac h elemen t 
havin g 4  possibl e value s (fo r  4  differen t  quadrants) . 
'  Th e outpu t  containe d th e predictio n o f  th e 7t h 
elemen t  i n a  sequence .  Thus ,  2 4 inpu t  unit s (repre -
sentin g 6  elements ,  wit h 4  value s each) ,  2 4 outpu t 
unit s (on e fo r  eac h possibl e locatio n o f  th e 7t h ele -
ment  o f  a  sequence) ,  an d 1 8 hidde n unit s wer e used . 
We trie d variou s paramete r  settings .  Th e bes t  learn -
in g rat e wa s 0.5 ,  wit h a  m o m e n t u m ter m o f  0.2 .  Th e 
model  wa s traine d b y presentin g th e stimulu s mate -
rial s i n th e sam e wa y a s th e h u m a n experimen t  de -
scribe d b y Lewick i  e t  a l  (1987) ,  withou t  an y furthe r 
embellishment s o r  repetition s o f  th e materials . 

Becaus e i n thi s experimen t  ther e wer e a  tota l  o f  6 ^ 
sequence s wit h eac h consistin g o f  7  elements ,  th e set -
tin g wa s to o comple x fo r  subject s t o discer n th e se -
quenc e structure s explicitly ,  a s demonstrate d i n hu -
man.  experiment s b y variou s explici t  test s don e b y 
Lewick i  e t  a l  (1987) .  Computationally ,  n o expUci t 
representatio n o f  knowledg e coul d b e extr£icte d i n 
th e model ,  becaus e th e larg e numbe r  o f  sequence s 
entaile d tha t  ther e wer e n o sufficien t  repetition s o f 
any particula r  sequenc e throughou t  th e experiment , 
whic h prevente d th e mode l  fro m comin g u p wit h an y 
rule .  Th e densit y paramete r  wa s se t  t o b e 1/50 ;  tha t 
is ,  a t  leas t  on e repetitio n (o f  a  sequence )  wa s neces -
sar y ever y 5 0 block s i n orde r  t o maintai n a n explici t 
nil e (Su n an d Peterso n 1998) .  I n thi s task ,  ther e 
wer e 4,60 8 presentation s o f  sequence s an d ther e wer e 
6*  =  129 6 differen t  sequences ,  an d thu s o n aver -
age th e repetitio n rat e o f  £in y sequenc e wa s onl y 
0.0007716 . 

A not e concernin g th e existenc e o f  explici t  knowl -
edg e i n impUci t  learnin g task s i n genera l  i s  i n orde r 
here .  I t  ha s bee n hotl y debate d whethe r  ther e i s a 
significan t  aunoun t  o f  explici t  knowledg e involve d i n 
implici t  learnin g task s an d whethe r  exphci t  knowl -
edg e ca n accoun t  fo r  th e performanc e i n suc h teisk s 
(se e Su n e t  a l  2001 ,  200 2 fo r  reviews) .  Withou t 
gettin g int o detail s o f  suc h debates ,  w e ca n reason -
abl y believ e that ,  althoug h expUci t  knowledg e ma y 
be presen t  i n man y implici t  learnin g tasks ,  th e ex -
istenc e o f  a  significan t  amoun t  o f  suc h knowledg e i s 
highl y unlikel y i n th e tas k o f  Lewick i  e t  a l  (1987) , 
give n th e complexit y o f  thei r  tas k settin g (Su n e t  a l 
2002) .  Thi s wa s th e assumptio n mad e i n ou r  simula -
tion ,  stlthoug h i t  woul d no t  chang e ou r  mai n point s 
eve n i f  thi s assumptio n wa s dropped . 

T h e M a t c h .  W e wer e abl e t o creat e a n erro r  rat e 
curv e goin g downward s (average d ove r  1 0 run s t o 

' A sequenc e o f  6  element s wa s assume d t o b e withi n 
th e capacit y o f  th e short-ter m workin g memory . 

Figur e 2 :  Matchin g Lewicki' s  dat a usin g linea r 
transformation .  Se e Figur e 4  fo r  paramete r  values . 

ensur e it s  representativeness) ,  resemblin g Lewick i  e t 
al' s  reactio n tim e curves .  Th e mode l  reache d 1 0 0 % 
accurac y a t  a  poin t  befor e th e switch .  Se e Figur e 3 . 
Th e questio n i s ho w w e shoul d translat e th e erro r 
rate s int o reactio n times . 

O ne wa y o f  translatio n i s throug h a  linea r  trans -
formatio n fro m erro r  rate s t o reactio n time s (a s com -
monl y use d i n existin g simulatio n work) ;  tha t  is , 
RTi  =  a *  Ci  +  b ,  wher e RT i  i s th e reactio n tim e 
(i n ms) ,  C j  i s  th e erro r  rate ,  an d o  an d 6  ar e tw o 
free  parameters .  Fo r  eac h se t  o f  huma n data ,  w e 
adjus t  th e parameter s t o matc h th e data .  On e pos -
sibl e interpretatio n o f  linea r  transformatio n i s tha t 
i t  specifie s th e tim e neede d b y a  subjec t  t o searc h fo r 
a targe t  ite m a s wel l  a s th e tim e neede d b y a  sub -
jec t  t o respon d t o a  targe t  ite m withou t  searchin g 
(throug h correctl y predictin g it s  location) ;  tha t  is , 

Rri = aei + b = 6(1 - e<) + {a + 6)ej 

where b is interpreted as the time needed to respond 
t o a n ite m withou t  searchin g (sinc e 1  -e ^  i s  th e prob -
abiht y o f  successfull y predictin g th e locatio n o f  a  tar -
get  item) ,  an d 0-I- 6 i s interprete d a s th e tim e neede d 
t o respon d t o a n ite m b y first  searchin g fo r  i t  an d 
the n respondin g t o i t  (afte r  finding  it) .  So ,  instea d 
of  relyin g o n additiona l  function s (a s i n e.g .  Lin g 
and Marino v 1994) ,  thi s metho d rehe s onl y o n erro r 
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rate s t o accoun t  fo r  huma m performanr e i n term s o f 
reactio n times . 

Anothe r  wa y o f  generatin g reactio n tim e fro m pre -
dictio n eM ĉurac y i s throug h a  formul a use d b y Lin g 
and Marino v (1994) : 

RTi = ti(l - a) + titi + Ba-^ 

where ti is the time needed to respond when there is 
no searc h (usin g correc t  predictions) ,  t a i s th e tim e 
neede d t o respon d whe n searc h i s necessary ,  B  i s 
th e initia l  moto r  respons e time ,  an d a  i s th e rat e 
at  whic h th e moto r  respons e tim e decreases .  Th e 
thir d ter m i s mean t  t o captur e unspecifi c prawrtic e 
effect s (mostl y resultin g fro m moto r  respons e learn -
ing) .  I n othe r  words ,  i n thi s formula ,  w e separat e 
th e moto r  respons e tim e fro m th e searc h tim e an d 
th e predictio n tim e (a s represente d b y h  an d t ^  re -
spectively) .  Not e that ,  i f  w e se t  B  =  0 ,  w e hav e 
t i  =  b  an d t j  =  a  +  b  an d thu s thi s equatio n be -
comes th e sam e a s th e previou s one .  Thi s formul a 
take s int o accoun t  th e independen t  natur e o f  moto r 
learning ,  a s separat e fro m th e learnin g o f  predictio n 
of  targe t  locations .  However ,  i t  involve s tw o mor e 
fre e parameters . 

Usin g th e linea r  transformatio n (withou t  th e 
power  function) ,  w e generate d thre e set s o f  dat a 
fro m th e erro r  rat e curv e reporte d ejirlier ,  *  on e 
fo r  matchin g eac h huma n subjec t  i n Lewicl d e t  a l 
(1987) ,  usin g differen t  o  an d 6  value s fo r  eac h sub -
ject .  *  A s show n i n Figur e 2 ,  th e mode l  outcom e 
fi t  th e huma n dat a wel l  u p t o th e poin t  o f  switch -
in g (segmen t  42) .  W h e n th e switc h t o a  rando m 
sequenc e happened ,  th e model' s reactio n time s be -
came muc h worsene d wherea s th e subject' s reactio n 
time s suffere d onl y slightl y (althoug h i n a  statisti -
call y significan t  way) .  * 

^When curv e fitting,  w e use d Microsof t  Exce l  Solve r 
t o fin d th e bes t  paramete r  value s (e.g. ,  a  ein d b  i n a  • 
X +  6 )  suc h tha t  th e differenc e betwee n th e mode l  dat a 
and th e subject s dat a wa s minimized .  Microsof t  Exce l 
Solve r  use s th e Generalize d Reduce d Gradien t  nonlinea r 
optimizatio n algorithm . 

*Th e erro r  rat e curv e reporte d earlie r  wa s th e bes t 
curv e an d happene d t o matc h al l  thre e subject s approx -
imatel y equall y wel l  afte r  th e transformatio n (wit h dif -
feren t  parameter s fo r  eac h subject) .  Not e tha t  Lin g an d 
Marino v (1994 )  als o use d a  singl e erro r  rat e curv e t o 
matc h differen t  subject s wit h differen t  parameter s fo r 
transformation . 

*We trie d man y differen t  parameter s bu t  discovere d 
tha t  th e siz e o f  th e jum p tende d t o var y littl e (unles s 
th e matc h a s a  whol e wa s bad) .  I t  i s  clear ,  from  ou r 
experiment s wit h differen t  settmg s o f  th e parameters , 
that ,  i f  th e mode l  learn s th e sequence s perfectl y befor e 
th e switc h (a s i s th e cas e wit h ou r  model) ,  th e mode l 
dat a inevitabl y hav e hug e jumps .  However ,  th e mor e o f 
th e sequence s i t  doe s no t  learn ,  th e flatter  th e curv e an d 
th e les s th e jump .  Althoug h thi s ma y mode l  Subject s 1 
and 3  satisfactorily .  Subjec t  2  ha s a  larg e dro p i n reactio n 
tim e earl y o n whic h i s bes t  matche d b y havin g th e mode l 
increas e it s accurac y i n a  rapi d manner . 

Figur e 3 :  Th e mode l  predictio n errors . 

Subjec t  1 : 
Subjec t  2 : 
Subjec t  3 : 

a =  32 0 b  =  43 0 
o =  86 0 b  =  62 0 
a =  17 0 b  =  53 0 

Figur e 4 :  Parameter s fo r  matchin g Lewicki' s  data . 

Next ,  w e adde d th e powe r  function ,  i n orde r 
t o compar e ou r  simulatio n wit h Lin g an d Marino v 
(1994) .  Afte r  addin g th e powe r  function ,  w e re-fi t 
th e parameters .  Th e effec t  o f  addin g th e powe r  func -
tio n wa s tha t  w e reduce d th e contributio n fro m th e 
model  predictio n (i.e. ,  th e erro r  rat e a )  whil e w e 
too k int o consideratio n th e contributio n from  th e 
power  function .  I n thi s way ,  w e obtadne d a  muc h 
bette r  matc h afte r  th e switc h an d a  goo d matc h be -
for e th e switc h a t  th e sam e time .  '  Se e Figur e 6 . 
Not e tha t  i n th e figure,  w e use d exactl y th e sam e pa r 
ramete r  setting s (fo r  a ,  b ,  B ,  jui d a )  a s i n Lin g an d 
Meurino v (1994) .  Thes e parameter s migh t  b e furthe r 
optimized ,  whic h le d t o a  slightl y bette r  fit  bu t  th e 
differenc e wa s no t  significeint . 

The matc h betwee n ou r  mode l  an d th e huma n 
dat a wa s excellen t  a s measure d b y th e sum-square d 
errors .  Compare d wit h Lin g an d Marino v (1994) , 
Clario n (wit h th e powe r  function )  di d bette r  o n 
tw o o f  th e thre e subjects ,  usin g th e sam e p«iram -
eter s fo r  transformatio n a s Lin g an d Marino v did . 
See Figur e 7  fo r  a  comparison . 

So,  wha t  conclusio n ca n w e dra w concernin g th e 
relativ e merit s o f  th e tw o models ? Th e nex t  sectio n 
attempt s t o answe r  thi s questio n i n a  mor e theoret -
icall y oriente d way . 

Connectionist vs. Symbolic Models 

Revisitin g th e argumen t  o f  whethe r  connectionis t  o r 
symboh c model s ar e bette r  model s (se e Introduc -
tion) ,  wha t  d o th e abov e simulation s hav e t o sa y 
abou t  it ? T o pu t  i t  simply ,  w e believ e tha t  thi s issu e 
i s a  re d herring .  Bein g abl e t o simulat e som e limite d 

*By adding the power function, we were able to re-
duc e th e tota l  differenc e betwee n th e jump s i n ou r  curve s 
and th e correspondin g jump s i n th e subjec t  dat a b y half . 
Thi s compariso n suggeste d tha t  th e amoun t  o f  benefi t 
th e huma n subject s go t  from  thei r  prediction s (i.e. ,  b y 
lowerin g ê )  was ,  althoug h significant ,  relativel y small . 
Significan t  benefi t  wa s gaine d throug h th e improvemen t 
of  moto r  response s a s represente d b y th e powe r  function . 
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Subj.i ; 
Subj.2 : 
Subj.3 : 

i i  =  15 0 h  =  35 0 fl =  70 0 a  =  0.3 3 
t i  =  15 0 h  =  35 0 B  =  160 0 a  =  0.3 3 
t i  =  10 0 ti t  =  21 0 B  =  80 0 Q  =  0.1 9 

Figur e 5 :  Pjurauneter s fo r  matchin g Lewicki' s  dat a 
wit h powe r  function s adde d (a s i n Lin g an d Marino v 
1994) . 

" 

i . r /S , 

Figur e 6 :  Matchin g Lewicki' s  dat a wit h powe r  func -
tion s added .  Se e Figur e 5  fo r  p£û 2imete r  values . 

dat a o f  implici t  learnin g amoimt s t o ver y little ,  i n 
tha t  an y Turin g equivalen t  computationa l  process , 
tha t  is ,  an y generi c computationa l  model ,  shoul d b e 
abl e t o simulat e thes e data .  Thus ,  th e simulatio n 
of  dat a b y itsel f  doe s no t  prov e whethe r  a  particula r 
model  i s  a  suitabl e on e o r  no t  (cf .  Robert s an d Pash -
le r  2000) .  Othe r  consideration s nee d t o b e brough t 
i n t o justif y a  model . 

We woul d sugges t  tha t  on e suc h issu e i s accessibil -
it y  (Su n 1995 ,  1999 ,  Cleereman s e t  a l  1998) .  Whil e 
symboli c model s o f  impUci t  learnin g lea d t o expUci t 
symboli c representatio n o f  implici t  knowledg e (e.g. . 
Lin g an d Marino v 1994 ,  Lebier e e t  a l  1998 ,  Anderso n 
1993 )  tha t  i s  evidentl y accessibl e (withou t  usin g am y 
add-o n auxiliar y assumptions) ,  connectionis t  mod -
el s o f  implici t  learnin g lea d t o implici t  (subsymboUc , 
distributed )  representatio n o f  knowledg e tha t  i s in -

model 
Clario n w/ o powe r  f . 
Clario n w /  powe r  f . 
Lin g i c Marino v (1994 ) 

subj. i 

0.0 7 
0.1 4 

eubj. 2 
OS" 
0.2 5 
0.4 3 

8ubj. 3 
-o r 
0.0 5 
0.0 4 

Figur e 7 :  Comparin g th e goodnes s o f  fit  i n term s o f 
SSEs. 

herentl y inaccessibl e (suc h a s i n th e botto m leve l  o f 
Clar ion) . 

Not e tha t  i t  i s  generall y no t  th e cas e tha t  dis -
tribute d representation s (a s i n th e botto m leve l  o f 
Clar ion )  ar e absolutel y inaccessible ,  bu t  the y ar e 
not  a s inunediat e a s localis t  representations .  Dis -
tribute d representation s m a y b e accesse d throug h 
indirect ,  transformationa l  processes .  A s Kirs h 
(1990 )  pu t  it ,  "explicitnes s [o f  representation ]  re -
all y concern s ho w quickl y informatio n ca n b e ac -
cesse d I t  ha s mor e t o d o wit h wha t  i s presen t 
i n a  proces s sense ,  tha n wit h wha t  i s presen t  i n a 
structura l  sense" .  Th e accessibiUt y differenc e be -
twee n th e tw o level s shoul d b e understoo d i n thi s 
way. 

Thus ,  connectionis t  model s hav e a  clea r  advan -
tage :  Bein g abl e t o matc h humsu i  impUci t  learn -
in g dat a (a t  least )  a s wel l  a s symboli c models ,  the y 
als o accoun t  fo r  th e inaccessibilit y  o f  implici t  knowl -
edg e bette r  an d mor e naturall y tha n symboli c mod -
el s (Cleereman s e t  a l  1998 ,  Sv m 1999) .  I n thi s sense , 
the y ar e bette r  models . 

On th e othe r  hand ,  i t  i s  generall y agree d upo n 
tha t  symbolic/localis t  model s hav e thei r  role s t o pla y 
too .  The y ar e bette r  a t  capturin g explici t  processes , 
includin g thei r  accessibilit y  (Smolensk y 1988 ,  Su n 
1995 ,  1999) . 

Thi s contras t  lend s suppor t  t o th e belie f  that , 
sinc e connectionis t  model s ar e goo d fo r  impUci t  pro -
cesse s £m d symboU c model s fo r  explici t  processes , 
th e combinatio n o f  th e tw o type s shoul d b e adopte d 
i n modelin g cognitio n (Su n 1995 ,  1999) .  Ther e hav e 
bee n man y philosophice d an d psychologica l  theorie s 
relate d t o thi s poin t  (Su n e t  a l  2001) :  See ,  e.g. , 
James (1890) ,  Schacte r  (1987),  Rebe r  (1989) ,  Stan -
le y e t  a l  (1989) ,  Clar k an d Karmiloff-Smit h (1993) , 
and Su n (1999) .  Thi s combinatio n i s exempUfie d b y 
th e Clar io n mode l  (Su n e t  a l  2001) . 

Thi s combinatio n m a y als o shed  som e ligh t  o n th e 
issu e o f  consciousness ,  becaus e th e implicit/expUci t 
differenc e involves ,  i n it s  core ,  th e issu e o f  awaireness , 
whic h i s th e ke y t o consciousnes s (Cleereman s e t  a l 
1998) .  Th e representationa l  distinctio n provide s a 
plausibl e groundin g fo r  th e notio n o f  awarenes s (se e 
Si m 199 9 fo r  detail s o f  theoretic£i l  arguments) . 

Simulating Other Teusks 

Besid e modelin g th e dat a fro m Lewick i  e t  a l  (1987) , 
Clar io n ha s als o bee n appUe d t o mode l  a  variet y o f 
othe r  S R T experiments ,  includin g Curra n an d Keel e 
(1993 )  an d Willingha m e t  a l  (1989) .  Notably ,  i n 
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thes e tasks ,  du e t o sufficien t  repetition s o f  sequen -
tia l  patterns ,  explici t  learnin g o f  thes e pattern s wa s 
involved ,  althoug h impUci t  learnin g wa s dominemt . 
Therefore ,  th e to p leve l  o f  Clario n wa s utilized . 
Together ,  th e mode l  demonstrate s th e interactio n 
betwee n implici t  an d expUci t  learnin g (Su n e t  a l 
2002) . 

Besid e SR T simulations ,  Clario n ca n captur e 
dat a from  man y othe r  implici t  learnin g tasks .  Thes e 
task s includ e artificia l  gramma r  learnin g (Rebe r 
1989 )  an d proces s contro l  (Stanle y e t  a l  1989 )  (se e 
Sun e t  a l  2002) .  I n addition ,  Clario n ha s als o sim -
ulate d extremel y comple x skil l  learnin g task s a s well , 
suc h a s th e minefiel d navigatio n tas k (se e Su n e t  a l 
2001) .  Th e generalit y o f  Clario n ha s bee n ampl y 
demonstrated ,  o n to p o f  it s  cognitiv e validity . 
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Abstrac t 

In  a simulated yard sale task, participants were asked to sell a 
serie s o f  objects ,  eac h o f  whic h woul d attrac t  thre e customer s 
makin g a  randoml y determine d offer .  Participant s wer e tol d t o 
maximiz e th e tota l  "take "  from  th e sale .  Th e analysi s o f  th e 
dat a reveale d tha t  high-performin g naiv e participant s wer e 
usin g a  strateg y tha t  mad e the m relat e th e curren t  even t  t o th e 
seemingl y irrelevan t  precedin g events .  W e argu e tha t  thi s 
strateg y i s  consisten t  wit h Simon' s (1982 )  notio n o f 
"satisficin g heuristic" ,  whic h accounte d fo r  bot h parti c  ipants ' 
limite d computatio n capacit y an d th e tas k environment . 

Introduct io n 

Intuitiv e prediction s an d probabilisti c  judgment s ar e ofte n 
use d a s task s t o evaluat e people' s performanc e i n judgmen t 
and decision-makin g research ,  an d a  c o m m o n schem e i s t o 
collec t  incorrec t  prediction s an d misjudgment s b y "settin g 
up a  'trap '  tha t  subject s woul d fal l  int o i f  the y wer e usin g a 
particula r  heuristic "  ( W .  Goldstei n &  Hogarth ,  1996 ,  p.26) . 
I n thi s typ e o f  research ,  prediction s derive d fro m probabilit y 
theor y ar e ofte n use d a s a n objectiv e criterion ,  an d 
violation s o f  th e normativ e model s ar e labele d a s biase d o r 
irrational .  Tversk y an d Kahneman' s "heuristic s an d biases " 
progra m ha s bee n th e mos t  influentia l  i n thi s field .  The y 
suggeste d tha t  intuitiv e prediction s an d judgment s ar e ofte n 
mediate d b y a  smal l  numbe r  o f  distinctiv e m e n u l  operations , 
whic h the y calle d judgmenta l  heuristics .  "Thes e 
heuristic s .. .  ar e ofte n usefu l  bu t  the y sometime s lea d t o 
characteristi c error s o r  biases "  (Kahnema n &  Tversky ,  1996 , 
p.582) .  Fo r  example ,  people' s tendenc y t o us e a  smal l 
sampl e o f  precedin g event s t o evaluat e a n overal l  proces s 
was attribute d t o a  "representativeness "  bia s (Tversk y & 
Kahneman,  1973) .  Thi s bia s ha s bee n use d t o accoun t  fo r 
m a ny cognitiv e behaviors ,  suc h a s th e tendenc y t o se e 
streak s i n rando m sequence s (Gilovich ,  Vallon e &  Tversky , 
1985) ,  an d failur e t o "acquir e a  prope r  notio n o f  regression " 
(Tversk y &  Kahneman ,  1973) .  I n a  recen t  stud y o n 
gamblin g behaviors .  Thale r  &  Johnso n (1990 )  conclude d 
tha t  "curren t  choice s ar e ofte n evaluate d wit h th e knowledg e 
of  th e outcome s whic h hav e precede d them ,  (but )  suc h 
knowledg e ca n ofte n b e a  handicap "  (p.643) . 

However ,  th e heuristic s an d biase s researc h progra m ha s 
recentl y bee n controversial ,  partl y becaus e "biases " 
sometime s appea r  highl y adaptive .  Thus ,  Twene y & 

Dohert y (1983 )  argue d tha t  confirmator y tendencie s 
("confirmatio n biases" )  ca n b e adaptiv e whe n hypothese s 
ar e relativel y ne w an d untested .  Further ,  i n a n extensiv e 
serie s o f  studies ,  Gigerenze r  an d hi s colleague s (e.g .  1991 , 
1994 ,  Gigerenze r  &  Todd ,  1999 )  foun d evidenc e whic h le d 
the m t o strongl y disagre e wit h Kahnema n an d Tversky . 
The y argue d tha t  m a n y seemingl y naiv e "fas t  an d fruga l 
heuristics "  ar e adaptiv e i n a n uncertai n environment . 
Similarly ,  Kareev ,  e t  al. ,  suggeste d tha t  th e limite d capacit y 
of  workin g m e m o r y (henc e th e us e o f  smal l  samples )  coul d 
actuall y hel p th e earl y detectio n o f  covariatio n sinc e smal l 
sample s o f  correlate d variable s ar e highl y skewe d (Kareev , 
1995 ;  Kareev ,  Lieberma n &  Lev ,  1997) . 

T h e presen t  stud y followe d Simon' s (1982 )  notio n o f 
"bounde d rationality" ,  whic h take s int o accoun t  bot h 
people' s limite d computatio n capacity ,  an d th e structur e o f 
tas k environments .  Ou r  finding s sugges t  tha t  unde r 
circumstance s whe n th e precis e predictio n derive d ft-om 
statistic s o r  probabilit y  theor y i s  no t  th e onl y criterion , 
heuristic s base d o n a  smal l  sampl e siz e ca n b e valuable . 
Wit h a  satisficin g strateg y tha t  onl y need s t o "loo k fo r  a 
satisfactor y alternative "  (Simon ,  1982 ,  p.295) ,  naiv e 
participant s wer e abl e t o effectivel y accomplis h th e goa l  o f 
th e task ,  base d o n th e evaluatio n o f  a  fe w precedin g events . 

Recognizing the Maximum of a Sequence 

Th e statistica l  propertie s o f  sequentia l  list s o f  evidenc e 
hav e lon g bee n o f  interes t  t o mathematicians .  Th e dowr y 
proble m (o r  th e secretar y problem )  i s a  classi c exampl e i n 
th e dynami c programmin g literature ,  on e analyze d b y 
Cayle y i n 187 5 (se e Ferguson ,  1989) .  A s a  mathematica l 
problem ,  th e dowr y proble m i s difficul t  t o solve ,  requirin g 
advance d mathematica l  knowledg e an d proble m solvin g 
ability .  Obviously ,  few ,  i f  any ,  peopl e ar e likel y t o wor k ou t 
th e exac t  stoppin g poin t  mathematicall y i n a n everyda y lif e 
situatio n w h e n a  simila r  proble m i s encoimtered .  Instead , 
withou t  complicate d calculations ,  a  playe r  migh t  nee d t o us e 
" c o m m on sense "  t o mak e decisions .  Th e presen t  stud y 
adopte d a  simplifie d versio n o f  th e proble m -  a  simulate d 
"yard-sale "  tas k -  t o tes t  h o w naiv e peopl e evaluat e 
precedin g event s an d mak e decision s whe n facin g sequentia l 
event s generate d b y a n unknow n process . 

Participant s wer e aske d t o sel l  a  serie s o f  object s i n a 
simulate d yar d sale .  Eac h objec t  attracte d thre e potentia l 
buyers ,  eac h o f  w h o m cam e a t  a  differen t  tim e an d mad e a 
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differen t  offer .  I t  wa s explaine d tha t  offer s tha i  wer e 
rejecte d woul d no t  return ,  s o tha t  th e tas k wa s t o gucs i 
whic h wa s th e bes t  offer ,  an d t o tak e i t  whe n available . 

Imagin e tha t  a  perso n i s sellin g a  use d car ,  an d tha t 
visitor s wit h differen t  offer s com e u p i n a  rando m order . 
Afte r  5  offer s hav e bee n decline d i n a  week ,  a  visito r  come s 
i n wit h a  pric e highe r  tha n an y o f  th e previou s ones . 
Anothe r  5  offer s wil l  probabl y tak e anothe r  wee k an d b y 
the n thi s ca r  mus t  b e sold .  Whethe r  t o sto p waitin g an d gra b 
th e currentl y availabl e offe r  the n depend s o n ho w satisfie d 
th e ca r  owne r  feel s abou t  th e curren t  offer .  Th e onl y 
informatio n availabl e t o evaluat e th e curren t  situatio n i s th e 
previou s encounters .  Probably ,  "commo n sense "  woul d tel l 
thi s ca r  owne r  t o tak e th e offe r  now ,  becaus e futur e offer s 
migh t  no t  ge t  better . 

Thi s i s i n effec t  a  satisficin g heuristi c (Simon ,  1990) , 
whic h i s a  strateg y tha t  onl y need s t o "loo k fo r  a  satisfactor y 
alternative "  (Simon ,  1982 ,  p.295) ,  a s suggeste d b y th e 
notio n o f  bounde d rationality .  Th e strateg y als o fit s  th e 
categor y o f  fas t  an d fruga l  heuristic s suggeste d b y 
ecologica l  rationality ,  becaus e i t  make s " a choic e fro m a  se t 
of  alternative s encountere d sequentiall y  whe n on e doe s no t 
kno w muc h abou t  th e possibilitie s ahea d o f  time " 
(Gigerenze r  &  Todd .  1999 ,  p .  13) . 

We sho w tha t  i n a t  leas t  on e situatio n -  whe n th e rando m 
proces s tha t  generate s offer s i s independentl y an d 
identicall y distribute d -  thi s satisficin g strateg y i s optimal . 
Let  R ,  denot e th e offe r  a t  tim e i ,  wher e j  =  0  i s th e curren t 
offer ,  - 1 i s th e previou s one ,  + 1 i s th e nex t  one ,  an d s o on . 
Assume th e ca r  owne r  ha s encountere d m R' s (fro m R. \  t o 
R-m)  an d foun d tha t  R o i s th e bes t  on e s o far .  I f  h e actuall y 
choose s it ,  becaus e R e no w i s th e bigges t  numbe r  i n a  loca l 
sequenc e o f  ( m +  1 )  numbers ,  i n th e lon g run ,  th e valu e o f 
suc h R o ha s a  goo d chanc e t o b e highe r  tha n th e populatio n 
mean.  Fo r  a  continuou s distributio n fro m 0  t o 1 ,  th e 
expecte d valu e o f  such/J o i s (OT+l)/(m+2) .  Further ,  R q migh t 
jus t  b e a  goo d stoppin g poin t  becaus e th e potentia l  gai n 
fro m th e followin g n  offer s afte r  R q migh t  no t  hav e a  goo d 
chanc e t o ge t  better .  T o se e this ,  le t  A  denot e th e even t  tha t 
Ro i s highe r  tha n it s previou s m offers ,  an d B  denot e th e 
even t  tha t  R q i s highe r  tha n it s followin g n  offers .  The n tw o 
prio r  probabilitie s ca n b e describe d a s 

p(A)=piRo>R.i,...,R.„;>=yim+\ ) 
p {B)=p{Ro> R /?„ )  =!/(«+! ) 

And th e conditiona l  probabilit y  ca n b e calculate d a s 
p(B\A )  =p(AB)lp{A )  =  (m+l)/(m+n+l ) 

Not e that ,  wit h a  fixed  n ,  p{B\A )  approache s t o a n asymptot e 
of  1  a s m increases .  Tha t  is ,  wit h a n appropriat e m (afte r 
considerin g a  certai n numbe r  o f  offers) ,  th e ca r  owne r  ca n 
make a  bette r  decisio n tha n a  rando m guess .  Fo r  example , 
when m =  5, n =  5,p{B\A )  i s 6/11 ,  an d thi s favor s selling .  T o 
tak e th e messag e o f  p{B\A )  i n anothe r  way ,  i t  ha s suggeste d 
a stoppin g point ,  becaus e th e comin g n  offer s d o no t  hav e a 
goo d chanc e t o ge t  better . 

one tria l  i n th e tas k (onl y on e objec t  fo r  sale) .  LetP j  denot e 
th e first  offer .  P i  th e secon d an d P ^  th e third .  Befor e 
knowin g an y o f  th e thre e offers ,  th e prio r  probabilit y  fo r 
eac h offe r  t o b e th e bes t  i s  equal : 

p{P x i s best )  =  p(P 2 i s best )  =  p(/' 3 i s best )  =  1/ 3 
Not e tha t  knowin g th e exac t  valu e o f  P \  doe s no t  chang e 
thi s probability .  Wit h a  rando m guess ,  th e chanc e o f  hittin g 
any o f  th e thre e possibl e price s i s 1/3 .  However ,  i f  w e ski p 
P\  an d conside r  Pi ,  th e conditiona l  probabilit y  i s  n o longe r 
equal .  I f  P i  i s  highe r  thanPi ,  w e shoul d tak e i t  immediatel y 
becaus e piP i  >  P i  \  P i  >  Pi )  =  2/3 .  Otherwise ,  w e shoul d 
tak e Pj .  A  pay-of f  matri x (Tabl e 1 )  show s tha t  th e optima l 
strateg y (Optio n B* )  i s t o alway s skipPi .  I f  P 2 i s bette r  tha n 
P\ ,  accep t  Pi ;  i f  P i  i s  worse ,  choos e P^ .  Thi s strateg y 
increase s th e chanc e o f  hittin g th e bes t  offe r  t o 1/2 ,  with  a 
1/ 3 chanc e o f  hittin g th e middl e price ,  an d a  1/ 6 chanc e o f 
hittin g th e lowes t  one .  Fo r  convenience ,  w e wil l  refe r  t o thi s 
strateg y a s th e "on e dea l  strategy" . 

Tabl e 1 :  Th e pay-of f  matri x fo r  di e selle r 

Optio n 

A 
B* 
C 

LMH 
-1 
0 
1 

Rank order s o f  offer s 
M HL L H M M L H H I M 

0 - 1 0 1 
1 1 1 0 

-1 0  - 1 - 1 

HML 
1 

-1 
0 

Tota l 

0 
2 
- 2 

Note :  L  i s th e lowes t  price ,  M th e middle ,  H  th e highest . 
" L M H'  mean s tha t  th e lowes t  pric e come s first,  an d s o on . 
Optio n A :  alway s choos e P \  (rando m guess) . 
Optio n B* :  choos e P i  i f  P i  >P\ ,  otherwis e choos e Pj . 
Optio n C :  choos e P i  \iP i  <P\ ,  otherwis e choos e P 3 
Gains :  th e selle r  gain s - 1 whe n hittin g th e lowes t  offer ;  0 
fo r  th e middl e offer ;  1  fo r  th e highes t  offer . 

However, in a real-life situation, decisions are rarely made 
i n tempora l  isolation .  Thus ,  a s i n a  commo n schem e i n 
laborator y experimenta l  settings ,  ou r  yar d sal e tas k use d 
repeate d trial s t o collec t  multipl e dat a point s fro m eac h 
individua l  participant .  Thi s fac t  ha d a  significan t  impac t  o n 
th e optima l  strategy .  Recal l  tha t  th e singl e dea l  strateg y 
assumes tha t  i n eac h deal ,  th e orde r  i n whic h thre e offer s 
appea r  i s completel y independen t  fro m an y othe r  events , 
and require s tha t  th e first  offe r  alway s b e ignored .  Wha t  i f 
th e first  offe r  actuall y i s  th e bes t  one ? Wit h th e informatio n 
fro m th e precedin g trials ,  w e ca n actuall y evaluat e ho w 
goo d th e first  offe r  is .  Calculatin g a n optima l  strateg y fo r 
deal s i n a  sequenc e i s ver y complicate d becaus e i t  need s t o 
specif y a  distributio n o f  thre e offer s fo r  eac h deal .  However , 
when distribution s o f  offer s i n severa l  deal s withi n a  loca l 
sequenc e ar e similar ,  a s a n approximation ,  th e principle s w e 
presente d abov e ca n b e generalized .  I n ou r  experiment ,  w e 
set  th e basi c pric e fo r  eac h objec t  t o rang e fro m $5 0 t o $100 , 
wit h a  max imu m rando m fluctuation  o f  ±  $16 .  Figur e 1 
shows th e overal l  distributio n o f  thes e offers . 

T w o Opt ima l  Strategie s fo r  th e Y a r d Sal e T a s k 

Wit h th e developmen t  above ,  w e ca n easil y determin e th e 
optima l  strateg y fo r  th e yar d sal e task .  Suppos e ther e i s onl y 
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Figur e 1  T h e distributio n o f  offers .  N  -  5760 ,  x-axi s i s 
price ,  y-axi s i s proportion . 

The satisficing principle suggests that the offers for 
previou s object s (i n previou s trials )  ca n b e use d t o predic t 
whethe r  yo u ar e gettin g a  goo d offe r  fo r  th e nex t  item .  I n 
othe r  words ,  w h e n yo u ar e considerin g a  firs t  offe r  fo r  a 
table ,  i f  yo u ca n recal l  tha t  th e las t  severa l  visitors ,  w h o 
wer e seekin g othe r  items ,  wer e no t  a s generou s a s th e 
curren t  customer ,  yo u m a y wan t  t o sel l  th e tabl e righ t  n o w . 
I t  seem s quit e agains t  a  researcher' s intuitio n tha t  a 
normativ e strateg y woul d predic t  tha t  previou s offer s fo r  a n 
umbrell a wil l  hel p t o predic t  th e curren t  offer s fo r  a  table , 
especiall y w h e n on e think s tha t  th e umbrell a dea l  i s  "over" , 
an d th e tw o deal s shoul d b e independent .  T h e answe r  t o thi s 
counter-intuitiv e puzzl e i s  tha t  th e independenc e i s  onl y 
partial .  Whi l e th e orde r  i n whic h differen t  offer s c o m e ou t 
fo r  eac h dea l  i s  independent ,  th e value s o f  thes e offers ,  i f 
the y ar e i n th e sam e o r  simila r  distributions ,  regres s t o th e 
populatio n mean . 

Ther e ar e tw o way s t o evaluat e th e firs t  offe r  fo r  a  give n 
trial .  T h e 'loca l  coun t  strategy "  i s  base d upo n a  coun t  o f 
th e n u m b e r  o f  previou s lo w offers .  Tha t  is ,  i f  th e curren t 
firs t  offe r  i s  highe r  tha n a  certai n numbe r  o f  previou s offer s 
(fo r  othe r  items) ,  tak e it .  Th e optima l  strateg y depend s o n 
th e specifi c  distributio n o f  th e rando m offer s an d th e payof f 
matrix .  I n ou r  specifi c  experimenta l  setting ,  w e use d 
compute r  simulation s an d foun d tha t  th e bes t  numbe r  o f 
comparison s w a s 6 .  A  modificatio n o f  th e loca l  coun t 
strategy ,  th e "mov in g averag e strategy "  compare s th e 
curren t  offe r  wit h th e averag e o f  previou s severa l  offers .  W e 
reasone d tha t  participant s migh t  no t  remembe r  th e exac t 
value s o f  th e previou s offe r  bu t  migh t  stil l  hav e a  vagu e 
m e m o ry o f  th e overal l  averag e i n a  shor t  loca l  sequence .  A 
logisti c regressio n ove r  simulate d dat a showe d tha t  i n ou r 
experimen t  setting ,  th e valu e differenc e o f  th e first  offe r  fo r 
a give n ite m fro m th e m e a n o f  th e previou s 6  offer s (fo r  th e 
othe r  tw o items) ,  i s  significan t  a s a  predicto r  o f  whethe r  th e 
first  offe r  i s  th e bes t  a m o n g al l  thre e offers :  x 2 (1 ,  N  =  1888 ) 
= 191.03 ,  p<.01 .  Tha t  is ,  a s thi s differenc e increases ,  thi s 
first  offe r  i s  mor e likel y t o b e th e bes t  o f  th e three . 

Wi t h thi s background ,  w e wer e read y t o f m d ou t  whethe r 
participant s ar e goo d a t  detectin g goo d offer s w h e n the y 
actuall y appear ,  an d whethe r  the y us e informatio n fro m 
previou s encounter s t o hel p thei r  curren t  decision-making . 

M e t h o d 

Participant s wer e 1 5 undergraduat e student s fro m a n 
introductio n t o psycholog y clas s a t  Bowlin g Gree n Stat e 
University ,  non e o f  w h o m ha d take n a  cours e o n gam e 
theor y o r  probabilit y  theory .  W e refe r  t o the m a s novic e 
participants .  On e graduat e studen t  wit h extensiv e experienc e 
i n judgmen t  an d decision-makin g an d relate d researc h als o 
participated ,  an d wil l  b e referre d a s th e exper t  participant . 

The tas k wa s conducte d usin g a  self-pace d compute r 
program .  Eac h participan t  complete d 12 0 trial s (th e numbe r 
of  object s t o b e sold) .  O n e objec t  wa s t o b e sol d i n eac h trial . 
Participant s coul d tak e an y o f  th e thre e offer s a t  th e tim e i t 
was available ,  bu t  coul d no t  g o bac k t o a n earlie r  decline d 
offer .  Onc e a n offe r  wa s taken ,  offer s thereafte r  wer e no t 
presented .  Th e thir d offe r  wa s force d i f  th e first  tw o wer e 
rejecte d b y th e participant ,  an d thi s wa s th e onl y cas e whe n 
participant s kne w exactl y i f  the y ha d hi t  th e bes t  ou t  o f  thre e 
offers .  Afte r  eac h trial ,  participant s wer e give n a 
confirmatio n tha t  th e objec t  wa s sol d a t  th e pric e the y 
selected .  Participants '  choice s an d thei r  tota l  earning s wer e 
recorded .  A n averag e experimen t  sessio n laste d abou t  2 5 
minutes . 

Resul t s 

Overal l  Performanc e T o evaluat e participants '  overal l 
performance ,  w e ra n a  simulatio n 500 0 time s usin g eac h o f 
th e thre e strategies :  a  rando m gues s (randoml y choosin g on e 
of  th e thre e offers) ,  th e "singl e dea l  strategy "  an d th e "loca l 
coun t  strategy" .  Eac h tim e th e simulatio n sol d 12 0 item s 
usin g th e actua l  sellin g lis t  tha t  wa s use d i n th e experiment . 
I n th e loca l  coun t  strategy ,  th e first  offe r  fo r  eac h ite m wa s 
compare d wit h 6  previou s offer s (whic h wer e fo r  th e 
precedin g items') .  I t  wa s accepte d whe n i t  wa s th e highes t 
i n th e comparison .  Otherwise ,  i t  wa s decline d an d th e singl e 
deal  strateg y wa s applied .  Tabl e 2  show s th e simulatio n 
result s an d di e actua l  participan t  data . 

Tabi c 2  Comparison s betwee n huma n participant s an d 3 
simulation s 

Grou p 
Rando m Gues s 

Singl e Dea l 
Strateg y 

Loca l  coun t 
Strateg y 
H u m an 

Participant s 

N 
500 0 

500 0 

500 0 

16 

Mean Scor e 
(95 % confidenc e 

interval ) 
8889.812. 0 

9160.712. 1 

9277.713. 4 

9196.0131. 0 

Std 
Dev. 
72.7 4 

75.5 4 

121.2 2 

58.1 5 

Not e tha t  al l  1 6 participant s receive d a  scor e tha t  wa s a t 
leas t  1. 5 S D abov e th e mea n o f  th e rando m gues s simulation . 

When a n offe r  wa s take n befor e al l  offer s wer e presented ,  th e 
number  o f  item s whos e offer s wer e bein g compare d ma y excee d 2 . 
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Eac h participant' s scor e wa s the n compare d t o th e resul t  a s 
i f  th e singl e dea l  strateg y ha d bee n applie d t o his^e ^  actua l 
sellin g list .  Te n participants '  score s wer e highe r  tha n th e 
resul t  o f  th e singl e dea l  strategy .  Usin g th e standar d 
deviatio n resultin g fro m th e singl e dea l  strateg y simulatio n 
(75.54) ,  fou r  participants '  score s wer e a t  leas t  1. 5 S D abov e 
th e scor e resultin g fro m th e singl e dea l  strategy .  W e wil l 
refe r  t o thes e fou r  a s th e "outstandin g participants" . 

Strategy Use We looked at participants' choice patterns in 
regar d t o thei r  consistenc y wit h th e optima l  strategies ,  a t 
thre e step s whe n eac h offe r  wa s bein g considered .  Th e 
followin g thre e choice s ar e consisten t  wit h th e optima l 
strategie s (singl e dea l  o r  multipl e deals) : 

CI .  Accep t  th e l "  offe r  i f  i t  i s bette r  tha n severa l  previou s 
offer s (fo r  othe r  items) . 
C 2.  Declin e th e l "  offer ,  an d accep t  th e 2* *  offe r  i f  i t  i s 
bette r  tha n th e 1 "  one . 
C3.  Accep t  th e 3" *  offe r  i f  th e T ^  i s wors e tha n th e l" . 

C2 an d C 3 ar e equivalen t  t o th e singl e dea l  strategy ,  n o w 
separate d int o tw o parts .  Al l  thre e choice s abov e ar e 
consisten t  wit h th e loca l  sequenc e strategy .  Sinc e choice s a t 
th e 3" *  offe r  wer e forced ,  whethe r  participants '  actua l 
choice s wer e consisten t  wit h th e optima l  strategie s coul d b e 
looke d a t  whethe r  the y ha d me t  o r  violate d th e condition s a t 
CI  an d C 2 .  Not e tha t  th e singl e dea l  strateg y actuall y 
forbid s CI .  Specifically ,  C I  ca n resul t  fro m considerin g th e 
coun t  o f  th e previou s lo w offer s (th e loca l  coun t  strategy )  o r 
th e valu e differenc e o f  th e firs t  offe r  compare d t o th e mea n 
of  th e previou s offer s (th e loca l  averag e strategy) ,  an d w e 
teste d the m separately . 

Of  al l  1 6 participants ,  onl y th e exper t  participan t  foun d 
th e singl e dea l  strategy ,  an d followe d C 2 an d C 3 
consistently .  Th e 1 5 novic e participants ,  b y contrast ,  ofte n 
violate d eithe r  C 2 o r  C 3 o r  both .  However ,  t o a  significan t 
extent ,  thei r  choice s di d follo w C I .  Fo r  eac h individua l 
novic e participant ,  w e ra n a  logisti c regression ,  usin g th e 
valu e differenc e o f  th e firs t  offe r  fro m th e m e a n o f  th e 
previou s 6  offers ,  t o predic t  th e participant' s acceptance s o f 
th e first  offers .  O f  th e 1 5 participants ,  1 1 showe d significan t 
result s a t  a  0.0 1 level .  O n th e grou p level ,  th e resul t  i s  als o 
significant :  x 2 (1 ,  N=1770 )  =  304.69 ,  p<.01 .  Thi s indicate s 
tha t  th e novice s wer e a t  leas t  partl y usin g th e movin g 
averag e strategy . 

Sinc e th e on e dea l  strateg y i s a  subse t  o f  th e loca l  coun t 
strategy ,  w e combine d th e 1 6 participants '  reaction s o n al l 
thre e offer s t o se e i f  thei r  behavior s wer e consisten t  wit h th e 
loca l  coun t  strategy .  Tabl e 3. 1 an d Tabl e 3. 2 sho w tha t  the y 
di d sho w suc h consistenc y whe n th e previou s 1  o r  6  offer s 
wer e compare d t o th e curren t  offer .  Tha t  is ,  i f  th e offe r 
bein g considere d wa s bette r  tha n al l  o f  th e previou s 1  o r  6 
offers ,  participant s wer e mor e likel y t o accep t  it .  Otherwise , 
the y wer e mor e likel y t o declin e it .  Thi s finding  wa s 
consisten t  wit h th e loca l  coun t  strategy . 

Tabl e 3. 1 Compare d t o previou s 1  ofTe r 

W o r s e Bette r 
Declin e 177 3 95 2 
Accep t  61 6 142 4 

Tota l  238 9 237 6 

X^  =  580.177 ,  p<.0 1 

Tabl e 3. 2 Compare d t o previou s 

W o r s e Bette r 
Declin e 239 7 32 8 
Accep t  155 3 48 7 

Tota l  395 0 81 5 
X^  =  l  14.140 ,  p<.0 1 

Tota l 
272 5 
204 0 
476 5 

6 offer s 

Tota l 
272 5 
204 0 
476 5 

Al l  o f  th e 4  "outstandin g participants "  wer e novic e 
participants .  However ,  the y actuall y outperforme d th e 
exper t  participan t  an d th e on e dea l  strategy .  The y wer e 
differen t  fro m th e othe r  1 1 non-exper t  participant s i n tha t 
thei r  behavior s wer e consisten t  wit h on e o f  th e requirement s 
of  th e on e dea l  strateg y (C 2 an d C 3 ) ,  althoug h no t  both . 
Thei r  gain s o n th e first  offer s w h e n thes e offer s wer e th e 
bes t  ha d offse t  th e losse s fro m violation s o f  th e conditio n o f 
C2. 

Learning across Trials In a study of the Monty Hall 
dilemma ,  Granber g &  Dor r  foun d tha t  participant s showe d 
sign s o f  learnin g acros s trial s unde r  certai n conditions .  I n 
our  study ,  w e als o looke d a t  whethe r  ther e wer e systemati c 
change s i n participants '  choice s acros s trials .  Specifically , 
we suspecte d tha t  participant s migh t  hav e learne d th e 
specifi c  distributio n o f  rando m offer s i n earlie r  trials ,  s o that , 
i n late r  trials ,  the y onl y neede d t o recogniz e "globall y bi g 
numbers "  instea d o f  applyin g thei r  heuristic s independentl y 
and locally .  Fo r  example ,  a n offe r  o f  $11 6 migh t  hav e bee n 
th e bes t  on e fo r  a n ite m sol d i n a n earl y trial .  I f  participant s 
had thi s numbe r  memorized ,  the y migh t  jus t  pic k a n offe r  o f 
$ 11 6 o r  highe r  i n a  late r  trial ,  n o matte r  w h e n thi s offe r  wa s 
presente d (whethe r  i t  wa s th e l" ,  2f"' ,  o r  f  offer) .  I f  thi s 
wer e th e case ,  "bi g wins "  migh t  hav e bee n over-represente d 
i n term s o f  participants '  use s o f  simpl e heuristics . 

However ,  i n ou r  experimenta l  setting ,  eac h item' s 3  offer s 
varie d aroun d it s o w n basi c price .  Althoug h thes e basi c 
price s coul d b e close ,  ther e wa s n o w a y t o tel l  tha t  S11 6 wa s 
th e bes t  offe r  fo r  ite m A  onl y becaus e i t  ha d bee n th e bes t 
offe r  fo r  ite m B .  I n othe r  words ,  recognizin g "bi g numbers " 
alon e woul d no t  hel p i n optimizin g th e tota l  performance .  I n 
fact ,  whe n w e partitione d eac h participant' s 12 0 trial s int o 3 
block s wit h 4 0 trial s each ,  w e di d no t  find  an y significan t 
difference s acros s blocks ,  indicatin g tha t  learnin g wa s 
probabl y no t  importan t  acros s trials . 
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Discuss io n 

N o ne o f  th e 1 5 novic e participant s foun d an d consistentl y 
use d th e on e dea l  strategy .  W e reasone d tha t  thi s wa s 
becaus e findin g an d consistentl y applyin g thi s strateg y 
require d participant s t o us e backgroun d knowledg e i n 
probabilit y  theory ,  an d the y simpl y di d no t  hav e thi s 
training .  Thei r  consistenc y wit h th e loca l  sequenc e strateg y 
explaine d w h y the y ha d goo d performances .  Thi s doe s no t 
sugges t  tha t  the y actuall y di d th e calculatio n an d foun d th e 
correc t  mathematica l  solution ,  becaus e thi s woul d requir e 
eve n mor e knowledg e an d compuUtiona l  capacity ,  no t  t o 
mentio n tha t  i t  wa s withi n a  shor t  experimen t  session . 
However ,  a s w e suggeste d before ,  i t  i s  no t  necessar y fo r  a 
perso n t o wor k ou t  th e con-ec t  mathematica l  proo f  t o us e th e 
loca l  sequenc e strategy .  Suc h a  strateg y coul d aris e fro m 
participants '  everyda y lif e experiences ,  from  whic h the y ha d 
learne d a  simpl e satisficin g heuristic :  "gra b an y goo d 
chanc e whe n yo u can" . 

Surprisingly ,  th e outstandin g performer s actuall y 
outperforme d th e exper t  participan t  w h o foun d an d 
consistentl y applie d th e on e dea l  strategy .  Thi s wa s becaus e 
th e on e dea l  strateg y ha s t o giv e u p al l  opportunitie s o f 
acceptin g th e firs t  offer s whe n the y wer e th e best .  On e 
reaso n tha t  prevente d th e exper t  participan t  from finding  th e 
loca l  sequenc e strateg y migh t  hav e bee n tha t  th e everyda y 
lif e heuristi c ha d bee n "blocked "  b y hi s knowledg e o f 
probabilisti c  judgmen t  research .  Thi s finding  i s ver y simila r 
t o Goldstei n an d Gigerenzer' s (1999 )  "less-is-more "  effect , 
tha t  relativ e ignoranc e ca n actuall y benefi t  a  decisio n maker . 
By isolatin g th e previou s encounter s from  th e curren t 
decision-makin g situation ,  th e exper t  participan t  ha d t o 
searc h th e infinit e probabilit y  spac e again ,  an d previou s 
experience ,  eithe r  beyon d o r  withi n th e experimen t  task , 
coul d no t  help . 

I n thei r  197 3 paper ,  Kahnema n an d Tversk y suggeste d 
tha t  "peopl e d o no t  acquir e a  prope r  notio n o f  regression,.. . 
the y d o no t  expec t  regressio n i n man y situation s wher e i t  i s 
boun d t o occur" ,  because  "regressio n effect s typicall y 
violat e th e intuitio n tha t  th e predicte d outcom e shoul d b e 
maximall y representativ e o f  th e inpu t  information" .  O n th e 
contrary ,  th e finding  i n thi s stud y tha t  participants ' 
behavior s wer e consisten t  wit h th e loca l  sequenc e strategy , 
indicate d tha t  peopl e d o hav e goo d intuition s abou t  suc h 
regression ,  an d ca n als o tak e advantag e o f  it . 

We argu e tha t  t o evaluat e naiv e people' s probabilisti c 
judgmen t  an d decision-making ,  on e ha s t o tak e int o accoun t 
bot h people' s limite d computatio n capacit y an d th e tas k 
environment .  On e obviou s messag e o f  th e tas k wa s that ,  i f 
we ha d use d th e singl e dea l  strateg y a s th e onl y criterion ,  w e 
migh t  hav e conclude d tha t  participant s wer e bein g irrational , 
and woul d the n hav e t o fac e th e puzzlin g evidenc e tha t  the y 
actuall y performe d ver y well .  Instead ,  th e result s sugges t 
tha t  th e advantage s o f  th e satisficin g principl e ar e importan t 
and canno t  b e ignored .  B y usin g thes e strategies ,  peopl e ca n 
benefi t  from  thei r  o w n experiences ,  eve n from a  smal l 
sampl e o f  precedin g events . 
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Abstrac t 

This  paper studies the interaction between implicit 
and explici t  processe s i n skil l  learning ,  i n term s o f 
top-dow n learnin g (tha t  is ,  learnin g tha t  goe s from 
explici t  t o implici t  knowledge )  vs .  bottom-u p learn -
in g (tha t  is ,  learnin g tha t  goe s from  implici t  t o ex -
phci t  knowledge) .  Instea d o f  studyin g eac h typ e 
of  knowledg e (implici t  o r  explicit )  i n isolation ,  w e 
highligh t  th e interactio n betwee n th e tw o type s o f 
processes ,  especiall y i n term s o f  on e typ e givin g ris e 
t o another .  Th e wor k present s a n integrate d mode l 
of  ski U learnin g tha t  take s int o accoxm t  bot h im -
plici t  an d explici t  processe s an d bot h top-dow n an d 
bottom-u p learning .  W e examin e an d simulat e hu -
m an dat a i n th e Towe r  o f  Hano i  task .  Th e pape r 
shows ho w th e quantitativ e dat a i n thi s tas k ma y 
be capture d usin g eithe r  top-dow n o r  bottom-u p ap -
proaches ,  althoug h top-dow n learnin g i s a  mor e ap t 
explanatio n o f  th e huma n dat a currentl y available . 
The result s demonstrat e th e differenc e betwee n th e 
tw o differen t  direction s o f  learnin g (top-dow n vs . 
bottom-up) ,  an d als o provid e a  ne w perspectiv e o n 
skil l  learnin g i n th e Towe r  o f  Hano i  task . 

I n t r o d u c t i o n 

Thi s pape r  studie s th e interjw;tio n betwee n th e im -
plici t  an d explici t  processe s i n skil l  learning .  I t 
explore s tw o direction s o f  skil l  learning :  top-dow n 
learnin g an d bottom-u p learning .  Top-dow n learn -
in g goe s fro m explici t  knowledg e t o implici t  knowl -
edge ,  whil e bottom-u p learnin g goe s from  implici t 
knowledg e t o explici t  knowledge .  Instea d o f  study -
in g eac h typ e o f  knowledg e (implici t  o r  explicit )  i n 
isolation ,  w e wan t  t o highligh t  th e interactio n be -
twee n th e tw o type s o f  processes ,  especiall y i n term s 
of  on e typ e givin g ris e t o another . 

I n thi s work ,  w e wan t  t o tes t  possibilitie s o f 
bottom-u p learnin g vs .  top-dow n learning .  W e d o 
so b y usin g th e tas k o f  Towe r  o f  Hanoi ,  whic h i s 
arguabl y a  typica l  benchmar k proble m i n high-leve l 
cognitiv e skil l  acquisitio n an d ha s bee n use d i n main y 
previou s studie s o f  skil l  acquisition ,  cognitiv e mod -
eling ,  an d cognitiv e architecture s (see ,  e.g. .  Proc -
to r  an d Dutt a 1995 ,  Anderso n 1993 ,  Anderso n an d 
Lebier e 1998) . 

To explor e bottom-u p an d top-dow n learning ,  th e 
wor k present s a n integrate d mode l  o f  skil l  learnin g 
tha t  take s int o accoun t  bot h implici t  an d explici t 

processe s an d bot h top-dow n an d bottom-u p learn -
ing ,  sdthoug h th e mode l  wa s initiall y  designe d a s 
a purel y bottom-u p learnin g model .  W e examin e 
an d simulat e h u m a n dat a i n th e Towe r  o f  Hano i 
task .  T h e wor k show s ho w th e quantitativ e dat a i n 
thi s tas k m a y b e capture d usin g eithe r  top-dow n o r 
bottom-u p approaches ,  althoug h w e wil l  sho w tha t 
top-dow n learnin g i s a  mor e ap t  explanatio n o f  th e 
h u m an dat a currentl y availabl e i n thi s task . 

Overall ,  th e resul t  o f  ou r  simulation s suggest s tha t 
bot h direction s ar e possibl e i n h u m a n cognitiv e skil l 
acquisition ,  an d th e actua l  directio n m a y b e eithe r 
bottom-u p o r  top-dow n (o r  a  mi x o f  both) ,  depend -
in g o n tas k settings ,  instructions ,  an d othe r  vari -
ables .  Thes e result s demonstrat e th e tw o differen t 
direction s o f  learnin g (top-dow n vs .  bottom-up) ,  Jin d 
als o provid e a  ne w perspectiv e o n skil l  learning . 

Top-Down vs. Bottom-Up: The 

Clario n Mode l 

T h e rol e o f  implici t  learnin g i n skil l  acquisitio n an d 
th e distinctio n betwee n implici t  an d explici t  learn -
in g hav e bee n widel y recognize d i n recen t  year s (see , 
e.g. ,  Rebe r  1989 ,  Stanle y e t  a l  1989 ,  Willingha m e t 
al  1989 ,  Anderso n 1993 ,  Sege r  1994 ,  Procto r  an d 
Dutt a 1995 ,  Stadle r  an d FVensc h 1998) .  However , 
althoug h implici t  learnin g ha s bee n activel y inves -
tigated ,  comple x an d multifacete d interactio n be -
twee n th e impUci t  an d th e explici t  zm d th e impor -
tanc e o f  thi s interactio n hav e no t  bee n universall y 
recognized .  T o a  larg e extent ,  suc h interactio n ha s 
bee n downplaye d o r  ignored ,  wit h onl y a  fe w no -
tabl e exception s (e.g. ,  Mathew s e t  a l  1989 ,  Su n e t  a l 
2001) .  Simila r  oversigh t  i s als o eviden t  i n compu -
tationa l  simulatio n model s o f  implici t  learnin g (wit h 
fe w exception s suc h a s Cleereman s 199 4 an d Su n e t 
al  2001) . 

Despit e th e lac k o f  studie s o f  interaction ,  i t  ha s 
bee n gainin g recognitio n tha t  i t  i s difficult ,  i f  no t  im -
possible ,  t o fin d a  situatio n i n whic h onl y on e typ e o f 
learnin g i s engage d (Rebe r  1989 ,  Sege r  1994 ,  Su n e t 
eJ 2001) .  Ou r  revie w o f  existin g dat a ha s indicate d 
that ,  whil e on e ca n memipulat e condition s t o empha -
siz e on e o r  th e othe r  type ,  i n mos t  situations ,  bot h 
type s o f  learnin g ar e involved ,  wit h varyin g amount s 
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Figur e 1 :  Th e C L A R I O N architecture . 

of  contribution s from  each . 
Empirica l  demonstration s o f  interactio n ca n b e 

foun d i n Stanle y e t  a l  (1989) ,  Willingha m e t  a l 
(1989) ,  Bowe r  e t  a l  (1990) ,  Wisniewsk i  an d Medi n 
(1994) ,  an d Su n e t  a l  (2001) .  Thes e demonstration s 
use d a  variet y o f  means ,  includin g experimenta l  ma r 
nipiilation s suc h a s verbalization ,  explici t  instruc -
tions ,  an d dua l  tasks . 

Likewise ,  i n th e developmen t  o f  cognitiv e architec -
ture s (e.g. ,  Rx)senbloo m e t  a l  1993 ,  Anderso n 1993 , 
Anderso n an d Lebier e 1998) ,  focu s ha s bee n mostl y 
on "ixip-down "  model s (tha t  is ,  learnin g firs t  expUci t 
knowledg e an d the n implici t  knowledg e o n th e basi s 
of  th e former) .  Th e bottom-u p directio n (tha t  is , 
learnin g first  impUci t  knowledg e an d the n explici t 
knowledge ,  o r  learnin g bot h i n parallel )  ha s bee n 
largel y ignored ,  parallelin g an d reflectin g th e relate d 
neglec t  o f  th e interactio n o f  explici t  an d implici t  pro -
cesse s i n th e implici t  learnin g literature . 

However ,  ther e ar e a  fe w piece s o f  wor k tha t 
di d demonstrat e th e paralle l  developmen t  o f  th e 
tw o type s o f  knowledg e o r  th e extractio n o f  explici t 
knowledg e from  impUci t  knowledg e (e.g ,  Willinghfi m 
et  a l  1989 ,  Stanle y e t  a l  1989 ;  se e als o Karmiloff -
Smit h 1986 ,  Mandle r  1992) ,  contrar y t o usua l  top -
down approache s i n developin g cognitiv e architec -
tures . 

To tackl e thes e issues ,  w e develope d th e mode l 
C lar io n (Su n an d Peterso n 1998 ,  Su n e t  a l  2001) . 
C lar io n i s a n integrativ e mode l  wit h a  dua l  repre -
sentationa l  structure .  I t  consist s o f  tw o levels :  th e 
to p leve l  encode s explici t  knowledg e an d th e bot -
to m leve l  encode s implici t  knowledge .  Se e Figur e 1 . 
I n thi s paper ,  w e wil l  focu s onl y o n action-centere d 
component s o f  th e model . 

Overall Action Decision Making 

1.  Observ e th e curren t  stat e x . 
2.  Comput e i n th e botto m leve l  th e "value "  o f 

each o f  th e possibl e action s (oi's )  i n th e stat e 
i :  Q{x,ai),Q(x,a2) ,  ,  Q(x,an) . 

3.  Fin d ou t  al l  th e possibl e action s (6i ,  fcj  ,  6m ) 
at  th e to p level ,  base d o n th e th e curren t  stat e 
informatio n x  (whic h goe s u p from  th e bottom 
level )  an d th e existin g rule s i n plac e a t  th e to p 
level . 

4.  Choos e a n appropriat e actio n a ,  b y combinin g 
(i n som e way )  th e value s o f  a/ s (a t  th e botto m 
level )  an d b j  a  (whic h ar e sen t  aow n from  th e 
to p level) . 

5.  Perfor m th e actio n a ,  an d observ e th e nex t  stat e 
y an d (possibly )  th e reinforcemen t  r . 

6.  Updat e th e botto m leve l  i n accordanc e wit h 
an appropriat e algorith m (t o b e detaile d later) , 
base d o n th e feedbac k information . 

7.  Updat e th e to p leve l  usin g a n appropriat e al -
gorith m (fo r  constructing ,  refining ,  an d deletin g 
rules ,  t o b e detaile d later) . 

8.  G o bac k t o Ste p 1 . 
The Bottom Level 
Representatio n The  inpu t  t o th e botto m leve l 
consist s o f  thre e groups :  (1 )  sensor y input ,  (2 ) 
workin g memor y items ,  (3 )  th e to p ite m o f  th e goa l 
stack .  Th e outpu t  o f  th e botto m leve l  i s th e ac -
tio n choice .  I t  consist s o f  thre e group s o f  actions : 
workin g memor y set/rese t  actions ,  goa l  push/po p 
actions ,  an d externa l  actions .  Thes e thre e group s 
ar e compute d b y separat e networks . 
Learning The Q-leaming algorithm (Watkins 
1989 )  i s  a  reinforcemen t  learnin g algorithm .  I n 
th e algorithm ,  Q{x,a )  estimate s th e m a x i m u m (dis -
counted)  cumulativ e reinforcemen t  tha t  ca n b e re -
ceive d from  th e curren t  stat e i  on .  Th e updatin g o f 
Q{x,a )  i s base d on : 

AQ{x,a) = air + je(y)-Q{x,a)) (1) 

where 7 is a discount factor, y is the new state result-
in g from  actio n a  i n stat e i ,  an d e(y )  =  max *  Q{y ,  b) . 
Not e tha t  i  an d y  includ e sensor y input s (interna l 
an d external) ,  workin g memor y item s (i f  an y acti -
vated) ,  £m d th e curren t  goa l  (i f  exists) . 

Q-leamin g ca n b e implemente d i n backpropaga -
tio n network s (Su n an d Peterso n 1998) .  Applyin g 
Q-leaurning ,  th e trainin g o f  th e backpropagatio n net -
wor k i s base d o n minimizin g th e followin g erro r  a t 
eac h step : 

'̂•'• '  =  {0" ' 
7e(y)-Q(i,Oi ) i f  Qj  =  a 

otherwis e (2 ) 

wher e i  i s  th e inde x fo r  a n outpu t  nod e represent -
in g th e etctio n Oi ,  an d a  i s th e actio n performed . 
Base d o n th e abov e erro r  measures ,  th e backpropa r 
gatio n aJgorith m i s applie d t o adjus t  internj J weight s 
(whic h ar e randoml y initialize d befor e training) . 

The Top Level 

Representatio n A t  th e to p level ,  i n contras t  t o 
th e botto m leve l  (whic h involve s distribute d repre -
sentatio n du e t o th e us e o f  backpropagatio n net -
works) ,  expUci t  knowledg e m a y b e capture d i n com -
putationa l  modelin g b y a  symboh c o r  localis t  repre -
sentation ,  i n whic h eac h uni t  i s  easil y interpretabl e 
and ha s a  clea r  conceptua l  meaning ,  i.e. ,  a  semanti c 
label .  Thi s chauracteristi c  capture s th e propert y o f 

862 



explici t  knowledg e bein g accessibl e an d manipulabl e 
(Su n 1995) .  Explici t  knowledg e i s expresse d i n th e 
for m o f  rules . 

The conditio n o f  a  rule ,  simila r  t o th e inpu t  t o 
th e botto m level ,  consist s o f  thre e groups :  sensor y 
input ,  workin g memor y items ,  an d th e curren t  goal . 
The outpu t  o f  a  rule ,  simila r  t o th e outpu t  from  th e 
botto m level ,  i s  a n actio n choice .  I t  ma y b e on e 
of  th e thre e types :  workin g memor y actions ,  goa l 
actions ,  an d externa l  eictions . 

B o t t o m - U p Learnin g Th e Rule-Extraction -
Refinemen t  algorith m (RER )  learn s explici t  rule s us -
in g informatio n i n th e botto m leve l  (t o captur e th e 
bottom-u p learnin g process) .  Th e basi c ide a o f  thi s 
algorith m i s a s follows :  I f  a n actio n decide d b y th e 
botto m leve l  i s  successfu l  (i.e. ,  i f  i t  satisfie s a  cer -
tai n criterion) ,  the n th e agen t  extract s a  rul e (wit h 
it s Etctio n correspondin g t o tha t  selecte d b y th e bot -
to m leve l  an d wit h it s conditio n specifyin g th e cur -
ren t  state) ,  an d add s th e rul e t o th e top-leve l  rul e 
network .  Then ,  i n subsequen t  interaction s wit h th e 
world ,  th e agen t  refine s th e extracte d rul e b y consid -
erin g th e outcom e o f  applyin g th e rule :  I f  th e out -
come i s successful ,  th e agen t  ma y tr y t o generaliz e 
th e conditio n o f  th e rul e t o mak e i t  mor e universal ;  i f 
th e outcom e i s no t  successful ,  the n th e conditio n o f 
th e rul e shoul d b e mad e mor e specifi c  an d exclusiv e 
of  th e curren t  state . 

The wa y w e measur e th e successfulnes s o f  a n out -
come (whic h i s base d o n a n informatio n gai n mea -
sure )  an d th e wa y generalization/specializatio n i s 
carrie d ou t  (whic h i s base d o n adding/removin g al -
lowabl e inpu t  values )  hav e bee n full y describe d i n 
Sun an d Peterso n (1998 )  an d Su n e t  a l  (2001) .  Du e 
t o lengths ,  w e wil l  no t  repea t  th e detail s here . 

Fixe d Rule s Som e o f  th e rule s a t  th e to p 
leve l  ma y b e fixed.  Thi s typ e o f  rul e (PR )  repre -
sent s geneti c pre-endowmen t  o f  a n agen t  presumabl y 
acquire d throug h evolutioneir y processes ,  o r  prio r 
knowledg e acquire d fro m prio r  experience . 

FRs enabl e top-dow n learning .  Wit h thes e rule s 
i n place ,  th e botto m leve l  leara s unde r  th e guidainc e 
of  th e PRs .  Initially ,  th e E^en t  relie s mostl y o n th e 
PRs i n it s actio n decisio n making .  Bu t  gradually , 
when mor e an d mor e knowledg e i s £icquire d b y th e 
botto m leve l  throug h observin g action s directe d b y 
FRs,  th e agen t  become s mor e an d mor e relian t  o n 
th e botto m leve l  (give n tha t  th e cross-leve l  combina -
tio n i s adaptable) .  Hence ,  top-dow n learnin g take s 
place . 
Combining the Two Levels 
I n Pre r  percen t  o f  th e steps ,  i f  ther e i s a t  leas t  on e 
R ER rul e indicatin g a  prope r  actio n i n th e curren t 
state ,  w e us e th e outcom e from  tha t  rul e set ;  i n P f r 
percen t  o f  th e steps ,  i f  ther e i s a t  leas t  on e fixed  rul e 
indicatin g a  prope r  actio n i n th e curren t  state ,  w e 
use th e outcom e from  tha t  rul e set ;  otherwise ,  w e us e 
th e outcom e o f  th e botto m level .  Thes e probabili -

Condition/No .  o f  disk s 
No verbklizatio n 
Verbalizatio n 0.0 0.0 

T T 
0.9 

IT T 
1.3 

Figur e 2 :  Th e R T dat a o f  Gagn e an d Smit h (1962) . 

tie s ar e adaptabl e base d o n "probabiht y matching " 
(wit h tw o parameters ;  Su n an d Peterso n 1998) . 

W h en w e us e th e outcom e from  th e to p level ,  w e 
randoml y selec t  a n actio n suggeste d b y th e matchin g 
rales .  W h e n w e us e th e outcom e from  th e botto m 
level ,  w e us e th e stochasti c decisio n proces s fo r  se -

lectin g a n action :  p(o|i )  =  r̂ '  o(*..')/ .  >  wher e x  i s 

th e curren t  state ,  a  i s a n action ,  an d a  control s th e 
degre e o f  randomnes s (temperature )  o f  th e decision -
makin g process . 

Experiments 

Tower of Hanoi 

I n th e Towe r  o f  Hano i  tas k o f  Gagn e an d Smit h 
(1962) ,  ther e wer e thre e pegs .  A t  th e beginning , 
a stac k o f  disk s wa s store d o n on e o f  th e pegs .  Th e 
goal  wa s t o mov e thes e disk s t o anothe r  (target )  peg . 
Onl y on e dis k ca m b e move d a t  a  tim e from  on e pe g 
t o einother .  Thes e disk s wer e o f  differen t  sizes ,  an d 
large r  disk s coul d no t  b e place d o n to p o f  smalle r 
disks .  Initially ,  th e stac k o f  disk s wa s arrauige d ac -
cordin g t o siz e s o tha t  th e smedles t  dis k wa s a t  th e 
to p an d th e larges t  wa s a t  th e bottom . 

Subject s wer e give n 3-disk ,  4-disk ,  an d 5-dis k ver -
sion s o f  th e tas k i n succession ,  eac h versio n runnin g 
unti l  a  final  stabl e solutio n wa s found ,  an d thei r 
mean number s o f  move s {an d exces s moves )  wer e 
recorded .  Som e subject s wer e instructe d t o verbal -
ize :  The y wer e aske d t o explai n wh y eac h mov e wa s 
made.  Th e performanc e o f  th e tw o group s o f  sub -
ject s (verbeiUzatio n vs .  n o verbalization )  wa s com -
p£ired .  I n thi s task ,  w e inten d t o captur e th e verbal -
izatio n effec t  o n performance . 

Figur e 2  show s th e performanc e o f  th e tw o group s 
i n term s o f  mea n numbe r  o f  exces s move s (i n exces s 
of  th e minimim i  require d numbe r  o f  move s i n eac h 
version) .  Comparin g th e verbalizatio n grou p an d 
th e n o verbalizatio n grou p i n th e figure,  th e advan -
tag e o f  verbalizatio n i s appjirent .  A N O VA indicate d 
tha t  ther e wa s a  significan t  differenc e betwee n ver -
balizatio n an d n o verbalizatio n ( p <  0.01) . 

Ther e hav e als o bee n dat a concernin g th e respons e 
tim e o f  eac h mov e mad e b y huma n subject s i n thi s 
task .  Fo r  exaonple ,  th e R T dat a from  Anderso n 
(1993 )  wer e obtaine d unde r  th e specia l  instruction s 
t o subject s tha t  encoiurage d a  goa l  recursio n ap -
proac h (Anderso n 1993) .  Dat a wer e availabl e fo r 
th e case s o f  2 ,  3 ,  4 ,  an d 5  disk s (Anderso n 1993) . 
Bottom-Up Simulation 
T h e M o d e l  Setup .  T o implemen t  bottom-u p sim -
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ulation ,  w e se t  u p th e following :  (1 )  Fo r  decidin g o n 
eac h typ e o f  actio n (external ,  goa l  stack ,  o r  workin g 
m e m o ry actions) ,  ther e i s a  correspondin g networ k 
an d a  se t  o f  R E R rules ,  respectively .  (2 )  Th e inpu t 
t o eac h networ k i s th e same ,  includin g sensor y input , 
th e to p goa l  stac k (GS )  item ,  an d workin g m e m o r y 
( W M)  items .  (3 )  Th e output s o f  th e network s ar e 
externa l  actions ,  G S action s an d W M actions ,  re -
spectively .  (4 )  A t  eac h step ,  i f  th e action s ar e de -
cide d b y th e to p level ,  w e us e th e existen t  R E R rul e 
set  t o ge t  thre e actions—external ,  G S o r  W M ac -
tions ;  i f  th e action s ar e decide d b y th e botto m level , 
we us e Boltzman n distributio n t o selec t  a n actio n 
from  th e outpu t  o f  eac h network .  (5 )  T h e chose n 
actio n ar e coordinate d an d performed ,  sa d th e to p 
leve l  an d th e botto m leve l  ar e update d then . 

Durin g th e simulatio n o f  th e verbalizatio n group , 
we change d th e parameter s fo r  probabilit y  match -
in g i n cross-leve l  combinatio n t o reflec t  th e heavie r 
relianc e o n th e to p leve l  b y th e verbalizatio n group . 

Strictl y speaking ,  G S i s no t  necessary .  Bu t  w e in -
clud e G S ,  becaus e o f  generaUty ,  an d becaus e i t  m a y 
hel p learnin g sometime s (bu t  i t  m a y als o hampe r 
learnin g sometimes) .  T h e forma t  o f  G S i s no t  im -
portant .  Fo r  ou r  simulation ,  eac h G S ite m include s 
bot h a  subtowe r  an d a  foca l  disc : 

DSIZE: Six of SUBTOWER 
FROM:  Cumnt  pt g o f  SUBTOWER 
TO:  TVf M pt g o f  SUBTOWER 
DSIZEl :  Si x o f  POCAUDISK 
FROMl:  Curren t  p n o f  FOCAL-DIS K 
TOl :  r»igt t  p* (  o f  FOCAL-DIS K 

A subtower is a set of disks at the top of a peg. The 
focal-dis k i s th e dis k beneat h a  subtower .  Not e tha t 
thi s se t  o f  informatio n i s redundzmt . 

Multipl e goa l  item s coul d b e store d i n th e G S on e 
o n to p o f  another .  Wheneve r  a  goa l  ite m i s achieved , 
i t  wil l  b e popped . 

A simpl e se t  o f  possibl e goa l  recursio n rule s i s a s 
follow s (Anderso n 1993) : 
If  DSIZE > 0. th«D push a new go«J for moving * subtower of 

•i» e DSIZE- 1 t o th e spar e pe g en d fo r  movin g th e dil k o f  lis e 
DSIZE t o it !  targe t  peg . 
If  DSIZ E =  0 ,  the n mak e a  mov e o f  FOCAL-DIS K t o i u targe t 
P«g 
If  LOC(SUBTOWER1=-:TO an d LOC(FOCAL-DISK )  ̂  TOl , 
the n mov e FOCAL-DIS K t o it i  targe t  peg . 
If  LOO(SUBTOWER)-TO an d L0C(P0CAL-DISK)=T01 , 
the n po p th e curren t  goal . 

Such a set of rules was hand-coded into the model 
i n th e A C T - R simulatio n o f  Anderso n (1993) .  How -
ever ,  i n thi s simulation ,  w e di d no t  us e suc h hand -
coded ,  a  prior i  rule s i n th e model .  W e wan t  th e 
model  itsel f  t o lear n somethin g tha t  ha s essentiall y 
th e sam e eflfec t  (i n bot h th e botto m leve l  an d th e 
to p leve l  throug h bottom-u p learning) . 

T h e M a t c h .  T h e resul t  o f  ou r  simulatio n i s 
show n i n Figur e 3 .  2 0 run s (simulate d subjects ) 
wer e include d i n eac h group .  Analogou s t o th e anal -
ysi s o f  th e humsu i  data ,  A N O V A (numbe r  o f  disk s 
X verbalizatio n vs .  n o verbalization )  indicate d tha t 

Condition^o .  o f  disTt T 
No verbalizatio n 
Verbalizatio n 0.0 0.4 

4 ^ 

0.9 
•TO T 
2. 5 

Figur e 3 :  Th e bottom-u p simulatio n o f  Gagn e an d 
Smit h (1962) . 

i n th e mode l  data ,  ther e wa s likewis e a  significan t 
mai n effec t  betwee n verbalizatio n an d n o verbaliza r 
tio n ( p <  O.OI) ,  confirmin g th e verbalizatio n effec t 
we discussed . 

We compare d thi s bottom-u p simulatio n wit h 
a bottom-onl y simulation .  W e notice d tha t  th e 
bottom-onl y simulation s consistentl y faule d t o learn , 
eve n whe n give n 1 0 time s a s muc h trainin g trials . 
Thi s contras t  suggest s th e importanc e o f  top-leve l 
explici t  knowledg e an d bottom-u p learning .  With -
out  them ,  th e tas k wa s har d t o learn .  Thi s fac t 
i s  consisten t  wit h ou r  synerg y hypothesi s (se e Si m 
an d Peterso n 1998 ,  Su n e t  a l  2001) :  Th e reaso n wh y 
ther e ar e thes e tw o distinc t  level s (implici t  an d ex -
plicit )  i s  becaus e o f  th e synerg y tha t  m a y b e gen -
erate d from  th e interactio n o f  th e tw o levels .  Th e 
interactio n o f  th e tw o level s help s t o improv e learn -
ing ,  an d facilitat e performanc e an d treinsfe r  (Su n e t 
al  2001) . 

However ,  bot h th e bottom-u p an d th e bottom -
onl y simulatio n faile d t o captur e th e R T dat a re -
porte d earlier . 

Top-Down Simulation 

The top-down simulation of the Tower of Hanoi task 
involve s th e us e o f  fixed  rules ,  alon g th e lin e o f  An -
derson' s (1993 )  model ,  bu t  add s th e involvemen t  o f 
th e botto m leve l  (impUci t  processes) ,  whic h ma y 
interfer e wit h th e top-leve l  fixe d rules .  Therefore , 
compare d wit h Anderson's ,  thi s i s a  fa r  mor e com -
ple x simulation ,  usin g a  mor e complet e mode l  tha t 
involve s bot h explici t  an d implici t  knowledge . 

T h e M o d e l  Setup .  Specificedly ,  i n thi s simula -
tion ,  fixed  rule s wer e used ,  whic h implemente d An -
derson' s (1993 )  ancilysi s o f  subjects '  performanc e o f 
thi s tas k a s a  subset .  Tha t  is ,  w e first  implemente d 
th e previou s se t  o f  rule s (Anderso n 1993) ,  a s fixed 
rule s a t  th e to p leve l  o f  Clarion .  However ,  thi s sim -
ulatio n wa s a  lo t  mor e comple x tha n top-leve l  onl y 
(rule-base d only )  simulation s becaus e w e ha d t o dea l 
wit h th e interferenc e from  th e botto m level ,  a s th e 
botto m leve l  wa s runnin g i n paralle l  wit h th e top -
leve l  rule s bu t  migh t  recommen d diflferen t  action s 
an d thu s interfer e wit h th e top-leve l  goa l  recursio n 
process .  Th e mai n chang e lie d i n th e proces s o f  pop -
pin g a  sequenc e o f  goal s from  th e G S ,  whe n a  mov e 
made b y th e botto m leve l  wa s no t  consisten t  wit h 
th e to p goa l  i n th e GS .  I n tha t  case ,  w e kep t  pop -
pin g goal s unti l  reachin g a  goi d o n th e G S tha t  wa s 
consisten t  wit h th e mov e o r  unti l  th e G S wa s empty . 
Th e structur e o f  th e G S wa s th e sam e a s before .  Th e 
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implemente d se t  o f  fixed  rule s wa a a n extensio n o f 
th e previou s set .  Du e t o thei r  lengths ,  w e wil l  no t 
sho w the m here . 

I n th e botto m level ,  Q-learnin g wa s used .  Du e 
t o th e us e o f  fixed  rules ,  Q-learnin g wa s unde r  th e 
"guidance "  o f  th e to p leve l  i n thi s case .  Therefore , 
top-dow n learnin g wa s involve d i n thi s case . 

For  capturin g th e performanc e o f  th e verbalizatio n 
subjects ,  th e parameter s fo r  probabilit y  matchin g i n 
cross-leve l  combinatio n wer e adjuste d t o reflec t  thei r 
tendencie s t o rel y mor e heavil y o n th e to p level . 

T h e Match .  Th e result ,  comparin g verbal -
izatio n vs .  n o verbalization ,  i s  show n i n Figur e 4 . 
20 run s (simulate d subjects )  wer e include d i n ejic h 
group .  Analogou s t o th e analysi s o f  th e huma n 
data ,  A N O V A (numbe r  o f  disk s x  verbzJizatio n vs . 
no verbalization )  indicate d tha t  i n th e mode l  data , 
ther e wa s likewis e a  significan t  mai n eS'ec t  betwee n 
verbalizatio n an d n o verbalizatio n { p <  0.01) ,  con -
firming  agad n th e verbalizatio n effec t  w e discussed . 

I n thi s simulation ,  w e furthe r  tackle d th e captur -
in g o f  th e R T dat a from  Anderso n (1993) ,  whid i  in -
cidentall y include d onl y a  portio n o f  th e tota l  move s 
i n eac h case .  Th e dat a wer e obtaine d unde r  th e spe -
cia l  instruction s t o subject s tha t  encourage d th e goa l 
recursio n approac h (a s embodie d b y th e fixed  rule s 
use d i n th e to p leve l  o f  Clarion) . 

Figur e 5  show s th e data .  Th e comparison s be -
twee n th e huma n an d th e simulatio n dat a wer e pre -
sente d fo r  th e case s o f  2 ,  3 ,  4 ,  an d 5  disks .  I n th e 
data ,  ther e i s a  regula r  patter n o f  R T peaks ,  whic h 
arguabl y reflec t  plannin g period s durin g whic h goj J 
recursio n (establishin g a  sequenc e o f  subgoal s t o b e 
accomplished )  happen s (Anderso n 1993) . 

As demonstrate d b y Figur e 6 ,  i t  i s  clea r  tha t  th e 
respons e time s o f  th e tw o simulate d group s wer e rea -
sonabl y clos e t o th e huma n dat a (wher e ther e wa s 
no distinctio n betwee n verbcdizatio n an d n o verbad -
ization) .  Althoug h th e matc h o f  bot h group s wer e 
excellent ,  th e matc h betwee n th e simulate d verbjJ -
izatio n group  an d th e huma n dat a wer e closer . 

Thi s particula r  simulatio n show s tha t  th e Clar -
io n framework  can .  accommodat e traditiona l  ac -
coimt s o f  huma n performanc e i n thi s tas k (suc h a s 
Anderso n 1993 ,  Anderso n an d Lebier e 1998) .  More -
over ,  i t  extend s suc h Jiccount s b y incorporatin g im -
pUci t  processe s (a t  th e botto m level )  a s wel l  a s ex -
phci t  processe s (a t  th e to p level) .  Th e rol e o f  th e 
botto m leve l  i n thi s tas k (an d othe r  high-leve l  cogni -
tiv e skil l  tasks )  i s  tha t  o f  "quick-and-dirty "  reaction s 
tha t  ma y lea d t o ba d performanc e initiall y  du e t o 
interferenc e wit h top-leve l  rule-guide d actions ,  bu t 
may als o lea d t o faste r  an d bette r  performanc e give n 
sufficien t  training . 

Th e accoun t  o f  huma n R T dat a i s important ,  be -
caus e suc h a n accoim t  ha s bee n viewe d a s th e hall -
mar k o f  a  successfu l  simulation .  W e succeede d i n 
showin g tha t  th e two-leve l  framework  o f  Clar io n 
ca n captur e th e essentia l  pattern s o f  th e huma n R T 

Condition/No .  o f  disk s 
No verbalizatio n 
Verbalizatio n 

2 
u.u o 
0.0 0 

3 
1.5 0 
0.2 5 

4 
4M 
0.9 0 

5 
12.5 5 
2.6 5 

Figur e 4 :  Th e top-dow n simulatio n o f  Gagn e an d 
Smit h (1962) . 

Figur e 5 :  Simulatio n o f  th e respons e tim e dat a o f 
Tower  o f  Hano i  from  Anderso n (1993) .  Fou r  case s 
ar e included .  Th e verbalizatio n grou p i s used . 

data ,  whic h furthe r  testifie s t o th e cognitiv e validit y 
of  th e model . 

Discussions 

Alon g wit h th e simulation s o f  othe r  task s (se e Su n 
et  a l  2001) ,  w e full y demonstrate d tha t  Clar io n 
i s capabl e o f  bot h bottom-u p an d top-dow n learn -
ing ,  althoug h i t  wa s initiall y  develope d a s a  purel y 
bottom-u p learnin g model .  Th e origina l  reaso n fo r 
developin g a  bottom-u p leeirnin g mode l  wa s tha t  i n 
th e existin g literature ,  bottom-u p learnin g ha s bee n 
ver y muc h ignore d a s eirgue d b y Su n an d Peterso n 
(1998 )  an d Su n e t  a l  (2001) ,  an d therefore ,  ther e i s a 
rea l  nee d t o counter-balanc e thi s bias .  Ou r  bottom -
up learnin g model ,  sinc e then ,  ha s bee n successfu l  i n 
accountin g fo r  a  wid e variet y o f  skil l  learnin g task s 
i n a  bottom-u p fashion ,  rangin g from  seris d reactio n 
tim e task s (sequenc e learnin g tasks) ,  t o minefiel d 
navigatio n task s (Su n e t  a l  2001) .  Bu t  on e lingerin g 
questio n ha s been :  Cc m thi s sam e mode l  aiccoun t  fo r 
top-dow n learning ? Th e presen t  wor k answer s thi s 
questio n clearl y i n th e affirmative :  Clar io n ca n no t 
onl y accoun t  fo r  bottom-u p learnin g data ,  bu t  als o 
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th e ̂  

2-dls k 
3-dis k 
4-dis k 
5-dis k 
overal l 

'erbaUzatio n group : 
MSE 
0.00 2 
0.52 9 
0.25 2 
1.55 5 
0.96 7 

relativ e M S E 
U.OOl 
0.10 7 
0.09 8 
0.29 9 
0,20 0 

th e non-verbalizatio n group : 

2-dis k 
3-dis k 
4-dis k 
5-dis k 
overal l 

MSE 
0.22 2 
0.08 6 
0.57 9 
3.27 1 
1.92 5 

relativ e M S E 
0.04 9 
0.02 4 
0.10 9 
0.37 5 
0.23 6 

Figur e 6 :  Th e M S E s an d th e relativ e M S E s o f  th e 
R T simulation s o f  Towe r  o f  Hanoi . 

top-down learning ones. And it accounts for top-
down learnin g equcdl y well . 

Our  experiment s i n th e T O H tas k showe d tha t 
top-dow n learnin g i s a  mor e plausibl e wa y o f  ac -
countin g fo r  th e existin g huma n dat a i n thi s task . 
Thi s doe s no t  com e a s a  surprise .  Th e tas k struc -
tur e o f  T O H i s highl y structured ,  wit h inheren t  re -
cursiv e embedding ,  an d involve s a  smal l  numbe r  o f 
input/outpu t  dimensions .  Thes e characteristic s nat -
urall y lea d t o expUci t  processing .  Thi s tendenc y i s 
eve n furthe r  exacerbate d b y th e instruction s tha t  ex -
pUcitl y  encourag e goa l  recursio n strategies . 
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Abstrac t 

We present experimental evidence from a study in which we 
monito r  ey e movement s a s peopl e respon d t o pre-recorde d 
instruction s generate d b y a  huma n speake r  an d b y tw o text-to -
speec h synthesizers .  W e replicat e finding s demonstratin g tha t 
peopl e proces s spoke n languag e incrementally ,  makin g partia l 
conunitment s a s th e instructio n unfolds .  Specifically ,  the y 
establis h difTeren t  referentia l  domain s o n th e fl y dependin g o n 
whethe r  a  definit e o r  indefinit e articl e i s used .  Importantly , 
incrementa l  understandin g i s  observe d fo r  bot h natura l 
speec h instruction s an d synthesize d text-to-speec h 
instructions .  Thes e results ,  includin g som e suggestiv e 
difference s i n response s wit h th e tw o text-to-speec h systems , 
establis h th e potentia l  fo r  usin g eye-trackin g a s a  ne w metho d 
fo r  fine-grained  evaluatio n o f  dialogu e system s an d fo r  usin g 
dialogu e system s a s a  theoretica l  an d experimenta l  too l  fo r 
psycholinguisti c experimentation . 

Background 
Rapi d increase s i n th e accurac y an d spee d o f  automati c 
speec h recognitio n an d th e increase d availabilit y  o f  off-the -
shel f  text-to-speec h system s ha s fiiele d grea t  interes t  i n 
spoke n dialogu e system s (e.g. ,  Allen ,  Byron ,  Dzikovska , 
Ferguson ,  Galesc u &  Stent ,  2001 ;  Zue ,  SenefT ,  Glass , 
Polifroni ,  Pao ,  Haze n &  Hetherington ,  2000) .  A s th e 
sophisticatio n o f  suc h system s increases ,  w e ca n expec t 
application s t o mor e open-ende d domain s wit h large r 
vocabularie s an d mor e varie d utteranc e types .  Th e 
feasibilit y o f  suc h system s raise s bot h applie d an d 
theoretica l  issue s fo r  wor k o n natura l  languag e processin g 
tha t  crosse s disciplinar y boundaries .  W e focu s o n tw o issue s 
here .  Th e first,  a  computationa l  issue ,  addresse s th e nee d fo r 
developin g bette r  evaluatio n tool s fo r  dialogu e systems , 
especiall y tool s tha t  ca n evaluat e comprehensio n o n a n 
utterance-by-utteranc e an d within-utteranc e basis .  Th e 
second ,  a  psycholinguisti c issue ,  i s th e possibilit y  tha t  i n th e 
near  futur e implemente d dialogu e system s coul d serv e a s a 

powerfu l  too l  fo r  developin g an d testin g psycholinguisti c 
model s b y allowin g stimul i  t o b e generate d 'o n th e fly, ' 
conditione d o n th e curren t  stat e o f  th e discourse . 

A necessar y prerequisit e fo r  enablin g bot h o f  thes e goal s 
i s tha t  peopl e respon d t o synthesize d speec h i n m u c h th e 
same w a y a s the y d o t o natura l  speech .  W e presen t 
experimenta l  evidenc e fro m a  stud y i n whic h w e monito r 
ey e movement s a s peopl e respon d t o pre-recorde d 
instruction s generate d b y a  huma n speake r  an d b y tw o text -
to-speec h synthesizers .  W e replicat e finding s demonstratin g 
tha t  peopl e proces s spoke n languag e incrementally ,  makin g 
partia l  commitment s a s th e instructio n unfolds .  M o r e 
specifically ,  listener s establis h referentia l  domain s o n th e fl y 
dependin g o n whethe r  a  definit e o r  indefinit e articl e i s used . 

Eye movements as an evaluation tool 

Spoke n utterance s unfol d ove r  time ,  resultin g i n a  strea m o f 
temporar y ambiguities .  Fo r  example ,  a s th e instructio n Clic k 
on th e beake r  unfolds ,  th e wor d beake r  i s briefl y consisten t 
wit h multipl e candidates ,  includin g beetle ,  beeper ,  an d 
speaker .  Numerou s psycholinguisti c studie s demonstrat e 
tha t  peopl e comprehen d utterance s continuously , 
entertainin g multipl e lexica l  candidate s (e.g. ,  Marslen -
Wilson ,  1987) ,  makin g provisiona l  commitment s a t  point s 
o f  syntacti c ambiguity ,  an d resolvin g referenc e 
incrementall y (e.g. ,  Altmaim ,  1998 ;  Tanenhau s & 
Trueswell ,  1995) .  Recen t  studie s usin g ey e movement s t o a 
task-relevan t  objec t  i n a  visua l  workspac e a s peopl e follo w 
spoke n instruction s provid e strikin g evidenc e fo r  bot h 
incrementa l  understandin g an d rapi d integratio n o f  multipl e 
constraint s (Tanenhaus ,  Spivey-Knowlton ,  Eberhar d & 
Sedivy ,  1995 ;  1996 ;  Tanenhaus ,  Magnuso n &  Chambers , 
forthcoming) .  Fo r  example ,  i f  th e instructio n Clic k o n a 
beake r  i s presente d i n a  contex t  i n whic h ther e ar e tw o icon s 
o f  beaker s an d tw o icon s o f  beetles ,  the n referenc e wil l  b e 
delaye d unti l  th e wor d beake r  i s disambiguate d phoneticall y 
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(AUopenna ,  Magnuso n &  Tanenhaus ,  1998) .  However ,  i f 
ther e i s onl y a  singl e beetle ,  the n reference  wil l  b e speede d 
becaus e th e indefinit e articl e a  implie s tha t  ther e shoul d b e 
multipl e referents  -  a  conditio n me t  b y th e beaker s bu t  no t 
b y th e beetle .  Similarly ,  reference  resolutio n fo r  Clic k o n th e 
beetl e wil l  b e facilitate d becaus e th e beetl e i s th e onl y ico n 
tha t  i s unique .  However ,  i f  th e alternative s d o no t  satisf y th e 
uniquenes s condition s associate d wit h th e article ,  e.g. ,  i f 
ther e i s onl y on e beake r  an d tw o beetles ,  an d th e instructio n 
i s Clic k o n a  beaker ,  the n listener s ar c temporaril y  confused , 
lookin g first  a t  th e beetle s befor e clickin g o n th e beake r 
(Hanna ,  2001) . 

I f  suc h incrementa l  behavio r  carrie s ove r  int o 
recognitio n o f  synthesize d utterances ,  the n i t  shoul d b e 
possibl e t o develo p evaluatio n measure s tha t  ca n trac k th e 
temporar y commitment s listener s mak e a s the y ar e 
processin g utterances .  Thi s coul d establis h a  ne w evaluatio n 
methodolog y fo r  speec h synthesi s an d dialogu e system s tha t 
coul d provid e m u c h mor e fine-grained  informatio n tha n i s 
possibl e wit h existin g techniques .  Thi s i s particularl y 
importan t  fo r  evaluatin g th e qualit y o f  speec h synthesi s 
becaus e crucia l  informatio n abou t  potentia l  reference 
resolution ,  suc h a s th e for m o f  a n article ,  i s  carrie d b y 
monosyllabi c unstresse d word s tha t  exhibi t  considerabl e 
variabilit y  wit h loca l  phoneti c context ,  a s wel l  a s th e overal l 
prosodi c environmen t  o f  a n utterance .  Eye-trackin g 
measure s ar e goo d potentia l  candidate s fo r  suc h a n 
evaluatio n methodolog y becaus e the y ca n b e incorporate d 
int o natura l  task s an d ar e wel l  suite d fo r  an y applicatio n i n 
whic h th e use r  i s workin g withi n a  visua l  workspace .  Th e 
presen t  stud y explore s th e feasibilit y  o f  usin g ey e trackin g 
fo r  thi s purpos e b y examinin g (a )  whethe r  processin g i s 
incremenu l  w h e n instruction s ar e generate d fixjm a  text-to -
speec h syste m an d (b )  whethe r  suc h investigation s migh t 
revea l  subtl e problem s wit h synthesize d speec h tha t  coul d 
impai r  real-tim e performanc e i n natura l  task s involvin g 
reference  resolution . 

Dialogue systems as a psycbolinguistic tool 

Ther e i s a  growin g awarenes s i n th e psycbolinguisti c 
communit y o f  th e importanc e o f  examinin g real-tim e 
processin g i n natura l  task s usin g conversationa l  language . 
Th e adven t  o f  head-mounte d ey e trackin g ha s begu n t o 
m a ke suc h investigation s possible .  However ,  th e field  i s 
currentl y facin g bot h a  theoretica l  an d a  methodologica l 
challenge .  Th e long-ter m theoretica l  challeng e i s tha t  w e 
nee d theorie s o f  discours e processin g tha t  ca n incorporat e 
th e notio n o f  a  rich,  dynami c contex t  tha t  characterize s th e 
typ e o f  knowledg e tha t  listener s an d speaker s brin g t o bea r 
on real-tim e interactiv e conversation .  W e sugges t  tha t 
practica l  dialogu e systems ,  tha t  is ,  dialogu e system s i n 
whic h participant s focu s o n a  specifi c  tas k suc h a s tutorin g 
or  proble m solving ,  ar e th e right  grai n t o provid e suc h 
models ,  i f  the y ar e modifie d t o addres s real-tim e generatio n 
and understanding .  Th e shorter-ter m methodologica l 
challeng e i s tha t  w e nee d method s o f  generatin g utterance s 
on th e fly  base d o n th e curren t  stat e o f  th e discourse ,  i n 

orde r  t o allo w testin g o f  alternativ e hypotheses ,  b y 
presentin g trial s o n which ,  fo r  example ,  a n inappropriat e 
referential  expressio n i s used .  Suc h trial s catmo t  b e 
plausibl y generate d b y a  confederat e speaker ,  no r  i s i t 
feasibl e t o us e pre-recorde d instruction s i n an y bu t  th e 
simples t  experiments .  W e believ e tha t  i t  wil l  soo n b e 
possibl e t o us e practica l  dialogu e system s fo r  thi s purpose . 
However ,  a  crucia l  preconditio n i s t o determin e whethe r 
listener s d o indee d proces s synthesize d utterance s 
incrementally . 

Experiment 

Th e curren t  experimen t  wa s intende d a s a n initia l 
investigatio n o f  th e utilit y  o f  usin g ey e movement s t o 
evaluat e spoke n dialogu e system s an d usin g text-to-speec h 
utterance s i n psycbolinguisti c experiments .  W e addresse d 
th e followin g question :  Wou l d listener s us e th e presenc e o f 
an indefinit e articl e compare d t o a  definit e articl e t o 
differentiall y  circumscrib e potentia l  referent s a s a n 
expressio n unfolds ? W e addresse d thi s questio n b y 
examinin g ey e movement s withi n display s containin g a  pai r 
of  identica l  shape s an d tw o uniqu e shapes ,  usin g 
instruction s suc h a s Clic k o n the/ a square .  Previou s researc h 
wit h experimenter-generate d instruction s demonstrate s tha t 
listener s assum e tha t  a  definit e articl e introduce s a  uniquel y 
describabl e referent ,  wherea s a n indefinit e articl e assume s 
tha t  mor e tha n on e referen t  meet s th e referential  descriptio n 
(Chambers ,  Tanenhaus ,  Eberhard ,  Fili p &  Carlson ,  i n press ; 
Hanna ,  2001) . 

Metliod 

Fiftee n member s o f  th e Universit y o f  Rocheste r  communit y 
wer e pai d fo r  thei r  participatio n i n thi s study .  Al l 
participant s wer e nativ e speaker s o f  Englis h an d ha d norma l 
or  corrected-to-norma l  vision .  I n th e experimenta l  trials , 
participant s sa w a  visua l  displa y (describe d below )  an d 
hear d a n auditor y instructio n (on e o f  thre e voic e conditions ) 
directin g the m t o clic k o n on e o f  th e object s o n th e screen . 
We use d a  withi n design ,  s o eac h participan t  hear d al l  thre e 
voic e condition s (synthesize r  I ,  synthesize r  2  an d th e huma n 
voice) ,  whic h wer e counterbalance d acros s experimenta l 
trials .  Th e auditor y stimul i  wer e generate d usin g tw o 
commerciall y availabl e text-to-speec h synthesizer s an d a 
digitall y  recorde d h u m a n voice .  Fo r  th e huma n voic e 
auditor y stimuli ,  eac h instructio n sentenc e wa s rea d alou d 
by a n adul t  mal e voluntee r  an d recorde d wit h a  T A S C A M 
portabl e D A T recorder .  Th e recorde d voic e instruction s 
wer e the n digitize d usin g th e SoimdEdi t  1 6 program .  Al l 
auditor y stimul i  wer e minimall y adjuste d digitall y  s o tha t 
th e critica l  nou n phrase s wer e comparabl e i n lengt h fo r  al l 
thre e voices . 

Ey e movement s wer e monitore d usin g a  lightweigh t 
head-mounte d pupil/comea l  reflectio n trackin g syste m 
( ISCAN ,  mode l  RK-726PCI) .  Calibratio n wa s monitore d 
throughou t  eac h trial ,  an d adjustment s wer e mad e betwee n 
trial s i f  necessary .  Th e experimenta l  material s wer e 
presente d wit h th e PsyScop c 1. 0 progra m o n a  Powe r 
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Macintos h 7100/6 6 wit h a  15 "  colo r  monitor . 
Durin g di e experimenta l  session ,  participant s wer e 

seate d a t  a  comfortabl e distanc e fro m th e compute r  monitor . 
For  eac h tria l  a  gri d (Figur e 1 )  appeare d o n th e screen .  Th e 
participan t  the n clicke d o n th e bull' s  ey e i n th e cente r  o f  th e 
gri d to  hea r  th e auditor y instruction ,  e.g. .  Clic k o n th e heart , 
whic h bega n playin g 200 0 m s afte r  th e mous e click .  W h e n 
th e participan t  clicke d o n th e targe t  objec t  th e gri d w a s 
replace d b y a  whit e scree n wit h th e printe d instructio n Clic k 
her e fo r  th e nex t  tria l  i n a  rando m locatio n o n th e screen . 

1 
f 

Figur e 1 :  Sampl e tria l  scree n fo r  th e experimen t 

Each person participated in 24 such trials, 8 in each 
speec h condition .  Th e voic e condition s wer e 
counterbalance d acros s experimenta l  trial s i n thre e lists .  Th e 
orde r  o f  th e voic e conditio n wa s pseudo-randomize d s o tha t 
th e sam e voic e woul d occu r  i n n o mor e tha n tw o 
consecutiv e trials .  Hal f  o f  th e trial s involve d a  defmit e nou n 
phrase ,  e.g. ,  Clic k o n th e heart ,  an d hal f  involve d a n 
indefinit e nou n phrase ,  e.g. .  Clic k o n a  square .  Th e definit e 
and indefinit e article s wer e neve r  use d infelicitousl y -
shape s referre d to  wit h a n indefinit e articl e wer e alway s 
duplicate d an d shape s referre d to  wit h a  definit e articl e wer e 
alway s unique . 

Results 

Participant s clearl y m a d e us e o f  informatio n abou t 
definitenes s w h e n comprehendin g bot h h u m a n an d 
synthesize d speech .  Recal l  tha t  th e displa y containe d fou r 
objects :  tw o wer e identica l  (duplicated )  an d tw o wer e 
unique .  Fo r  a  definit e instructio n on e o f  th e uniqu e object s 
was th e target .  Fo r  a n indefmit e instruction ,  th e participan t 
coul d selec t  eithe r  o f  th e duplicate d shapes .  Fo r  instruction s 
wit h definit e article s (e.g. ,  Clic k o n th e heart )  participant s 
wer e mor e likel y t o loo k a t  th e uniqu e distracto r  tha n eithe r 
of  th e duplicate d distractor s (F(2)=310.38 ,  M S E = 7 . 3 4 , 
p<.01) ,  an d ther e wa s n o interactio n wit h voic e type .  Fo r 
instruction s wit h indefinit e article s (e.g. .  Clic k o n a  square ) 
participant s wer e mor e likel y to  loo k a t  eithe r  o f  th e 

duplicate d item s tha n a t  th e definit e distractor s 
(F(l)= l  17.52 ,  MSE=10 .29 .  p<.01) .  Again ,  ther e wa s n o 
interactio n wit h voic e type . 

Let  u s firs t  conside r  th e trial s wit h instruction s containin g 
definit e articles .  Figur e 2  show s th e proportio n o f  look s ove r 
tim e to  th e target ,  th e uniqu e unrelate d item ,  an d th e tw o 
duplicat e unrelate d item s i n th e trial s wit h a  definit e articl e 
fo r  th e h u m a n voic e condition .  Th e zer o poin t  o n th e x-axi s 
correspond s to  th e onse t  o f  th e nou n phrase ,  e.g. ,  th e heart . 
Participant s clearl y us e th e definitenes s informatio n carrie d 
by th e articl e becaus e look s to  th e duplicat e unrelate d item s 
subsid e approximatel y 10 0 millisecond s befor e th e targe t  i s 
distinguishe d fro m ttie  uniqu e unrelate d item .  Thu s th e 
item s tha t  ar e consisten t  wid i  th e definit e articl e ar e first 
disambiguate d fi-om  th e item s tha t  ar e no t  consisten t  wit h 
th e definit e article ,  an d the n th e targe t  i s  disambiguate d 
fro m th e unrelate d item . 

Th e dat a fro m th e tw o synthesize d voic e condition s 
follo w th e sam e genera l  pattern .  Specifically ,  th e 
disambiguatio n betwee n uniqu e an d duplicate d item s (i.e. , 
definit e vs .  indefinite )  occur s approximatel y 10 0 
millisecond s befor e th e tw o uniqu e item s (i.e. ,  defmit e 
targe t  vs .  definit e utu-elated )  ar e disambiguate d i n eac h o f 
th e synthesize d voic e conditions . 

Ther e is ,  however ,  a n importan t  differenc e betwee n th e 
h u m an an d th e synthesize d voic e condition s -  th e 
disambiguatio n point s occtu -  late r  i n th e synthesize d voic e 
condition s tha n i n th e h u m a n voic e conditio n (Figur e 3) . 
Thi s differenc e i s no t  du e to  difference s i n th e lengt h o f  th e 
article s i n th e thre e voic e condition s -  w e hav e verifie d tha t 
thes e di d no t  differ . 

<\Atad^Ai^. ^ 

•  Uniqu e 
Targe t 

-A—Uniqu e 
Unre l 

-  Duplicat e 
Unre l  A 

• Dupliccu 
Unre l  B 

•BUIiMcond i  frao i  aoMt  o f  no u phru c 

Figur e 2 :  Result s fro m th e h u m a n voic e condition : 
Proportio n o f  look s t o al l  item s fo r  definit e instruction s 

One explanation for this difference could be that 
participant s hav e greate r  difficult y understandin g th e 
synthesize d voices .  Durin g debriefing ,  al l  participant s 
reporte d tha t  the y ha d hear d a t  leas t  tw o distinc t  voice s 
durin g th e experiment ,  an d a t  leas t  on e o f  thes e voice s w a s 
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readil y identifiabl e a s synthetic . 
Wc evaluate d thi s hypothesi s m o r e formall y b y 

conductin g a  simpl e voic e judgmen t  survey .  A  n e w grou p o f 
16 participant s listene d t o th e auditor y stimul i  withou t  th e 
visua l  contex t  an d wrot e d o w n wha t  the y though t  the y hear d 
fo r  eac h trial .  W e compare d thei r  response s t o th e intende d 
speec h an d foun d n o difference s i n accurac y betwee n th e 
voic e condition s fo r  th e definit e instruction s -  i n fac t 
performanc e w a s a t  ceilin g fo r  al l  definit e instructio n 
auditor y stimul i  excep t  one .  I n contrast ,  w e observe d larg e 
difference s i n accurac y fo r  th e indefinit e instruction s ( F -
6.43 ,  p  <  .01) .  T h e averag e accurac y fo r  th e h u m a n voic e 
w as 8 0 % ,  whil e th e accurac y score s fo r  th e synthesize d 
voice s wer e 6 5 % fo r  synthesize r  1  an d 3 1 % fo r  synthesize r 
2.  Thi s suggest s tha t  th e dela y i n referenc e resolutio n fo r 
synthesize d definit e instruction s m a y b e du e t o 
distributiona l  characteristic s o f  th e voice s ove r  th e cours e o f 
th e interaction .  W e wil l  retur n t o thi s issu e afte r  examinin g 
th e result s fo r  th e indefinit e instructio n trials . 

Synl 
Targe t 
Synl 
Unre l 
Syn2 
Targe t 
Syn2 
Unrel 

•lUuecoad s fro m obm(  o r  asu a parat c 

Figur e 3 :  Proportio n o f  look s t o targe t  (unique )  an d uniqu e 
unrelate d item s fo r  definit e instruction s 

Now let us consider the trials with instructions 
containin g indefinit e articles .  Figur e 4  show s th e averag e 
proportio n o f  look s ove r  tim e t o th e targe t  (duplicate )  item s 
an d th e unrelate d (unique )  item s fo r  eac h o f  th e thre e voic e 
condition s durin g th e trial s wit h indefmit e instructions ,  e.g. . 
Clic k o n a  square .  Not e tha t  i n th e indefinit e condition , 
eithe r  o f  th e duplicate d item s i s a n appropriat e targe t  i n 
respons e t o th e spoke n instruction .  Fo r  clarit y o f 
presentation ,  look s t o eithe r  o f  th e indefinit e target s ar e 
s u m m ed togethe r  an d represente d a s a  singl e lin e fo r  eac h o f 
th e voic e condition s i n Figur e 3 .  Similarly ,  look s t o eithe r  o f 
th e unrelate d (imique )  item s ar e siunme d togethe r  i n a  singl e 
lin e fo r  eac h voice .  Again ,  th e zer o poin t  o n th e x-axi s 
correspond s t o th e onse t  o f  th e nou n phrase ,  e.g. ,  a  square . 

For  al l  voic e conditions ,  look s t o th e duplicate d item s 
diverg e fro m look s t o th e uniqu e item s a t  roughl y th e sam e 
point .  W e carmo t  tel l  from  thi s dat a whethe r  thes e ey e 

movement s ar e du e t o processin g o f  th e indefinit e articl e o r 
whethe r  the y ar e du e t o processin g o f  th e noun .  I t  i s 
surprisin g tha t  w e d o no t  se e difference s i n th e tim e cours e 
o f  look s betwee n th e voic e conditions ,  give n th e difference s 
i n accurac y fo r  th e voic e judgemen t  survey ,  bu t  a n 
examinatio n o f  look s t o th e tw o duplicate d item s m a y 
provid e a n explanation . 
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Figur e 4 :  Averag e proportio n o f  look s t o targe t  (duplicate ) 
an d uiu-elate d (imique )  item s fo r  indefinit e instruction s 

-Hu m 
Chosen 

-  Hu m No t 
Chosen 

-Syn l 
Chosen 

-Syn l  No t 
Chosen 

-Syn 2 
Chosen 

-Syn2No t 
Chosen 

« 5  £  2  2  S  3  p  =  I 
mlllliecoBd f  fro m omte t  o f  bod b pbraj c 

Figur e 5 :  Proportio n o f  look s t o th e targe t  (duplicate )  item s 
chose n an d no t  chose n fo r  indefinit e instruction s 

Figure 5 shows the proportion of looks over time to the 
tw o possibl e targe t  items .  Fo r  eac h voic e conditio n th e ite m 
identifie d a s "chosen "  i s  th e duplicate d ite m tha t  th e 
participan t  eventuall y clicke d o n an d th e ite m identifie d a s 
"no t  chosen "  i s th e othe r  duplicate d item . 

For  instruction s i n th e h u m a n voic e condition ,  participant s 
considere d eac h o f  th e duplicate d item s befor e clickin g o n 
one ,  reflectin g th e expecte d circumscriptio n o f  referentia l 
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domai n i n th e indefinit e condition .  Fo r  instruction s i n th e 
synthesize d voic e conditions ,  participant s tende d t o chc k o n 
th e firs t  o f  th e duplicate d item s tha t  cam e t o thei r  attention , 
reflectin g a  mor e restricte d referentia l  domai n tha n expecte d 
-  on e mor e appropriat e t o a  definit e articl e interpretation . 

Thes e result s demonstrat e tha t  participant s mak e differen t 
assumption s abou t  th e felicit y o f  th e us e o f  th e articl e fo r  th e 
synthesize d speec h instruction s tha n fo r  th e natura l  speec h 
instructions ,  du e t o globa l  difference s i n h o w wel l  th e 
indefinit e article s coul d b e understoo d i n th e thre e voic e 
conditions .  Thi s coul d als o explai n th e delay s i n 
disambiguatio n fo r  th e definit e articl e instructions . 

Implications 

Peopl e proces s spoke n languag e continuously ,  eve n thoug h 
continuou s recognitio n entail s resolvin g numerou s 
temporar y ambiguitie s o n th e fly .  W e hav e show n tha t  thi s 
mode o f  recognitio n carrie s ove r  t o speec h tha t  i s clearl y 
identifiabl e a s computer-generate d artificia l  speech .  Th e 
result s sugges t  tha t  thi s paradig m ca n b e use d t o provid e a 
fine-graine d evaluatio n o f  comprehensio n durin g human -
compute r  dialogue .  Specifically ,  durin g referenc e 
resolution ,  listener s us e cue s suc h a s definitenes s tha t  ar e 
ofte n carrie d b y shor t  unstresse d word s tha t  ar e difficul t  t o 
synthesize .  Lac k o f  clarit y i n synthesizin g thes e word s m a y 
interfer e wit h referenc e resolution .  Whil e perhap s no t  a 
proble m i n suc h simpl e task s a s these ,  w e ca n expec t  i t  t o b e 
more problemati c i n mor e comple x applications ,  an d a s th e 
globa l  characteristic s o f  th e sjjeec h caus e interaction s wit h 
additiona l  erro r  sources ,  suc h a s unnatura l  prosodi c cues . 
The importan t  poin t  here ,  however ,  i s  tha t  th e eye-trackin g 
techniqu e ca n revea l  eve n subtl e comprehensio n problem s a t 
a fine  degre e o f  tempora l  resolution .  Thi s suggest s tha t  th e 
same techniqu e coul d b e use d t o evaluat e component s suc h 
as thos e affectin g lexica l  choice ,  sentenc e structure , 
intonatio n an d eve n higher-leve l  discours e intentions .  I n 
addition ,  th e eye-trackin g paradig m ma y provid e a  valuabl e 
ne w metho d o f  comprehensio n evaluatio n i n multimoda l 
languag e application s usin g visua l  displays . 

Moreover ,  ou r  finding  tha t  peopl e naturall y proces s 
synthesize d speec h incrementall y mean s tha t  computationa l 
dialogue-base d system s hav e th e potentia l  t o b e a 
psycholinguisti c  tool ,  especiall y fo r  experimenta l  question s 
wher e i t  i s  importan t  t o b e abl e t o generat e utterance s o n th e 
fly.  B y usin g suc h systems ,  w e coul d generat e mor e 
comple x stimul i  tha n i s possibl e usin g a  confederat e o r  pre -
recorde d speech .  Whil e ther e remain s muc h t o b e don e t o 
make thi s a  reality ,  th e rang e o f  experiment s i t  woul d enabl e 
i s grea t 
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K 1 S 5 B6 

Abstrac t 

In this paper we argue that in order to resolve the controversy in 
Second Languag e Acquisitio n researc h concernin g whethe r  o r 
not  direc t  instructio n i s neede d fo r  secon d languag e acquisition , 
we nee d t o us e a  broade r  sens e o f  'consciousness '  tha n i s use d 
by secon d languag e researchers .  Block' s classificatio n o f 
consciousnes s int o Acces s an d Phenomena l  consciousnes s 
seeni s promising .  W e associat e Phenomena l  consciousnes s wit h 
explici t  knowledg e an d sugges t  tha t  explici t  instructio n i s 
usefiil .  I t  enhance s linguisti c competence . 

Introduction 
Thi s pape r  addresse s a  questio n tha t  i s  o f  grea t  importanc e fo r 
Secon d Languag e Acquisitio n (SLA )  research .  Th e questio n i s 
"wha t  shoul d th e rol e o f  consciousnes s i n secon d languag e (L2 ) 
acquisitio n be? '  I t  i s  in^ortan t  t o answe r  dii s  questio n i n orde r 
t o resolv e on e o f  th e bigges t  debate s i n th e field  o f  SLA , 
namel y whethe r  o r  no t  direc t  instructio n i s necessar y o r  eve n 
valuabl e i n L 2 acquisition . 

S L A researcher s intereste d i n consciousnes s shoul d star t  b y 
considerin g wha t  other s hav e t o sa y abou t  it .  Thi s i s necessar y 
t o develo p a  con^>rehensiv e pictur e o f  consciousness .  Th e 
debat e i n S L A ne«^ s t o b e informe d b y a n adequat e notio n o f 
what  consciousnes s is .  Onl y i n thi s wa y ca n w e reac h a n 
adequat e vie w abou t  it s role . 

One plac e t o star t  i s  t o conside r  wha t  i s  sai d abou t 
consciousnes s i n philosophy .  W e wil l  star t  b y comparin g th e 
differen t  definition s o f  consciousnes s use d b y S L A researcher s 
and b y philosophers .  Nex t  w e wil l  introduc e th e controvers y 
ove r  whethe r  L 2 learner s nee d t o b e consciou s o f  gramma r 
rule s t o lea m th e targe t  language .  The n w e wil l  examin e 
Block' s well-know n distinctio n betwee n acces s (A ) 
consciousnes s an d phenomena l  (? )  consciousnes s an d wher e 
language ,  o r  mor e specificall y secon d language ,  fit s  int o thi s 
categorization .  Wit h this ,  w e migh t  b e on e ste p close r  t o 
understandin g th e rol e o f  consciousnes s i n L 2 
learning/acquisition . 

Issue s a n d Position s 

Deflnition(s )  o f  Consciousnes s 

H o w d o S L A theorist s an d philosopher s thin k abou t 
consciousness ? A s i t  turn s out ,  quit e differently .  Le t  u s loo k 
at  som e o f  th e similaritie s an d differences . 

W h en S L A theorist s tal k abou t  consciousness ,  the y us e th e 
ter m i n a  quit e narro w sense .  Schmid t  (1995) ,  fo r  example , 
point s ou t  tha t  ther e ar e thre e differen t  sense s o f  th e ter m 
'consciousness '  a s i t  i s  use d i n S L A theory :  level s o f 
perception ,  noticing ,  an d imderstanding .  B y contrast , 
philosopher s hav e a  broade r  understandin g o f  th e term . 
Accordin g t o Clar k (2001) ,  th e possibilitie s includ e 
wakefulness ,  self-awareness ,  availabilit y  fo r  verba l  report , 
availabilit y  fo r  contro l  o f  intentiona l  action ,  an d qualia . 

To determin e i f  al l  thes e term s ar e discussin g th e same , 
comple x entity ,  the y nee d t o b e fiirthe r  defined .  I f  on e 
desire s t o appl y concept s o f  on e disciplin e t o anothe r 
(philosoph y t o S L A i n thi s case) ,  thi s i s somethin g tha t  w e 
need t o know . 

Accordin g t o Schmidt ,  'level s o f  perception '  coul d be 
define d a s level s o f  a  proces s o f  obtainin g an d perhap s 
processin g information .  Schmid t  define s 'noticing '  a s 
rehearsa l  i n short-ter m memory ,  whil e b y 'understanding '  h e 
refer s t o rul e understanding ,  i.e. ,  graspin g th e meaning s o f 
rule s an d becomin g thoroughl y femiliar  wit h them . 

Definition s o f  th e term s from  Clark' s lis t  o f  possibilitie s 
migh t  g o a s follows :  wakefubes s i s define d a s a  stat e i n 
whic h w e ar e sensitiv e t o ou r  surrounding s an d i n whic h w e 
can proces s incomin g informatio n an d respon d t o i t 
appropriately .  Self-awarenes s h e define s a s a  capacit y t o 
represen t  ourselve s an d t o b e consciou s o f  ourselve s 'a s 
distinc t  agents' .  Availabilit y  fo r  verba l  repor t  i s  th e capacit y 
t o acces s ou r  ow n inne r  state s an d t o describ e the m usin g 
natura l  language ,  whil e quali a concern s ho w thing s fee l  t o us . 

Fro m th e above ,  on e ca n conclud e tha t  S L A theorist s tak e 
consciousnes s t o b e somethin g narrowe r  tha n philosopher s 
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believe .  Perceptio n an d wakefulnes s ma y refe r  t o (o r  b e 
containe d in )  th e sam e aspec t  o f  consciousness ,  whil e noticin g 
and understandin g coul d b e see n a s par t  o f  availabilit y  fo r 
verba l  report .  However ,  self-awarenes s an d quali a ar e missin g 
from  th e S L A pictur e o f  consciousness .  Ye t  i n secon d 
languag e learnin g (SLL )  an d acquisition ,  self-awarenes s an d 
quali a ma y pla y a n importan t  role .  I t  i s  wel l  know n tha t 
languag e i s closel y associate d wit h consciousnes s i n th e 
broade r  understandin g tha t  w e fm d i n Clar k an d othe r 
philosophers .  I f  so ,  thi s broade r  notio n o f  consciousnes s need s 
t o b e considere d b y S L A theorists .  W e wil l  retur n t o thi s 
topic .  Fo r  now ,  le t  u s simpl y not e tha t  S L A researcher s us e a 
narro w notio n o f  consciousness. ' 

Consciousness and SLA 

Next  w e wan t  t o conside r  a  grou p o f  relate d issues :  th e rol e o f 
consciousnes s i n variou s S L A theorie s th e debat e i n S L A an d 
L 2 pedagog y abou t  it s prope r  role ,  th e rol e o f  Universa l 
Grammar  ( U G )  i n L 2 acquisitio n ,  an d th e respectiv e role s o f 
implici t  an d explici t  learnin g i n SLA . 

Accordin g t o Robinso n (1996) ,  curren t  debat e i n S L A i s 
centre d o n th e rol e o f  consciousnes s i n L 2 development .  Thi s 
controvers y i s centre d i n tur n o n th e questio n o f  whethe r  o r  no t 
grammatica l  instructio n i s effectiv e fo r  L 2 acquisitio n an d i f  s o 
what  kin d o f  grammatica l  instructio n i s bes t  Ther e ar e 
researcher s w h o argu e tha t  grammatica l  instructio n ha s onl y 
minima l  effec t  o n L 2 acquisition ,  Krashe n (1981 )  fo r  example . 
Accordin g t o him ,  L 2 developmen t  i s largel y a n unconsciou s 
process .  Krashe n doe s allo w tha t  ther e ar e tw o processe s 
involve d i n L 2 development ,  a  consciou s proces s o f  learnin g 
and a n unconsciou s proces s o f  acquisition .  Th e consciou s 
proces s o f  learnin g i s a  syste m base d o n rule s an d thei r 
application ,  whil e th e unconsciou s proces s o f  acquisitio n i s a 
syste m responsibl e fo r  languag e production .  Accordin g t o 
Krashen ,  consciou s learnin g i s limite d t o a  smal l  se t  o f  simpl e 
rule-governe d domains .  B y contrast ,  developmen t  o f  th e muc h 
more substantia l  acquire d syste m i s fostere d b y avoidin g 
instructio n an d th e provisio n o f  L 2 rules .  I n hi s view ,  learner s 
onl y hav e t o b e expose d t o comprehensibl e languag e inpu t  i n 
orde r  t o acquir e grammar . 

On th e othe r  side ,  ther e ar e researcher s w h o argu e tha t 
comprehensibl e inpu t  alon e i s no t  enoug h fo r  optima l 
acquisitio n o f  th e differen t  aspect s o f  gramma r  an d tha t 
consciou s grammatica l  instructio n i s necessar y i f  learner s ar e 
t o hav e th e dat a the y nee d t o acquir e gramma r  (Strozer ,  1994) . 
I n particular ,  Schmid t  (1994 )  argue s tha t  consciousnes s o f 
inpu t  a t  th e leve l  o f  noticin g i s a  necessar y conditio n fo r  L 2 
development .  M a n y othe r  researcher s suppor t  thi s view .  The y 
use term s suc h a s focus-on-for m (Long ,  1994) ,  consciousness -

I t  i s  importan t  t o mentio n tha t  th e abov e ar e no t  th e onl y 
definition s o f  consciousnes s i n eithe r  discipline .  However ,  the y 
ar e th e mos t  common ones . 

raisin g (Elli s  1993 ,  Foto s an d Elli s  1991 ,  Rutherford ,  1987) , 
and input-enhancemen t  (Sharwoo d Smith ,  1991) .  I n on e wa y 
or  another ,  al l  o f  thes e term s ar e abou t  directin g learners ' 
attentio n t o granmiatica l  for m i n orde r  t o hel p the m 
internaliz e th e L 2 system .  Accordin g t o thes e researchers , 
teachin g shoul d includ e opportunitie s fo r  learner s t o focu s o n 
for m an d consciousl y notic e feature s o f  th e L 2 the y ar e 
learning . 

Universal Grammar and L2 Acquisition 

I t  migh t  appea r  tha t  becaus e ther e i s littl e o r  n o nee d fo r 
consciou s instructio n i n L I  acquisition ,  ther e i s littl e o r  n o 
nee d fo r  i t  i n L 2 acquisitio n either .  However ,  i t  i s  wel l  know n 
tha t  th e tw o processe s ar e quit e differen t  from  on e another . 
Let  u s compar e th e tw o i n term s o f  th e theor y o f  Universa l 
Grammar  ( U G ) . 

Accordin g t o Chomsk y (1980) ,  al l  o f  u s hav e a n innat e 
capacit y fo r  languag e an d w e canno t  chos e no t  t o lear n 
language .  W e hav e a  menta l  facult y fo r  languag e tha t  simpl y 
'grows '  a s an y othe r  orga n o f  ou r  bod y grows .  Al l  tha t  w e 
nee d i s a  triggerin g cause ,  namely ,  a  languag e environment . 
For  L I  acquisition ,  littl e o r  n o direc t  teachin g i s needed . 

Accordin g t o Flyn n (1996) ,  th e theor y o f  U G doe s no t 
make an y direc t  claim s abou t  L 2 acquisition .  However ,  i t  i s 
importan t  t o kno w whethe r  o r  no t  L 2 learner s i n th e proces s 
of  L 2 acquisitio n hav e acces s t o U G .  Elli s  (1997 )  point s ou t 
tha t  differen t  theorie s dea l  wit h thi s issu e differently . 
However ,  ther e i s som e goo d evidenc e fo r  th e a  Partia l 
Acces s Hypothesis ,  whic h hold s tha t  onl y th e parameter s o f 
U G tha t  ar e c o m m o n t o L I  an d L 2 ar e accessibl e t o a n L 2 
learner .  Accordin g t o thi s view ,  a n L 2 learne r  need s t o lea m 
everythin g els e b y usin g genera l  problem-solvin g strategies . 
I f  thi s i s so ,  ther e i s clearl y roo m fo r  direc t  consciou s 
instructio n i n L 2 learning . 

Explicit and Implicit Knowledge and SLA 

I t  i s  obviou s tha t  i n L 2 acquisition ,  bot h explici t  an d 
implici t  learnin g ar e present .  Bu t  tha t  i s  no t  th e sam e thin g a s 
direc t  consciou s instructio n bein g necessar y fo r  L 2 learning . 
Nor  doe s i t  sa y anythin g abou t  th e effect s o f  eac h typ e o f 
learning .  S o le t  u s loo k thes e tw o kind s o f  learnin g an d thei r 
connection(s )  t o consciousness .  Befor e w e ente r  thi s inquiry , 
le t  u s defin e th e tw o type s o f  knowledg e tha t  thes e tw o type s 
of  learnin g yield . 

Accordin g t o Ellis ,  explici t  knowledg e i s "th e L 2 
knowledg e o f  whic h a  learne r  i s awar e an d ca n verbaliz e o n 
request" ,  whil e th e implici t  knowledg e i s "th e L 2 knowledg e 
of  whic h a  learne r  i s imawar e an d therefor e canno t  verbalize. " 
(Ellis ,  1997,139) .  W e ca n repor t  explici t  knowledge ,  whil e 
we ar e no t  awar e o f  implici t  knowledge . 

Hulstij n an d Graaf f  (1994 )  attemp t  t o determin e t o wha t 
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exten t  S L A an d acquisitio n o f  implici t  knowledg e ca n b e 
assiste d b y explici t  learnin g (instruction) .  Accordin g t o them , 
learnin g varie s from  spontaneou s discover y b y a  learne r  t o 
explici t  instruction s b y a  teacher .  The y argu e tha t  i n fluent 
speakers ,  knowledg e o f  L 2 i s mostl y implicit .  That ,  however , 
doe s no t  settl e th e questio n o f  whether ,  befor e native-lik e 
fluenc y i n L 2 i s reached ,  ther e i s a  nee d fo r  explici t  instruction . 

Ther e ar e tw o position s concernin g th e question ,  'ho w fluen t 
ca n a  speake r  becom e withou t  explici t  knowledge?' .  The y ar e 
th e Noninterfac e Position ,  whic h argue s tha t  implici t 
knowledg e i s no t  influence d b y explici t  knowledge ,  an d th e 
Interfac e position ,  whic h urge s tha t  th e acquisitio n o f  implici t 
knowledg e m a y b e influence d b y explici t  knowledge .  Th e 
Interfac e Positio n i s divide d int o a  Strong-Interfac e Positio n 
and a  Weak-Interfac e Position .  Accordin g t o th e Stron g 
Position ,  explici t  knowledg e become s in l̂ici t  knowledg e 
throug h practice .  Thi s positio n i s derive d fro m skil l 
acquisitio n dieory ;  L 2 acquisitio n i s see n a s th e automatizatio n 
of  th e applicatio n o f  explici t  gramma r  rules .  Accordin g t o th e 
W e ak Position ,  e}q>lici t  knowledg e onl y aid s th e acquisitio n o f 
iii:q)lici t  knowledge .  I f  a  learne r  i s read y fo r  th e ne w 
knowledge ,  hi s consciou s knowledg e wil l  becom e implicit . 
Applicatio n o f  implicitl y  knowledg e ca n merel y b e improve d 
throug h explici t  instructio n (Ellis ,  1993) . 

Let  u s n o w tur n t o philosophica l  definition(s )  o f 
consciousness . 

Consciousness in Philosophy 

Th e initia l  tas k o f  thi s pape r  wa s t o conside r  wha t  philosopher s 
hav e t o sa y abou t  consciousnes s i n orde r  t o searc h fo r 
conceptua l  issue s tha t  m a y eas e an d perhap s resolv e th e 
curren t  debat e i n S L A relate d t o th e rol e o f  consciousnes s i n 
L 2 learnin g and/o r  acquisition .  Le t  u s retur n t o th e issu e o f 
what  philosopher s hav e t o sa y abou t  consciousness . 

Bloc k (1999 )  introduce d a n interestin g categorizatio n o f 
consciousnes s int o A-consciousnes s an d phenomena l  P -
consciousness .  Bloc k argue s tha t  A-consciousnes s i s 
informationa l  processin g an d contro l  o f  though t  an d action . 
Accordin g t o hi m " a stat e i s A-consciou s i f  i t  i s  poise d fo r 
direc t  contro l  o f  though t  an d action,. .  fo r  free  us e i n reasonin g 
and fo r  direc t  'rational '  contro l  o f  actio n an d speech. "  (Block , 
1999) .  B y contrast ,  h e define s P-consciousnes s a s wha t  w e 
see ,  smell ,  taste ,  an d feel .  Accordin g t o Block ,  P -
consciousnes s i s wha t  i t  i s  lik e t o hav e sensations ,  feelings , 
perceptions ,  thoughts ,  wants ,  an d emotions :  "wha t  make s a 
stat e phenomenall y consciou s i s tha t  ther e i s somethin g i t  i s 
lik e t o b e i n tha t  state "  (Block ,  1999) .  P-consciousnes s i s wha t 
we ordinaril y  cal l  experience . 

Bloc k point s ou t  tha t  ther e ar e thre e mai n difference s 
betwee n A-consciousnes s an d P-consciousness .  Th e first 
differenc e concern s content .  P-consciousnes s conten t  i s 
phenomena l  (i t  i s lik e somethin g t o hav e it )  whil e th e conten t 

of  A-consciousnes s i s representational .  Th e latte r  enter s int o 
reasoning ,  behavioura l  control ,  etc .  Th e secon d differenc e i s 
tha t  A-consciousnes s i s define d i n term s o f  function s i n a 
cognitiv e syste m whil e P-consciousnes s i s not .  Th e thir d 
differenc e i s i n th e paradigm s o f  eac h typ e o f  consciousness . 
Th e paradigmati c case s o f  P-consciousnes s ar e sensations , 
whil e thos e o f  A-consciousnes s ar e propositiona l  attitudes . 

As fo r  th e relationshi p betwee n A-consciousnes s an d P -
consciousness ,  Bloc k argue s tha t  eve n thoug h A -
consciousnes s an d P-consciousnes s ar e separat e entities ,  the y 
do interact ,  influenc e on e anothe r  an d migh t  eve n b e th e 
produc t  o f  on e another .  A  P-consciousnes s chang e i n wha t  i s 
figure  an d wha t  i s ground ,  fo r  example ,  migh t  hav e functiona l 
effect s o n wha t  on e come s t o believ e o r  do .  However ,  lac k o f 
one typ e o f  consciousnes s doe s no t  guarante e lac k o f  th e 
other .  W e wil l  retur n t o th e issu e o f  whethe r  i t  i s possibl e t o 
hav e A-consciousnes s withou t  P-consciousnes s o r  vice-versa . 

Let  u s n o w examin e h o w L 2 acquisitio n an d languag e i n 
genera l  fit  int o th e Block' s distinction . 

Philosophical Views of Consciousness and 

th e Issu e o f  C o n s c i o u s Instruct io n 

So fa r  w e hav e lai d ou t  th e controvers y i n S L A o n th e 
questio n o f  whethe r  L 2 learner s benefi t  from  direc t  gramma r 
instructio n an d w e ha d looke d a t  a  philosophica l  vie w o f 
consciousness .  Le t  u s n o w tr y t o connec t  th e two .  Th e hop e 
i s tha t  philosoph y ca n hel p u s t o eas e thi s controversy .  H o w 
doe s L 2 acquisitio n fit  int o th e distinctio n betwee n A -
consciousnes s an d P-consciousness ? 

A-consciousnes s play s a n importan t  rol e i n reasonin g an d 
informatio n processing .  I t  i s closel y relate d t o 'knowin g h o w 
t o d o something' .  P-consciousness ,  b y contrast ,  i s  'i t  bein g 
lik e somethin g t o b e i n som e state' .  And ,  a s w e saw ,  however , 
differen t  thes e tw o notion s are ,  th e tw o kind s o f 
consciousnes s interact .  I n particular ,  on e ca n b e P-consciou s 
of  knowin g h o w t o d o something .  Similarly ,  th e wa y 
somethin g feel s t o yo u ca n mak e a  differenc e t o cognitiv e 
functioning .  Wha t  w e n o w nee d t o conside r  i s h o w th e tw o 
type s o f  consciousnes s relat e t o ou r  knowledg e o f  language , 
i n particula r  ou r  knowledg e o f  th e syntacti c structur e o f  th e 
language . 

Let  u s introduc e Chomsky' s distinctio n betwee n 
competenc e an d performance .  Competenc e refer s t o a 
speaker' s knowledg e o f  th e languag e whil e performanc e i s 
th e actua l  us e o f  languag e an d reflect s no t  onl y competenc e 
but  als o suc h othe r  factor s a s abilit y  t o utiliz e competence , 
tim e constraints ,  an d s o on .  Performanc e i s th e actua l  us e o f 
languag e i n differen t  situations ,  h o w w e actuall y speak ,  use , 
or  manipulat e language .  Linguisti c performanc e i s par t  o f  a 
lo t  o f  A-consciousness .  Competence ,  '  speaker's/hearer' s 
knowledg e o f  language' ,  i s  no t  tie d i n th e sam e w a y t o P -
consciousness .  Mos t  o f  ou r  competenc e i s i n thi s sens e 
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unconscious .  Still ,  ther e i s a  relationshi p betwee n competenc e 
and P-consciousness ,  a s w e wil l  see .  T o brin g ou t  thi s 
relationship ,  le t  u s connec t  A-consciousnes s an d P -
consciousnes s t o implici t  an d explici t  knowledge .  W e wil l 
argu e tha t  P-consciousnes s i s similar ,  i f  no t  identical ,  t o 
explici t  knowledg e an d tha t  explici t  instructio n whic h ease s th e 
acquisitio n o f  implici t  knowledg e enhance s competence . 

Star t  wit h U G .  I f  U G i s innate ,  i t  i s  no t  dependen t  o n P -
consciousness .  Wha t  i s develope d afte r  th e triggerin g effec t  o f 
th e languag e environmen t  i s a t  leas t  A-consciousness ,  'poise d 
fo r  contro l  o f  though t  an d action' .  A-consciousnes s o f 
languag e i s no t  presen t  a t  birth .  A-consciousnes s o f  languag e 
i s indirectl y influence d b y P-consciousnes s o f  languag e wit h 
whic h i t  interact s eve n durin g th e developmenta l  phas e 
becaus e childre n no t  onl y com e t o us e language ,  i t  i s  lik e 
somethin g fo r  the m t o hav e languag e (i n di e usual ,  P-consciou s 
sens e o f  th e term ,  the y ar e consciou s o f  th e languag e the y 
know) ,  an d thi s consciousnes s ha s effect s o n h o w the y us e 
language .  Th e tw o type s o f  consciousnes s o f  languag e develo p 
roughl y simultaneously .  However ,  tha t  doe s no t  sho w ye t  tha t 
P-consciousnes s o f  languag e enhance s an y o f  acquisition , 
competence ,  o r  performance . 

T im e t o brin g L 2 acquisitio n bac k ont o th e stage .  Doe s P -
consciousnes s hav e a  specia l  rol e t o pla y i n it ? W e thin k i t 
does .  Th e Partia l  Acces s Hypothesi s introduce d earlie r  i n thi s 
pape r  show s why .  I f  a n L 2 learne r  need s t o lea m al l  th e 
parameter s o f  U G tha t  ar e no t  c o m m o n t o hi s L I  an d L2 ,  tha t 
means tha t  th e parameter s peculia r  t o hi s L 2 ar e no t  include d 
i n hi s curren t  linguisti c competence .  I f  al l  U G parameter s ar e 
presen t  a t  birth ,  the n th e U G parameter s peculia r  t o th e L 2 
wer e los t  a t  som e poin t  durin g o r  afte r  th e proces s o f  L I 
acquisition .  Thes e missin g parameter s i s a  majo r  differenc e 
betwee n L I  an d L 2 acquisition .  Pu t  i n term s o f  th e languag e o f 
consciousness ,  th e parameter s tha t  hav e droppe d ou t  ar e i n 
neithe r  th e subject' s A-consciousnes s o r  P-consciousnes s o f 
language .  (A n implicatio n o f  thi s i s that ,  no t  siuprisingly , 
consciousnes s o f  languag e i s languag e specific. ) 

We shoul d agre e wit h Krashe n whe n h e point s ou t  tha t  ther e 
ar e tw o differen t  processe s i n L 2 development ,  namel y 
learnin g an d acquisition .  However ,  i t  doe s no t  follo w tha t 
acquisitio n i s fostere d b y avoidin g explici t  instruction .  Recal l 
tha t  i n L 2 learning ,  bot h in:q)lici t  an d explici t  knowledg e ar e 
present .  I t  i s  plausibl e t o sugges t  tha t  i f  a  require d piec e o f 
linguisti c competenc e i s n o longe r  par t  o f  th e curren t 
competenc e o f  a  learner ,  the n h e wil l  nee d t o lea m i t  explicitl y 
i n orde r  t o (re)gai n a n implicit ,  automatize d abilit y  t o us e i t 
again . 

Earlie r  i n thi s pape r  Ellis '  defmitio n o f  explici t  an d implici t 
knowledg e wit h regar d t o L 2 learner s wa s accepted .  However , 
th e definitio n o f  th e tw o type s o f  knowledg e need s t o b e 
modifie d i n term s o f  P-consciousnes s an d A-consciousnes s o f 
language .  Explici t  knowledg e i s somethin g tha t  a  learne r  i s P -
consciou s o f  an d ca n verbaliz e o n request .  B y contrast ,  thoug h 

some implici t  knowledg e i s A-conscious ,  i t  i s  b y definitio n 
neve r  P-conscious .  Eve n thoug h w e ar e no t  P-consciou s o f 
our  implici t  knowledge ,  th e latte r  ca n b e influence d b y 
explicit ,  P-consciou s knowledge ,  jus t  becaus e A -
consciousnes s ca n b e influence d b y P-consciousness . 

N o w tha t  w e hav e presente d argimient s tha t  linguisti c 
performanc e consist s (a t  leas t  often ,  mayb e always )  i n A -
consciousnes s o f  languag e an d P-consciousnes s o f  languag e 
ca n enhanc e implicit ,  A-consciou s competenc e an d 
performance ,  le t  u s n o w loo k a t  thei r  interactio n i n a  bi t  mor e 
detail ,  t o tr y t o se e wher e explici t  instructio n fits. 

We presente d th e Interfac e Position s earlie r  i n thi s pape r 
and sai d tha t  accordin g t o th e W e a k Positio n explici t 
instructio n i n L 2 directl y influence s explici t  knowledg e whic h 
aid s th e acquisitio n o f  implici t  Imowledge .  Give n th e 
connectio n betwee n A-consciousnes s o f  languag e an d inq)lici t 
knowledg e an d P-consciousnes s an d explici t  knowledge ,  th e 
WeakPositio n an d Block' s (1999 )  vie w tha t  P-consciousnes s 
ca n influenc e A-consciousnes s ar e i n lin e wit h on e another . 

I n L I  acquisition ,  ther e i s n o nee d fo r  direc t  instruction . 
Durin g tiiis  proces s implici t  knowledg e o f  language , 
includin g A-consciousnes s o f  i t  an d P-consciousnes s o r 
explici t  knowledg e o f  languag e ar e present .  O n th e on e hand , 
nativ e speaker s ca n alway s judg e \̂ iiethe r  o n no t  a  sentenc e 
i s grammaticall y acceptable .  However ,  i n mos t  case s the y 
canno t  explai n why .  The y hav e explici t  knowledg e o f  th e 
sentence' s grammaticality ,  onl y implici t  knowledg e o f  why . 
I n th e cas e o f  L 2 learners ,  th e situatio n i s quit e th e opposite . 
I f  the y ca n judg e th e grammaticalit y o f  a  sentence ,  the y ca n 
als o cit e th e relevan t  rules .  Implici t  knowledg e o f  rule s play s 
littl e rol e sinc e th e necessar y competenc e i s no t  innat e an d ye t 
th e acquisitio n proces s ha s no t  ye t  rendere d i t  automati c an d 
implicit .  Indeed ,  i t  i s  no t  rar e tha t  a n L 2 learne r  i s capabl e o f 
explicitl y  spellin g ou t  a  grammatica l  rul e o f  hi s L 2 an d ye t 
canno t  appl y i t  i n hi s spoke n o r  writte n L 2 productions .  T o 
su m up ,  explici t  gramma r  instruction ,  essentia l  fo r 
acquisitio n o f  explici t  knowledg e (P-consciousness) ,  ca n als o 
enhanc e implici t  linguisti c competenc e an d performance .  Fo r 
tha t  reason ,  i t  shoul d b e use d i n L 2 teachin g (se e Figur e 1) . 
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Figur e 1 :  Indirec t  effec t  o f  explici t  instructio n i n L 2 o n 
linguisti c competenc e 

C o n c l u s i o n 

I n Ai s pape r  w e examine d a n importan t  questio n fo r  S L A 
theory ,  namely ,  th e rol e o f  consciousnes s i n L 2 acquisition . 
Thi s questio n wa s examine d i n orde r  t o determin e whethe r  o r 
not  explici t  instructio n i n gramma r  i s advantageou s durin g thi s 
process . 

We first  connpare d th e definition s o f  cotuciousnes s accepte d 
i n th e tw o discipline s an d conclude d tha t  perhap s S L A 
theorist s nee d t o conside r  consciousnes s i n a  broade r  sens e 
tha n the y do . 

We nex t  looke d a t  h o w differen t  S L A theorie s vie w th e rol e 
of  consciousnes s an d w e examine d th e controvers y i n S L A 
dieor y concernin g th e valu e o f  explici t  instructio n i n grammar . 
I n thi s connection ,  w e pai d specia l  attentio n t o th e rol e o f  U G 
i n L 2 acquisitio n an d rol e o f  implici t  an d explici t  knowledg e 
i n us e o f  U G . 

Thi s le d u s t o Block' s distinctio n betwee n A-consciousnes s 
and P-consciousness .  W e examine d h o w L 2 acquisitio n an d 
languag e i n genera l  fi t  thi s categorization .  W e suggeste d th e 
following : 

•  linguisti c performanc e i s a  for m o f  A-consciousness ,  ofte n 
at  least , 

•  subject s ca n b e bot h A-consciou s an d P-consciou s o f 
language ,  includin g U G , 

•  A-consciousnes s o f  languag e ca n b e languag e specific , 

•  A-consciousnes s o f  languag e i s a  for m o f  implici t 
knowledge ,  whil e P-consciousnes s o f  languag e i s explici t 
knowledge , 

•  P-consciousnes s ca n influenc e A-consciousness ,  and . 

•  P-consciousnes s o f  languag e ca n enhanc e linguisti c 
competenc e b y improvin g implici t  knowledge . 

The relationship  o f  al l  thi s t o explici t  instructio n i n L 2 
teachin g i s  a s follows .  Explici t  instructio n influence s explici t 
knowledge ,  obviously .  Havin g explici t  knowledg e mean s 
bein g P-conscious .  Bu t  havin g explici t  knowledg e o r  P -
consciousnes s o f  languag e ca n influenc e one' s A -
consciousnes s o f  it .  I n thi s  way ,  P-consciousnes s ca n enhanc e 
L 2 competenc e an d implici t  knowledg e (se e figur e 1) . 

Thi s pape r  trie s t o provid e a  theoretica l  bas e fo r  th e valu e 
of  explici t  gramma r  instructio n i n L 2 training .  Wha t  need s t o 
be examine d nex t  i s th e for m o f  th e instruction .  O n e o f  u s 
has pointe d ou t  elsewher e tha t  instructio n i n gramma r  shoul d 
tak e th e for m o f  task-based ,  form-focusse d instructio n tha t 
contain s bot h positiv e an d negativ e evidenc e (Torlakovid , 
2001) . 
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Abstrac t 

This study investigates the strategies used by expert scientists 
t o evaluat e hypothese s whe n the y analyz e data .  W e use d a n i n 
viv o methodolog y t o observ e experts '  on-lin e thinking .  I n 
contras t  t o th e result s o f  laborator y studie s o f  scientifi c 
reasoning ,  w e foun d tha t  th e scientist s rarel y use d 
experimentatio n bu t  relie d o n a  variet y o f  othe r  strategies , 
includin g conceptua l  simulation .  Thi s strateg y wa s mos t 
prevalen t  i n evaluatin g a  hypothesi s abou t  a  phenomeno n tha t 
violate d th e scientists '  expectations . 

Introduction 

H o w d o scientist s tes t  an d evaluat e hypotheses ? O n e 
obviou s answe r  i s tha t  the y desig n an d conduc t  experiments . 
Th e canonica l  metho d o f  scientifi c  inquir y i s represente d b y 
a cycl e o f  hypothesi s generation ,  experimentation ,  dat a 
analysi s an d hypothesi s refinemen t  tha t  ha s it s root s i n th e 
philosoph y o f  scienc e (Popper ,  1956 )  an d i s  frequentl y 
taugh t  explicitl y  t o student s (Okad a &  Shimokido ,  2001) . 

Psychologist s investigatin g th e processe s o f  scientifi c 
reasonin g hav e als o bee n influence d b y th e "scientifi c 
method "  an d s o hav e focuse d o n experimentatio n i n 
investigatin g hypothesis-evaluatio n strategies, .  Ther e hav e 
bee n numerou s laborator y studie s o f  scientifi c  reasonin g i n 
whic h participant s ar e aske d t o fin d th e caus e o f  a  give n 
effec t  (e.g .  Dunbar ,  1993 ;  Schun n &  Anderson ,  1999) ,  o r  t o 
identif y th e rol e o f  a  causa l  mechanis m (e.g. ,  Klah r  & 
Ehmbar ,  1988 ;  Traflo n &  Trickett ,  2001a ;  Trickett ,  Trafton , 
& Raymond ,  1998 ;  Volhneyer ,  B u m s ,  &  Holyoak ,  1996) .  I n 
dies e studies ,  participant s propos e hypotheses ,  the n desig n 
and ru n experiment s t o tes t  the m 

Ther e ar e severa l  reason s w h y participant s i n laborator y 
studie s o f  scienc e us e experimentatio n t o evaluat e 
hypotheses .  Th e instruction s i n thes e studie s explicitl y  tel l 
participant s t o ru n experiments .  Participant s hav e littl e 
choice—the y ar e provide d wit h limite d time ,  equipment , 
and materials .  Moreover ,  the y ar e frequentl y aske d t o reaso n 
i n a  domai n abou t  whic h the y hav e n o relevan t  knowledge . 
Runnin g a n experimen t  i s als o "cheap"—th e variable s ar e 
alread y identified ,  i t  involve s a  fe w mouse-clicks ,  an d th e 
result s ar e ahnos t  instantaneou s an d eas y t o interpret . 

However ,  practicin g scientist s hav e a  wide r  arra y o f 
options .  The y ca n selec t  thei r  o w n method s an d equipment , 
and ,  a s experts ,  the y hav e domai n knowledg e t o guid e thei r 
problem-solving .  Experimentatio n m a y no t  b e th e bes t 
strategy ,  a s i t  i s  expensiv e i n term s o f  planning ,  paperwork , 
personnel ,  th e nee d fo r  specia l  equipment ,  th e complexit y o f 
dat a interpretation ,  an d th e hig h cos t  o f  errors . 

W h at  strategie s beside s experimentatio n migh t  scientist s 
us e t o evaluat e hypotheses ? Prio r  researc h o n scientifi c 
thinkin g suggest s severa l  possibilities .  O n e likel y strateg y i s 
extractin g informatio n fro m data ,  whethe r  b y readin g of f 
information ,  transformin g data ,  replottin g data) ,  o r  lookin g 
at  dat a tha t  i s  no t  currentl y o n vie w bu t  tha t  i s  available . 
Trafto n foun d tha t  exper t  meteorologist s spen t  considerabl e 
tim e o n informatio n extractio n (Trafto n e t  al. ,  2000) . 

Give n th e cos t  o f  experimentation ,  i t  i s  als o likel y tha t 
scientist s us e differen t  strategie s t o reaso n abou t  hypothese s 
befor e committin g t o a n experiment .  Analogica l  reasonin g 
has bee n show n t o b e a  powerfu l  strateg y i n scienc e 
(Clement ,  1988 ;  Dunbar ,  1997 ;  Centne r  e t  al. ,  1997) .  I t 
allow s peopl e t o mak e inference s abou t  a n unknow n entit y 
base d upo n thei r  knowledg e o f  a  different ,  k n o w n entit y 
(Genmer ,  1983 )  an d ha s bee n propose d a s a  mechanis m o f 
conceptua l  chang e i n numerou s histori c scientifi c  advance s 
(Gentne r  e t  al. ,  1997 ;  Nersessian ,  1992 ;  Thagard ,  1992) .  I t 
i s  als o a  strateg y use d b y successfii l  contemporar y scientist s 
i n scientifi c  problem-solving ,  suc h a s hypothesi s generatio n 
(Clement ,  1988) ,  experimenta l  desig n (Dunbar ,  1997) ,  an d 
discover y itsel f  (Ueda ,  1997) .  Give n it s widesprea d us e i n 
othe r  aspect s o f  scientifi c  reasoning ,  i t  seem s plausibl e tha t 
analog y m a y b e use d a s a  hypothesis-testin g strategy ; 
however ,  whethe r  thi s  i s th e cas e remain s a n ope n question . 

Conceptua l  simulatio n ha s als o bee n show n t o b e a  mean s 
of  successfu l  scientifi c  reasonin g (Nersessian ,  1999 ;  Qi n & 
Simon ,  1990 ;  Schraagen ,  1993) .  A  conceptua l  simulatio n i s 
a mentall y constructe d mode l  o f  a  phenomeno n o r  dat a 
representatio n tha t  i s manipulate d i n suc h a  wa y tha t  ther e i s 
a resultin g chang e o f  stat e ( a forma l  definitio n i s provide d 
below) .  A s wit h analogy ,  conceptua l  simulation s hav e bee n 
propose d a s a  strateg y use d b y bot h historica l  an d practicin g 
scientists .  I n historica l  reconstructions ,  Ippolit o an d Twene y 
hav e develope d a  mode l  o f  insigh t  tha t  involve s th e 
constructio n o f  a  dynamic ,  "runnable "  menta l  mode l 
(Ippolit o &  Tweney ,  1995) ,  an d Nersessia n propose s tha t 
scientist s construc t  an d conduc t  menta l  experiment s tha t 
yiel d usabl e data ,  i n a  proces s tha t  mirror s a n empirica l 
experimen t  (Nersessian ,  1999) .  I n contemporar y scientifi c 
problem-solving ,  Hegart y ha s foun d tha t  peopl e develo p 
sequence s o f  menta l  animation s (Hegarty ,  1992) .  Qi n an d 
Simo n (1990 )  foun d tha t  peopl e use d a  serie s o f  menta l 
processe s o f  manipulation ,  control ,  an d inspectio n i n orde r 
t o extrac t  informatio n tha t  wa s onl y implici t  i n thei r  initia l 
menta l  image .  Similarly ,  participant s i n Schraagen' s stud y 
of  experimenta l  desig n use d a  strateg y o f  menta l  simulatio n 
t o projec t  wha t  experimenta l  procedure s woul d loo k lik e 
unde r  particula r  circumstance s (Schraagen ,  1993) .  A s wit h 
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analogy ,  ho w muc h scientist s us e conceptua l  simulation s i n 
evaluatin g hypothese s remain s a n ope n question . 

One ca n imagin e severa l  othe r  mean s whereb y scientist s 
migh t  evaluat e a  hypothesis .  Fo r  example ,  a  scientis t  migh t 
consul t  a  colleagu e o r  othe r  exper t  o r  attemp t  t o ti e th e 
hypothesi s int o curren t  theoretica l  understandin g o f  th e 
domain .  A  scientis t  migh t  als o defe r  evaluatio n unti l  som e 
late r  tim e o r  eve n abando n a  hypothesi s altogether . 

The purpos e o f  thi s researc h i s t o investigat e th e mean s b y 
whic h scientist s evaluat e hypotheses .  I n orde r  t o investigat e 
thi s issue ,  w e adapte d Dunbar' s i n viv o methodolog y 
(Dimbar ,  1997) ,  a n observationa l  techniqu e develope d t o 
stud y creativ e an d comple x thinkin g i n a  real-worl d context . 
The mai n advantag e o f  Dunbar' s metho d i s tha t  i t  allow s th e 
collectio n o f  on-lin e measure s o f  thinkin g b y expert s 
engage d i n audienti c scientifi c  tasks . 

Method 

We chos e t o investigat e scientist s a t  wor k durin g th e dat a 
analysi s phas e o f  thei r  researc h becaus e i t  i s a  stag e a t  whic h 
a grea t  dea l  o f  scientifi c  reasonin g take s place .  Scientist s 
must  integrat e thei r  expectation s abou t  th e dat a wit h th e 
actua l  data ;  i t  i s thu s likel y t o b e ric h i n hypotheses . 

We analyze d 8  differen t  dataset s fro m 9  scientist s 
workin g i n on e o f  4  domains—neuroscience ,  astronomy , 
computationa l  flui d dynamic s (CFD) ,  an d psychology .  Eac h 
datase t  consist s o f  a  recorde d sessio n i n whic h on e o r  mor e 
scientist s analyze d thei r  data . 

Participant s wer e al l  workin g scientist s recruite d throug h 
persona l  connectio n o f  th e experimenters .  Eithe r  the y wer e 
exper t  scientist s w h o ha d earne d thei r  PhD s mor e tha n 6 
year s previously ,  o r  the y wer e graduat e student s workin g 
alongsid e on e o f  thes e experts .  Onl y expert s wit h a  Ph.D . 
worke d alone ;  i n th e grou p session s involvin g graduat e 
students ,  th e scientis t  i n charg e alway s ha d a  Ph.D . 

Participant s agree d t o contac t  a  member  o f  th e researc h 
tea m whe n the y wer e read y t o conduc t  som e analysi s o f 
recentl y acquire d data ,  an d a n experimente r  visite d th e 
scientist s a t  thei r  regula r  wor k location .  Participant s 
workin g alon e wer e traine d t o giv e talk-alou d verba l 
protocols .  Fo r  scientist s workin g i n groups ,  w e recorde d 
thei r  conversatio n a s the y engage d i n scientifi c  discussio n 
abou t  thei r  data .  Al l  participant s wer e instructe d t o carr y ou t 
thei r  wor k withou t  explanatio n t o th e experimente r 
(Ericsso n &  Simon ,  1993) .  I t  i s  importan t  t o emphasiz e tha t 
al l  participant s wer e performin g thei r  usua l  task s i n th e 
manner  i n whic h the y typicall y di d so .  A t  th e beginnin g o f 
th e session ,  som e participant s gav e th e experimente r  a n 
explanator y overvie w o f  th e dat a an d th e question s t o b e 
resolved ,  an d afte r  th e session ,  th e experimente r  interviewe d 
th e participant s t o gai n clarificatio n abou t  an y uncertainties . 
Durin g th e analysi s sessio n itself ,  however ,  th e 
experimente r  di d no t  interrup t  th e participants . 

Al l  utterance s wer e late r  transcribe d an d segmente d 
accordin g t o complet e thought .  Al l  segment s wer e code d b y 
2 coder s a s on-tas k (dat a analysis )  o r  off-tas k (e.g. ,  softwar e 
management ,  phon e interruptions ,  jokes ,  etc.) .  Inter-rate r 
reliabilit y  fo r  thi s codin g wa s mor e tha n 9 5 % .  Introductor y 

comment s from  th e scientist s t o th e experimente r  an d post -
sessio n interview s o f  th e scientist s wer e exclude d from 
analysis .  Th e numbe r  an d percentag e o f  on-tas k utterances , 
th e numbe r  o f  participatin g scientists ,  an d th e duratio n o f 
th e relevan t  portio n o f  eac h individua l  sessio n ar e reporte d 
i n Tabl e 1 .  Finally ,  a  codin g schem e (describe d below )  wa s 
develope d t o examin e h o w th e scientist s evaluate d 
hypothese s the y develope d i n th e cours e o f  analyzin g data . 

Table 1: Characteristics of datasets 

Domai n 

Astronom y 
C FD su b 

C FD lase r  1 
C FD lase r  2 

fMRI 
Neuroscienc e 
Psycholog y 1 
Psycholog y 2 

Utterances : 
On-Tas k Tota l 

649 
430 
172 
184 
317 
219 
482 
914 

859 
954 
400 
249 
373 
343 
541 
142 6 

Tim e 
(mins ) 

49 
39 
15 
13 
55 
54 
31 
75 

# 
scientist s 

2 
1 
1 
1 
2 
2 
3 
2 

Althoug h eac h scientis t  o r  grou p use d differen t  tools ,  thei r 
task s share d severa l  characteristics .  Al l  th e scientist s wer e 
analyzin g dat a tha t  the y themselve s ha d collected ,  from 
observations ,  from a  controlle d experiment ,  o r  from  runnin g 
a computationa l  model .  The y displaye d thi s dat a usin g thei r 
regula r  tools ,  whethe r  custom-buil t  visualizatio n programs , 
whil e other s use d widel y availabl e commercia l  products , 
suc h a s Microsoft' s  Excel .  Figur e 1  show s a n exampl e o f  th e 
typ e o f  dat a examine d b y th e astronomers .  Visualization s 
use d i n othe r  domain s wer e similarl y complex . 

Figur e 1 :  Exampl e o f  dat a examine d b y astronomers . 
Radi o dat a (contou r  lines )  ar e lai d ove r  optica l  data . 
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Almos t  al l  session s represente d th e initia l  investigatio n o f 
thi s dat a (th e exceptio n wa s th e secon d C F D session ,  whic h 
was a  follow-u p t o th e firs t  session) .  Althoug h i n som e 
session s th e scientist s di d no t  hav e stron g a  prior i  belief s 
abou t  th e dat a (thes e session s wer e thu s exploratory) ,  i n 
others ,  th e scientist s di d approac h th e tas k wit h particula r 
hypothese s tha t  the y expecte d t o b e supporte d b y th e data .  I t 
i s  interestin g t o note ,  however ,  tha t  non e o f  th e scientist s 
performe d an y statistica l  analyse s 

Coding Scheme 

I n additio n t o codin g al l  segment s a s on -  o r  off-task ,  w e 
code d th e followin g (se e Tabl e 2  fo r  examples) : 

Table 2: Examples of coding scheme 
(Code d utteranc e i n italics ) 

Code 

Hypothesi s 

Dat a 
collectio n 

Informatio n 
extractio n 

Consul t 
colleagu e 

Tie-i n wit h 
theor y 

Analog y 
(general ) 

Analog y 
(alignment ) 

Conceptua l 
simulatio n 

Utteranc e 
Y o u ' d thin k [th e n u m b e r  o f 
reclassifications ]  woul d g o u p fo r  conditio n 
C,  bu t  i t  didn't...5 o mayb e th e subject s ar e 
havin g a  bette r  memor y o f  th e one s they'v e 
alread y don e (Psycholog y 2 ) 
Do yo u thin k it' s  wort h gettin g som e mor e 
time .  Jus t  t o d o a n offse t  plane ,  o r  offse t 
velocity ? (Astronomy ) 
Well ,  that' s a  reall y clea n neuron, ,  u h i t 
goe s dow n an d u p an d awayjro m th e edge s 
(Neuroscience ) 
I' m gonn a hav e t o discus s i t  wit h ah ,  Robbi e 
when h e get s back .  ( C F D submarine ) 
O K,  s o h o w d o thes e Fourie r  mode s work ? 
( C h D laser! ) 

Thin k o f  thi s a s a  spira l  ar m (Astronomy ) 

And ,  i f  I'v e go t  a  scalin g problem ,  the n i t 
shoul d sho w u p her e too ,  bu t  i t  doesn' t 
sho w u p her e ( C F D submarine ) 
I n a  perfec t  sor t  o f  spide r  diagram ,  i f  yo u 
looke d a t  th e velocit y contour s withou t  an y 
sor t  o f  streamin g motions ,  no ,  wha t  I' m 
tryin g t o sa y is ,  urn ,  i n th e absenc e o f 
streamin g motions ,  yo u ' d probabl y expec t 
thes e line s her e t o g o al l  th e wa y across , 
yo u know ,  th e rin g (Astronomy ) 

Hypotbese i  Al l  statement s tha t  attempte d t o explai n o r 
accoun t  fo r  a  phenomeno n identifie d i n th e dat a wer e code d 
as hypotheses .  Afte r  a  hypothesis ,  utterance s tha t  pertai n t o 
(elaborate )  tha t  hypothesi s wer e identified .  Suc h utterance s 
constitut e furthe r  investigatio n o f  th e hypothesi s an d m a y b e 
suppor t  o r  oppos e th e hypothesis .  Al l  subsequen t  utterance s 
pertainin g t o a  hypothesi s wer e code d a s follows : 

Data collection Utterances in which the scientist proposed 
t o collec t  mor e dat a wer e code d a s dat a collectio n strategies . 
Thes e includ e statement s tha t  propos e a n experiment ,  plan s 

t o ru n suc h a n experiment ,  o r  plan s t o collec t  additiona l  dat a 
fo r  a n experimen t  tha t  ha s ahead y bee n ru n (e.g. ,  increasin g 
th e sampl e siz e o r  makin g som e othe r  adjustment )  o r  t o 
collec t  mor e observationa l  data .  Dat a collectio n strategie s 
als o includ e plan s t o buil d an d ru n computationa l  models . 

Information extraction Statements that "read off data 
fro m th e visibl e displa y (i.e. ,  extrac t  information )  wer e 
code d a s informatio n extractio n (Traflo n e t  al ,  i n press) .  I n 
addition ,  w e code d a s informatio n extractio n strategie s 
statement s tha t  refe r  t o lookin g a t  dat a i n a  differen t  wa y 
(e.g. ,  replottin g th e dat a o r  displayin g i t  i n a  differen t 
visualization) ,  t o "tweaking "  dat a (b y transformation , 
removin g outliers ,  etc.) ,  o r  t o lookin g a t  dat a tha t  i s no t 
currentl y o n vie w bu t  tha t  i s available . 

Consult a colleague Utterances that refer to showing the 
dat a t o o r  askin g th e opinio n o f  a  co-worke r  o r  othe r  exper t 
wer e code d a s consultin g a  colleague . 

Tie-in with theory We expected that expert scientists with a 
vas t  arra y o f  domai n knowledg e store d i n memor y wer e 
likel y t o appl y tha t  theoretica l  domai n knowledg e t o thei r 
hypotheses .  W e code d a s "tie-i n wit h theory "  utterance s tha t 
refe r  t o theoretica l  underpiiming s o f  th e data . 

Analogy/Alignment Although different theories of analogy 
specif y differen t  processe s b y whic h th e mappin g betwee n 
sourc e an d targe t  occur s (Gentaer ,  1983 ;  Holyoak ,  1985) ,  al l 
theorie s shar e thes e elements :  source ,  target ,  an d a  proces s 
of  mappin g o r  alignment .  Durin g alignment ,  th e relevan t 
part s o f  th e sourc e ar e "applied "  t o th e target .  I t  i s  thu s 
durin g thi s phas e tha t  inferencin g occurs ,  an d henc e w e 
expecte d tha t  scientifi c  reasonin g woul d occu r  durin g thi s 
par t  o f  th e analogica l  process . 

We code d analogie s usin g th e definitio n an d codin g 
scheme develope d b y Dunba r  (1997) .  Accordin g t o thi s 
scheme ,  analog y i s code d whe n a  scientis t  eithe r  refer s t o 
anothe r  bas e o f  knowledg e t o explai n a  concep t  o r  use s 
anothe r  bas e o f  knowledg e t o modif y a  concept .  Analogie s 
wer e code d a t  bot h a  "general "  leve l  (e.g. ,  "Th e ato m i s lik e 
th e sola r  system" )  an d a t  th e leve l  o f  th e actua l  mappin g o r 
alignment .  Statement s o f  similarit y  (i.e. ,  " X i s lik e Y" )  wer e 
not  considere d analogies ;  the y d o no t  provid e explanation s 
nor  resul t  i n mappin g feature s from  th e sourc e t o th e target . 

Conceptual Simulations Recall that a conceptual 
simulatio n i s a  mentall y constructe d mode l  o f  a 
p h e n o m e n o n o r  dat a representation .  Th e initia l 
representatio n m a y b e grounde d i n memor y (e.g. ,  theoretica l 
knowledg e o f  th e phenomenon )  o r  i n a  menta l  modificatio n 
of  th e displaye d image .  Th e ke y featur e o f  a  conceptua l 
simulatio n i s tha t  i t  involve s a  simulatio n "run "  tha t  alter s 
th e representation ,  suc h tha t  ther e i s a  chang e o f  state . 

T o cod e conceptua l  simulations ,  w e adapte d Trafton' s 
spatia l  transformatio n framewor k (Trafto n &  Trickett , 
2001b ;  Trafton ,  Trickett ,  &  Mintz ,  i n press;) .  W e conducte d 
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a spatia l  transformatio n analysi s t o determin e fo r  eac h on -
tas k utteranc e whethe r  th e speake r  wa s extractin g 
informatio n from  th e displa y ("read-ofT' )  an d whic h menta l 
operations ,  i f  any ,  wer e applie d t o a  representation .  S o m e 
possibilitie s includ e rotation ,  modification ,  movin g a n 
image ,  creatin g a  menta l  representation ,  animatin g features , 
and comparison .  Conceptua l  simulation s m a y b e define d 
formall y a s a  specifi c  sequenc e o f  spatia l  transformations : 
1.  Creat e representation :  Th e scientis t  create s a  menta l 
representatio n tha t  i s  no t  th e sam e a s th e currentl y displaye d 
representation .  Thi s representatio n creatio n m a y occu r  vi a 
th e displa y (i t  modifie s th e display) ,  vi a theory ,  ( a 
theoretica l  construct) ;  o r  vi a memor y (th e scientis t  recall s a 
previousl y viewe d representation) . 
2.  Simulatio n Run :  Th e scientis t  build s o n th e create d 
representatio n b y spatia l  transformatio n (e.g. ,  extend ,  add , 
delete )  suc h tha t  it s  stat e i s changed . 

Not e tha t  thes e code s ar e no t  mutuall y exclusive ,  an d tha t 
th e create d representatio n an d explici t  ru n ca n occu r  i n th e 
same utterance .  Approximatel y 2 0 % o f  th e dat a ha s bee n 
code d fo r  conceptua l  simulation s b y 2  independen t  coders , 
and initia l  inter-rate r  reliabilit y  wa s greate r  tha n 9 0 % . 

Results 

Eigh t  i n viv o datasets ,  comprisin g 33 0 minute s o f  relevan t 
protoco l  an d 350 8 on-tas k utterance s wer e analyzed .  W e 
code d 6 8 hypotheses ,  a n averag e o f  approximatel y 1 
hypothesi s ever y 5  minutes .  5 7 hypothese s (84% )  wer e 
elaborated ;  tha t  is ,  th e scientis t  mad e som e follow-u p 
utterance(s )  tha t  furthe r  explore d th e hypothesis . 

How did the scientists evaluate the hypotheses? 
We identifie d an d counte d th e typ e o f  utteranc e followin g 

eac h hypothesis .  Tabl e 3  summarize s thi s count .  Count s 
wer e performe d i n th e followin g manner :  Eac h individua l 
instanc e o f  informatio n extractio n wa s include d i n th e count . 
For  example ,  th e sequenc e "I f  I  loo k a t  th e averag e o f  that , 
it' s  a  nic e clea n spike "  (utteranc e 1 )  "an d I  ca n loo k a t  th e 
standar d deviatio n aroun d tha t  an d it' s  prett y tigh t  righ t  i n 
th e middl e wher e i t  need s t o be "  (utteranc e 2 )  wa s code d a s 
tw o instance s o f  informatio n extraction .  Eac h utteranc e 
identifie s a  differen t  piec e o f  informatio n extracte d 
(average ,  standar d deviation) .  I n al l  othe r  cases ,  th e coun t 
was base d o n th e numbe r  o f  instance s o f  th e code d 
phenomenon .  Fo r  example ,  th e sequenc e "I n a  perfec t  sor t 
of  spide r  diagram "  (utteranc e 1)  "i f  yo u looke d a t  th e 
velocit y contour s withou t  an y sor t  o f  streamin g motions , 
(utteranc e 2 )  "no ,  wha t  I' m tryin g t o sa y is ,  u m ,  i n th e 
absenc e o f  streamin g motions, "  (utteranc e 3 )  "yo u probabl y 
woul d expec t  thes e line s her e [gestures ]  t o g o straigh t 
across ,  yo u know ,  th e ring "  (utteranc e 4 )  wa s code d a s on e 
conceptua l  simulatio n becaus e eac h utteranc e contribute d to , 
but  di d no t  constitute ,  on e conceptua l  simulation . 

As Tabl e 3  shows ,  th e mos t  frequent  strateg y use d fo r 
evaluatin g hypothese s wa s informatio n extraction .  Thi s 
resul t  i s  unsurprising ,  i n tha t  th e scientists '  tas k wa s t o 
examin e an d analyz e th e data ;  on e woul d therefor e expec t 

the m t o devot e a  significan t  amoun t  o f  tim e t o extractin g 
informatio n directl y fro m th e dat a itself .  Similarly ,  th e 
secon d mos t  frequent  strategy ,  tie-i n wit h theory ,  migh t  als o 
be predicte d fro m a n understandin g o f  th e genera l 
procedure s o f  science .  Thes e scientist s hav e significan t 
expertis e an d knowledg e o f  th e theorie s relevan t  t o thei r 
domains ,  an d on e woul d expec t  the m t o conside r  n e w dat a 
i n th e contex t  o f  curren t  theoretica l  understandin g o f  th e 
domain .  O n e migh t  als o expec t  dat a collectio n strategie s 
(whic h includ e plan s t o desig n o r  conduc t  experiments )  t o 
occu r  frequently;  however ,  thes e wer e on e o f  th e leas t 
frequent  strategie s use d b y thes e scientists . 

Table 3: Frequency of hypothesis-evaluation strategies 

Strateg y 
Informatio n extractio n 

Tie-i n wit h theor y 
Conceptua l  simulatio n 

Analogy/Alignmen t 
Dat a collectio n 

Consul t  a  colleagu e 

Frequenc y 
268 
36 
34 
30 
3 
1 

The us e o f  analog y i s als o o f  interest .  O f  th e 3 0 use s o f 
th e analogy/alignmen t  strategy ,  onl y on e consiste d o f  a 
"general "  analogy .  Th e remainin g 2 9 wer e alignment s i n 
whic h th e mappin g betwee n sourc e an d targe t  actuall y too k 
place .  Thi s resul t  i s  consisten t  wit h findings  o f  othe r  studie s 
i n whic h analog y us e ha s bee n foun d t o b e mor e "local "  tha n 
•global "  (Dunbar ,  1997 ;  Sane r  &  Schunn ,  1999) .  Th e us e o f 

alignmen t  i s discusse d i n mor e detai l  below . 
Of  particula r  interes t  i s  th e relativ e frequency  o f  th e 

conceptua l  simulatio n strategy .  Specifically ,  thi s strateg y 
was linke d wit h th e alignmen t  strateg y i n a  sequenc e tha t 
too k th e for m o f  conceptua l  simulatio n followe d b y 
alignment .  Ther e wer e 3 4 conceptua l  simulation s an d 2 9 
alignments ;  ou t  o f  these ,  ther e wer e 2 7 Conceptua l 
Simulatio n —^ > Alignmen t  sequences .  Thu s mos t  (79% )  o f 
th e conceptua l  simulation s wer e immediatel y followe d b y 
an alignment ,  an d mos t  ( 9 3 % )  o f  th e alignment s 
immediatel y followe d a  conceptua l  simulation . 

T h e frequenc y o f  th e Conceptua l  S imula t ion— > 
Alignmen t  sequenc e suggest s a  tigh t  couplin g betwee n th e 
tw o strategies .  I t  appear s tha t  th e scientist s use d conceptua l 
simulatio n t o buil d a  "menta l  model "  o f  th e data ,  base d o n 
assumptio n tha t  th e hypothesi s unde r  evaluatio n wa s true . 
Th e scientist s use d th e dat a o n displa y an d thei r  domai n 
knowledg e t o investigat e th e implication s o f  th e hypothesis , 
by dynamicall y constructin g a  menta l  simulatio n o f  a  serie s 
of  processes .  Th e resul t  o f  thi s conceptua l  simulatio n wa s a n 
inspectabl e menta l  mode l  tha t  wa s use d a s th e sourc e o f 
compariso n wit h th e actua l  dat a i n th e alignmen t  process . 
To th e exten t  tha t  th e tw o model s aligned ,  th e hypothesi s 
was supported ;  i f  ther e wer e relevan t  difference s betwee n 
th e models ,  th e hypothesi s woul d b e rejected .  Figur e 2 
illustrate s thi s proces s o f  model-buildin g an d alignment . 
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i 

Hypothesi s 
[Scientis t  propose s patter n 
displaye d i s cause d b y 
streamin g motions ] 

Initia l 
Representatio n 

I n a  perfec t  sor t  o f  spide r 
diagram , 

Simulatio n 
Run 

i f  yo u looke d a t  th e velocit y 
contour s withou t  an y sor t  o f 
streamin g motions ,  no ,  wha t 
I' m tryin g t o sa y is ,  i n th e 
absenc e o f  streamin g 
motion s 

Resu b 
(Source ) 

you' d probabl y expec t 
thes e line s her e [gestures ] 
t o g o al l  th e wa y across , 
vou know ,  th e rinE . 

Alignmen t 

Targe t 

withou t  an y sor t  of ,  urn , 

changes; here in the 

"slop e an d stuf f 

Figur e 2 :  Conceptua l  simulado n a s sourc e o f 
con^jariso n i n alignmen t  proces s 

W hy w e r e conceptua l  simulation s used ? 
Ther e wer e 5 7 elaborate d hypothese s i n thes e datasets , 

and 3 4 conceptua l  simulations .  Th e hig h frequenc y wit h 
whic h conceptua l  simulatio n wa s use d a s a n evaluatio n 
strateg y indicate s Aa t  it s  us e i s  importan t  an d significant . 
Under  wha t  circumstance s di d th e scientist s us e thi s 
strategy ? Conceptua l  simulation s wer e use d acros s a  variet y 
of  criteria :  i n bot h grou p an d individua l  settings ,  whe n th e 
dat a consiste d o f  eithe r  image s o r  numerica l  tables ,  i n 
explorator y an d confirmator y analysi s sessions ,  an d acros s a 
variet y o f  domains .  I t  seems ,  therefore ,  les s likel y tha t 
conceptua l  simulation s wer e motivate d b y characteristic s o f 
th e dat a tha n b y som e characteristi c o f  th e task . 

A n examinatio n o f  th e structur e o f  a  conceptua l 
simulatio n reveal s tha t  it s  dynami c natur e allow s a n 
understandin g o f  th e processe s involve d i n constructin g th e 
revise d menta l  representatio n o f  th e relevan t  phenomenon . 
Understandin g proces s m a y b e particularl y importan t  whe n 
ther e i s  significan t  uncertainty .  Fo r  example ,  a  poorl y 
understoo d p h e n o m e n o n i s  likel y t o evok e mor e 
investigatio n tha n on e tha t  i s  wel l  understoo d (Trickett , 
Trafton ,  &  Schunn ,  2000) .  Thu s w e conjecture d tha t  th e us e 
of  conceptua l  simulation ,  wit h it s associate d constructio n o f 
underlyin g process ,  wa s associate d wit h attempt s t o accoun t 
fo r  a  phenomeno n tha t  violate d th e scientists '  expectations . 

I n orde r  t o investigat e thi s possibility ,  th e hypothese s i n 
thi s datase t  wer e categorize d int o thos e tha t  attempte d t o 
accoun t  fo r  som e expectatio n tha t  wasn' t  met ,  an d thos e tha t 

pertaine d t o som e expecte d phenomenon .  Th e codin g 
criteri a fo r  thi s categorizatio n wer e adapte d fro m Tricket t  e t 
al. ,  2000 .  I n som e cases ,  th e scientist s mad e explici t  verba l 
referenc e t o th e fac t  tha t  somethin g wa s expecte d o r 
unexpected .  I f  ther e wa s n o explici t  reference ,  domai n 
knowledg e wa s use d t o determin e whether  a  phenomeno n 
was expecte d o r  not .  A  phenomeno n migh t  b e associate d 
wit h (i.e. ,  identifie d a s simila r  o r  dissimila r  to )  anothe r 
phenomeno n tha t  ha d alread y bee n establishe d a s expecte d 
or  not ,  o r  th e scientis t  migh t  questio n a  phenomenon ,  thu s 
implyin g tha t  i t  wa s no t  wha t  wa s expected .  Thi s codin g 
scheme wa s applie d b y tw o independen t  coder s t o a  subse t 
of  th e dat a (th e entir e astronom y protocol) ,  an d agreemen t 
betwee n thos e coder s wa s 8 7 % .  Tabl e 4  provide s examples . 

Table 4: Examples of expectation-violation hypotheses 
(hypothese s i n italics ) 

Doma i n 

C FD 
(submarine ) 

Astronom y 

Utteranc e 
Computationa l  mode l  doe s no t  agre e wit h 
th e experiment s i n th e least.../ f  coul d b e 
tha t  th e turbulenc e i s al l  screwe d u p too . 
That ,  that' s odd...Wh y isn' t  ther e sta r 
formatio n goin g o n there?.../ r  m a y b e 
becaus e o f  th e larg e velocit y dispersion . 

Afte r  w e code d th e hypothese s a s associate d wit h 
expectatio n violatio n o r  confirmation ,  w e counte d th e us e o f 
conceptua l  simulatio n an d informatio n extractio n strategie s 
t o evaluat e eac h typ e o f  hypothesis .  Not e tha t  th e purpos e o f 
th e analysi s wa s t o determin e th e circumstance s unde r 
whic h eac h strateg y wa s used ,  no t  th e frequency  wit h whic h 
th e strateg y followe d a  hypothesis ;  thus ,  onl y th e firs t 
instanc e o f  eac h strateg y us e wa s counted .  W e performe d a 
ph i  coefficien t  associatio n measure .  Th e correlatio n betwee n 
hypothesi s typ e an d concepttia l  simulatio n wa s significant , 
r ^  =  .487 ,  p  <  .01 .  Ther e wa s n o correlatio n betwee n 
hypothesi s typ e an d informatio n extraction ,  r  =  .006 .  Tabl e 
5 summarize s th e result s o f  thi s analysis . 

Table 5: Strategy use and hypothesis type 

Conceptua l 
Simulatio n 

Informatio n 
Extractio n 

Violat e Expectatio n 

22 

27 

Confu m Expectatio n 

3 

20 

G e n e r a l  D iscuss io n a n d C o n c l u s i o n 

Th e protoco l  dat a discusse d abov e hav e provide d a  rich 
datase t  b y whic h t o investigat e th e on-lin e thinkin g o f 
workin g scientist s analyzin g data .  Th e scientist s develo p 
hypothese s t o accoun t  fo r  th e dat a an d the n evaluat e thos e 
hypothese s i n ligh t  o f  theoretica l  knowledg e an d th e dat a 
itsel f  I n contras t  t o result s o f  laborator y studie s o f  scientifl c 
reasoning ,  th e analyse s presente d abov e revea l  tha t  th e 
scientist s rarel y chos e t o evaluat e hypothese s b y 
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experimentatio n (includin g plannin g experiments) .  The y 
frequently  use d a  strateg y o f  conceptua l  simulatio n followe d 
by alignment .  I n particular ,  the y use d th e conceptua l 
simulation-alignmen t  strateg y mos t  ofte n t o evaluat e a 
hypothesi s abou t  somethin g tha t  violate d thei r  expectations . 

Conceptua l  simulatio n i s a  proces s o f  menta l  model -
buildin g an d manipulatio n tha t  result s i n a  revise d menta l 
model ,  o r  "Qualitativ e Menta l  Model "  ( Q M M )  (Trafto n e t 
al. ,  2000) .  Thi s Q M M serve s a s th e sourc e o f  a n analog y 
tha t  allowe d th e scientist s t o compar e th e Q M M wit h th e 
observe d dat a an d from  ther e t o evaluat e th e scientist' s 
curren t  hypothesis .  Insofa r  a s th e Q M M matche d th e data , 
th e scientis t  foun d evidenc e fo r  th e hypothesis ;  i n th e 
absenc e o f  a  match ,  th e scientis t  neede d t o revis e th e 
hypothesis .  Th e alignmen t  betwee n sourc e ( Q M M )  an d 
targe t  (data )  occurre d a s a  serie s o f  menta l  processes ,  whic h 
amount  t o a  recreatio n o f  th e processe s tha t  underli e th e 
externa l  manifestatio n o f  th e phenomeno n o f  interest . 
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Abstrac t 

Fourteen  statistics novices were asked to solve three statistics 
wor d problem s unde r  standar d (SGS )  o r  reduce d (RGS )  goa l 
specificity .  Later ,  the y wer e aske d t o solv e bot h structurall y 
identica l  an d structurall y differen t  transfe r  problems ,  an d thei r 
structura l  knowledg e o f  th e domai n wa s assessed .  Result s 
indicat e tha t  participant s i n th e R G S conditio n performe d 
bette r  o n th e structurall y differen t  transfe r  problem s an d ha d 
acquire d structura l  knowledg e mor e simila r  t o tha t  o f  a 
domai n expert .  Thes e result s exten d previou s wor k i n 
showin g tha t  th e schemati c knowledg e acquire d unde r 
reduce d goa l  specificit y trainin g i s  mor e genera l  tha n 
previousl y realized .  Th e goa l  specificit y effec t  i s  discusse d i n 
term s o f  A e attentiona l  focu s require d t o solv e R G S an d S G S 
problems . 

Introduction 

Most  theorist s agre e tha t  schema s for m th e basi s fo r 
inoble m solvin g expertise .  Schema s ar e typicall y describe d 
as knowledg e structure s tha t  represen t  generalize d concepts , 
and ar e comprise d o f  fact s an d procedure s a s wel l  a s th e 
interrelationship s amon g thos e fact s an d procedures .  Wit h 
respec t  t o proble m solving ,  i t  i s  generall y accepte d tha t 
schema s allow :  (1)  problem s t o b e classifie d accordin g t o 
th e genera l  principle s require d fo r  thei r  solutio n (Chi , 
Feltovich ,  &  Glascr ,  1981) ,  (2 )  solutio n plannin g (Priest ,  & 
Lindsay ,  1992) ,  an d (3)  us e o f  forward-chaine d solution s 
(Koedinger ,  &  Anderson ,  1990) ,  al l  o f  whic h ar e hallmark s 
of  expertise .  Thus ,  a n importan t  issu e fo r  cognitiv e 
scientist s an d educator s alik e i s t o imderstan d h o w schema s 
ar e learned . 

Cognitiv e Loa d Theor y ( C L T )  ha s bee n advance d t o 
describ e th e relationshi p betwee n proble m solvin g an d 
learnin g (Sweller ,  &  Levine ,  1982 ;  Sweller ,  1988) .  C L T 
posit s tha t  acquisitio n o f  schemati c knowledg e durin g 
proble m solvin g i s no t  automatic ;  rather ,  i t  require s a  certai n 
amount  o f  cognitiv e resoiu-ces .  Therefore ,  i f  a  proble m 
solvin g tas k o r  strateg y demand s a  grea t  dea l  o f  cognitiv e 
resource s die n learnin g wil l  b e impaire d relativ e t o a  tas k o r 
strateg y tha t  carrie s a  lo w cognitiv e load . 

C L T ha s bee n use d t o explai n th e findin g tha t  reducin g 
th e specificit y o f  goal s enhance s proble m solvin g 
performance ,  otherwis e k n o w a s th e goa l  specificit y effec t 
Th e goa l  specificit y effec t  ha s bee n show n i n maz e learnin g 
(Sweller ,  &  Levine ,  1982) ,  kinematic s (Sweller ,  Mawer ,  & 
Ward ,  1983) ,  geometr y (Ayres ,  1993 ;  Sweller ,  Mawer ,  & 

Ward,  1983) ,  trigonometr y (Owen ,  &  Sweller ,  1985 ; 
Sweller ,  1988) ,  an d severa l  mor e complex ,  dynami c task s 
(Miller ,  Lehman ,  &  Koedinger ,  1999 ;  Vollmeyer ,  B u m s ,  & 
Holyoak ,  1996) .  Accordin g t o C L T ,  problem s wit h 
standar d goa l  specificit y  (SGS) ,  i n whic h proble m solver s 
ar e give n value s fo r  severa l  variable s an d aske d t o solv e fo r 
th e valu e o f  a  specifi c  unknow n variable ,  encourage s us e o f 
a means-end s strategy .  Unde r  a  means-end s strategy , 
proble m solvers '  attentio n i s  focuse d o n reducin g th e 
differenc e betwee n th e curren t  proble m stat e an d th e goal . 
M o v es ar e guide d b y th e goa l  state ,  whic h require s solver s 
t o kee p i n m e m o r y th e goal ,  an y subgoals ,  an d th e curren t 
proble m state .  Becaus e thi s tas k i s cognitivel y demanding , 
i t  detract s fi-om  th e learnin g o f  relation s tha t  ar e relevan t  fo r 
schema acquisition .  Reduce d goa l  specificit y ( R G S ) 
problems ,  i n whic h proble m solver s ar e aske d t o solv e fo r 
th e valu e o f  a s m a n y unknow n variable s a s possibl e rathe r 
tha n th e valu e o f  a  specifi c  unknow n variable ,  eliminat e th e 
possibilit y  o f  a  means-end s strategy .  Instead ,  the y requir e a 
forward-workin g strateg y wher e move s ar e generate d solel y 
by th e curren t  proble m state .  Becaus e thi s strateg y i s les s 
cognitivel y demandin g (se e Sweller ,  1988) ,  resource s ar e 
availabl e fo r  learnin g th e relation s relevan t  t o schem a 
acquisition ,  namely ,  relation s betwee n th e appropriat e 
operator s an d proble m states . 

Accordin g t o C L T ,  trainin g wit h R G S problem s i s mor e 
likel y t o lea d t o schem a acquisitio n tha n trainin g wit h S G S 
problems ,  wher e schema s ar e define d a s knowledg e o f 
proble m state s an d thei r  associate d operators .  However ,  thi s 
defmitio n o f  a  schem a i s limite d i n Aa t  i t  i s  onl y applicabl e 
t o problem s wit h simila r  structur e a s thos e encountere d 
durin g trainin g (i.e. ,  problem s tha t  share ,  a t  leas t  som e of , 
th e sam e proble m state s a s th e trainin g problems) .  W e wil l 
cal l  thi s th e limite d schem a view .  Actually ,  i t  i s  difficul t  t o 
distinguis h thi s vie w fro m on e tha t  simpl y postulate s th e 
storag e o f  exempla r  solutions .  I f  on e remember s previou s 
proble m solutions ,  the y the n hav e knowledg e o f  proble m 
state s an d thei r  associate d moves/operators...th e sam e 
informatio n containe d i n limite d schemas .  Unde r  thi s 
exempla r  view ,  th e goa l  specificit y effec t  ca n b e explaine d 
by th e notio n tha t  R G S solution s ar e easie r  t o remembe r 
tha n S G S solution s (sinc e the y requir e les s cognitiv e loa d t o 
perform ,  mor e resource s ar e availabl e t o stor e them) ,  an d 
the y ar e forward-working .  A  thir d alternativ e i s  tha t 
schema s ar e acquire d unde r  R G S trainin g an d tha t  the y ar e 
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mor e genera l  tha n previousl y believed .  W e wil l  refer  t o thi s 
possibilit y  a s th e genera l  schem a view . 

Most  o f  th e previou s studie s investigatin g th e goa l 
specificit y effec t  canno t  distinguis h amon g thes e views , 
becaus e the y hav e predominantl y looke d a t  transfe r 
performanc e o n problem s tha t  wer e structura l  identica l  t o 
trainin g problems .  Fo r  example ,  Sweller ,  e t  al .  (1983 ) 
showe d tha t  novice s w h o practice d wit h R G S kinematic s 
and geometr y problem s wer e mor e likel y t o wor k forwar d 
on structurall y identica l  tes t  problem s tha n thos e w h o 
practice d wit h S G S problems .  Althoug h consisten t  wit h th e 
ide a tha t  R G S participant s ha d acquire d schema s (eithe r 
limite d o r  mor e general) ,  thi s resul t  i s  als o compatibl e wit h 
th e exempla r  view .  Sinc e novice s ten d t o us e means-end s 
analysi s o n standar d problems ,  th e solution s t o S G S practic e 
problem s wil l  b e backward-chained ,  wherea s sinc e R G S 
problem s eliminat e th e possibilit y  o f  usin g a  means-end s 
strategy ,  th e solution s t o R G S practic e problem s wil l  b e 
forward-chained .  Applyin g thes e store d exempla r  solution s 
t o tes t  problem s woul d resul t  i n forwar d solution s fo r  R G S 
participant s an d backwar d solution s fo r  S G S participants . 
Schemati c knowledg e i s no t  require d t o accoun t  fo r  thi s 
fmding. 

I f  w e assum e tha t  th e greate r  cognitiv e loa d associate d 
wit h S G S problem s interfere s wit h storag e o f  exempla r 
solutions ,  the n a n exempla r  vie w ca n als o accoun t  fo r  th e 
finding s tha t  S G S trainin g lead s t o mor e error s o n 
isomorphi c transfe r  tes t  problem s (Owen ,  &  Sweller ,  1985) , 
fewe r  practic e problem s accuratel y recalle d (Sweller ,  1988) , 
and othe r  relate d fmdings . 

Furthermore ,  non e o f  th e result s mentione d abov e ca n 
distinguis h betwee n th e limite d an d genera l  schem a views , 
becaus e bot h limite d an d genera l  schema s woul d appl y 
equall y wel l  t o problem s tha t  ar e structurall y th e sam e a s th e 
problem s fro m whic h th e schema s wer e generated . 
Structurall y differen t  transfe r  problems ,  though ,  woul d hel p 
make th e distinction .  Limite d schemas ,  comprise d o f 
relation s betwee n previousl y encountere d proble m state s 
and associate d operators ,  woul d no t  appl y t o structurall y 
differen t  problem s tha t  hav e differen t  proble m state s an d 
differen t  solutions .  Exempla r  solution s o f  trainin g problem s 
woul d no t  ̂ p l y either .  Genera l  schema s tha t  ar e base d o n 
abstrac t  principles ,  though ,  woul d appl y t o structurall y 
differen t  problems ,  s o lon g a s the y coul d b e solve d wit h th e 
same genera l  principle .  O n e fmdin g tha t  m a y favo r  th e 
genera l  schem a vie w come s fro m O w e n an d Swelle r  (1985) . 
The y traine d participant s t o solv e trigonometr y problem s 
unde r  eithe r  S G S o r  R G S conditions .  Trainin g problem s 
gav e value s fo r  on e sid e an d on e angl e i n a  righ t  triangle , 
and participant s wer e aske d t o solv e fo r  eithe r  a  specifi c 
sid e o f  a n adjacen t  triangle ,  o r  t o solv e fo r  th e value s o f  a s 
many side s a s possible ,  usin g th e trigonometri c ratio s sine , 
cosine ,  an d tangent .  Later ,  performanc e wa s teste d o n 
structurall y identica l  transfe r  problems ,  fo r  whic h R G S 
participant s showe d a n advantage .  The y als o teste d 
performanc e o n a  diagra m constructio n tas k i n whic h 
participant s wer e give n value s fo r  tw o side s o f  a  righ t 

triangl e an d wer e aske d t o dra w th e triangle ,  labelin g th e 
value s fo r  al l  thre e sides .  D u e t o th e fac t  tha t  R G S 
participant s fare d bette r  o n thi s diagra m constructio n tas k a s 
well ,  th e author s conclude d tha t  mathematica l  schem a 
acquisitio n involve s learnin g mathematica l  principles , 
wher e mathematica l  principle s see m mor e aki n t o genera l 
tha n limite d schemas .  Unfortunately ,  O w e n an d Swelle r 
(1985 )  di d no t  contro l  fo r  th e numbe r  o f  side s solve d fo r 
durin g training .  Becaus e th e R G S conditio n tende d t o solv e 
significantl y mor e side s durin g training ,  an y difference s 
upo n testin g coul d b e attribute d t o amoun t  o f  practic e rathe r 
tha n goa l  specificit y pe r  se .  I n th e presen t  study ,  w e wil l 
us e transfe r  problem s tha t  ar e structurall y differen t  from 
trainin g problems ,  whil e als o controllin g fo r  amoun t  o f 
practice . 

Anothe r  issu e wit h C L T tha t  remain s largel y unteste d i s 
th e descriptio n o f  th e processe s use d t o accoun t  fo r  th e 
effec t  o f  goa l  specificit y o n schem a acquisition .  Althoug h 
Swelle r  (1988 )  constructe d computationa l  model s o f  S G S 
and R G S proble m solvin g t o sho w tha t  solvin g S G S 
problem s d o indee d requir e mor e cognitiv e resources ,  i t  i s 
nonetheles s possibl e tha t  th e functiona l  differenc e betwee n 
S GS an d R S G problem s i s solel y wher e attentio n i s focuse d 
when solvin g suc h problems ,  an d doe s no t  depen d o n th e 
amount  o f  resource s availabl e t o encod e proble m 
informatio n durin g tha t  time .  Tha t  is ,  S G S trainin g migh t 
produc e jus t  a s m u c h learnin g a s R G S training ,  bu t  i f 
attentio n i s focuse d i n th e wron g places ,  the n S G S trainin g 
wil l  resul t  i n erroneou s learning .  I n orde r  t o examin e thi s 
idea ,  w e wil l  emplo y a  structura l  knowledg e measur e dia t  i s 
measure d independen t  o f  proble m solvin g performance ,  an d 
tha t  allow s relativel y specifi c  question s abou t  th e proces s o f 
schema acquisitio n t o b e tested . 

Structura l  knowledg e refer s t o knowledg e o f  flie 
interrelationship s amon g domai n concepts ,  an d i s wel l 
correlate d wit h domai n expertis e (fo r  a  review ,  se e 
Goldsmith ,  Johnson ,  &  Acton ,  1991) .  A s such ,  i t  i s  likel y t o 
be a t  leas t  a  subse t  o f  th e knowledg e containe d i n schemas . 
Trumpowe r  (2000 )  ha s show n h o w networ k representation s 
of  structura l  knowledg e ca n b e use d t o asses s schem a 
acquisition .  Briefly ,  th e proces s involve s comparin g 
participants '  knowledg e network s wit h thos e o f  donui n 
experts .  Figur e 1  display s a  knowledg e networ k o f  th e 
statistic s concept s use d i n th e presen t  study ,  derive d from 
tw o statistic s experts . 

Figur e 1 :  Exper t  knowledg e networ k 

According to an attentional focus explanation of the goal 
specificit y effect ,  R G S trainin g allow s learnin g o f  th e 
relationship s betwee n proble m state s (i.e. ,  th e subse t  o f 
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variable s tha t  ar e know n a t  a  give n time )  an d appropriat e 
operator s (i.e. ,  th e equatio n tha t  ca n b e use d a t  tha t  sam e 
tim e t o solv e fo r  a n unknown) .  Thus ,  w e migh t  predic t  tha t 
R GS trainin g wil l  result  i n learnin g o f  th e relations  amon g 
concept s containe d i n th e equation s use d t o solv e R G S 
problems ,  sinc e th e equation s ar e th e operator s an d contai n 
th e currend y know n variables .  B y inspectin g th e thre e 
equation s neede d t o solv e trainin g problem s i n th e curren t 
stud y (liste d belo w i n A e Proble m Domai n &  Material s 
section) ,  w e se e tha t  relations  amon g concept s i n thos e 
equation s correspon d almos t  perfectl y wit h th e patter n o f 
link s i n th e exper t  networi c show n above .  Therefore ,  w e 
predic t  tha t  participant s undergoin g R G S trainin g wil l 
acquir e knowledg e structure s tha t  loo k ver y simila r  t o th e 
exper t  networ k show n above . 

For  S G S training ,  a n attentiona l  focu s explanatio n say s 
tha t  attentio n i s directe d towar d th e goa l  an d reducin g 
difference s betwee n curren t  state s an d th e goal ,  a t  th e 
expens e o f  noticin g th e loca l  relationship s describe d above . 
Therefore ,  w e predic t  tha t  S G S trainin g wil l  resul t  i n 
makin g association s betwee n al l  proble m state s o r  know n 
variable s an d th e goa l  (e.g. ,  link s betwee n aSSa ,  dfrSSg , 
MSb'SSb,  MSw-SSb ,  F-SSb) ,  bu t  a  failur e t o notic e th e 
relevant  relations  betwee n non-goa l  concept s (e.g. ,  link s 
betwee n a-dfB .  4f B -MSb .  F -  MSb ,  F -  MSw) -

To summarize ,  th e curren t  stud y addresse s thre e 
questions :  (1 )  Doe s goa l  specificit y hav e it s effect s 
primaril y o n storag e o f  exempla r  solution s o r  schem a 
acquisition? ,  (2 )  I f  th e effect s ar e o n schem a acquisition , 
A e n h o w genera l  ar e th e acquire d schemas? ,  an d (3 )  Ca n th e 
observe d effect s b e bette r  accounte d fo r  b y th e processe s 
propose d i n C L T o r  a n attentiona l  focu s explanation ? I n 
orde r  t o examin e thes e questions ,  w e assesse d proble m 
solvin g performanc e o n transfe r  problem s tha t  wer e 
structurall y differen t  tha n trainin g problems ,  an d use d a 
measur e o f  schemati c knowledg e tha t  i s independen t  o f 
proble m solvin g performance . 

Method 

Participants 

Fourtee n undergraduat e student s enrolle d i n a n Introductor y 
Psycholog y cours e a t  th e Universit y o f  N e w Mexic o 
participat e i n thi s stud y fo r  partia l  cours e credit .  Non e o f 
the m ha d previousl y complete d a  college-leve l  statistic s 
course .  Hal f  o f  th e participant s wer e randoml y assigne d t o 
receiv e tramin g wit h standar d goa l  specificit y problem s 
(SGS) ,  whil e th e othe r  hal f  receive d trainin g wit h reduce d 
goa l  specificit y problem s (RGS) . 

Problem Solving Domain & Materials 

The proble m solvin g domai n use d i n th e presen t  stud y wa s 
one-wa y analysi s o f  varianc e ( A N O V A ) .  A H problem s use d 
wer e relatively  simpl e wor d problem s tha t  coul d b e solve d 
wit h th e followin g thre e equations :  dfB=a-l ,  MSB^SSa/d/B , 
and F = M S b / M S w,  wher e a  =  numbe r  o f  groups ,  df a = 
betwee n group s degree s o f  freedom,  M S b =  betwee n group s 

mean square ,  SS b =  betwee n group s su m o f  squares ,  F  =  F -
ratio ,  an d M S w "  withi n group s mea n square . 

Al l  trainin g problem s gav e value s fo r  a ,  M S w,  an d F . 
Thos e use d i n th e S G S conditio n aske d t o solv e fo r  SSb , 
whil e thos e use d i n th e R G S conditio n aske d t o solv e fo r  a s 
many unknow n value s a s possible .  Notic e tha t  i n bot h 
condition s successfu l  solution s required  participant s t o firs t 
solv e fo r  df a an d M S b (i n eithe r  order) ,  an d the n solv e fo r 
SSb. 

Structurall y identica l  transfe r  problem s fo r  bot h 
condition s wer e identica l  i n structur e t o th e trainin g 
problem s receive d i n th e S G S conditio n durin g trainin g i n 
tha t  the y gav e value s fo r  a ,  M S w,  an d F ,  an d aske d t o solv e 
fo r  SSb -  Structurall y differen t  transfe r  problem s wer e 
differen t  i n structur e from  th e trainin g problem s i n tha t  the y 
gav e value s fo r  differen t  variables ,  an d aske d t o solv e fo r  a 
differen t  variable .  Thus ,  structurall y differen t  transfe r 
problem s stil l  require d us e o f  th e sam e thre e equation s t o 
solve ,  bu t  the y require d tha t  th e equation s b e use d i n a 
differen t  orde r  an d tha t  th e equation s b e manipulate d i n a 
differen t  wa y tha n wa s don e durin g training . 

A relatednes s ratin g tas k wa s als o use d i n whic h 
participant s wer e aske d t o rat e th e relatedness  o f  al l  pairwis e 
combination s o f  th e si x statistic s term s containe d i n th e 
equation s liste d abov e o n a  5-poin t  scal e (l="No t  a t  al l 
related",  5="Ver y related"). 

Procedure 

Al l  participant s wer e teste d individuall y i n th e presenc e o f 
an experimenter .  Participant s wer e firs t  aske d t o solv e thre e 
trainin g problems .  Durin g thi s trainin g period ,  the y wer e 
give n a  Rolode x containin g separat e not e card s containin g 
eac h o f  th e thre e equation s necessar y fo r  solutio n o f  th e 
problems ,  a s wel l  a s a  calculato r  t o perfor m computations . 
Participant s wer e allowe d fiv e minute s t o solv e eac h 
problem .  Withi n thi s time ,  th e experimente r  woul d 
immediatel y notif y th e participan t  i f  the y mad e a  mistake , 
but  woul d no t  tel l  the m th e natur e o f  th e mistake .  I f  th e 
proble m wa s no t  solve d withi n fiv e minutes ,  di e 
experimente r  woul d guid e the m t o th e solution .  Afte r 
solvin g a  problem ,  participant s wen t  o n t o th e nex t  proble m 
and coul d no t  refe r  bac k t o previou s problems . 

Upon coiiq)letio n o f  th e thir d trainin g problem , 
participant s wer e aske d t o con^let e th e relatednes s ratin g 
task ,  whic h too k approximatel y fiv e minutes .  Th e equation s 
wer e no t  mad e availabl e t o participant s durin g completio n 
of  thi s task . 

Next ,  participant s wer e aske d t o solv e fou r  transfe r 
problem s ( 2 structurall y identical ,  2  structurall y  different) . 
Approximatel y hal f  o f  th e participant s i n eac h conditio n 
wer e give n th e tw o structurall y identica l  transfe r  problem s 
first ,  whil e th e othe r  hal f  wer e give n th e tw o structurall y 
differen t  transfe r  problem s first .  Participant s wer e agai n 
give n th e necessar y equations ,  an d proble m solvin g 
proceede d a s durin g training . 
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Resul t s 

Separat e one-wa y A N O V As wer e use d t o compar e th e S O S 
and R G S condition s o n tim e t o solv e eac h o f  th e trainin g 
problems ,  an d o n tim e t o solv e structurall y identica l  an d 
structurall y differen t  transfe r  problems .  Additionally , 
separat e one-wa y A N O V As wer e use d t o compar e th e 
number  o f  variou s kind s o f  link s foun d i n th e structura l 
knowledg e representation s o f  participant s i n th e S G S an d 
R GS conditions .  A  .0 5 significanc e leve l  wa s use d fo r  al l 
tests . 

Training 

Participant s i n th e R G S conditio n solve d th e firs t  tw o 
trainin g problem s significantl y faste r  tha n thos e i n th e S G S 
condition ,  F(l,12)=5.03,/;=.04 5 an d F(l,12)=6.89,p=.022 , 
respectivel y fo r  th e first  an d secon d trainin g problem .  Thi s 
i s consisten t  wit h th e ide a tha t  S G S problem s requir e greate r 
cognitiv e load ,  an d shoul d therefor e requir e mor e tim e t o 
solve .  Ther e wa s n o significan t  differenc e betwee n th e S G S 
and R G S condition s o n tim e t o solv e th e fina l  trainin g 
problem ,  F(\,12)=1.52 ,  p>.lO ,  suggestin g tha t  participant s 
i n bot h condition s ha d acquire d similarl y efficien t  solutio n 
procedure s b y th e en d o f  trainin g (se e T ^ l e 1) . 

Table 1: Time (in seconds) to solve training, structurally 
identica l  transfe r  (S-I) ,  an d structurall y differen t  transfe r 

(S-D )  problem s a s a  functio n o f  trainin g condition . 

Proble m SGS RGS 

Firs t  trainin g 
Secon d trainin g 
Thir d trainin g 
S-I  transfe r 
S- D transfe r 

*P<.0 5 

M e an (SD ) 
300.0 0 (0.00 ) 

219.00(58.25 ) 
139.0 0 (50.39 ) 
108.29(31.30 ) 
254.9 3 (45.27 ) 

M e an (SD ) 
238.14 *  (72.94 ) 
145.00 *  (46.59 ) 
106.2 9 (48.85 ) 
99.6 4 (55.44 ) 

164.9 3 (78.52) * 

Structurall y Identica l  Transfe r 

Ther e wa s n o differenc e betwee n th e S G S an d R G S 
condition s o n averag e tim e t o solv e structurall y identica l 
transfe r  problems ,  F< 1 (se e Tabl e 1) .  Apparently ,  bot h 
condition s learne d t o solv e problem s o f  th e structur e tha t 
the y wer e traine d o n equall y well .  Althoug h C L T (bot h th e 
limite d schem a an d genera l  schem a views )  ha d predicte d 
bette r  performanc e fro m th e R G S condition ,  i t  i s  possibl e 
tha t  th e tas k wa s to o eas y t o disrup t  learnin g i n di e S G S 
condition .  I f  so ,  the n w e woul d expec t  n o differenc e o n th e 
structurall y differen t  transfe r  problems . 

Structurally Different Transfer 

Participant s i n th e R G S conditio n solve d th e structurall y 
differen t  transfe r  problem s significantl y faste r  tha n thos e i n 
th e S G S condition ,  F(l,12)=6.90 ,  p=.02 2 (se e Tabl e 1) . 
Thi s suggest s tha t  althoug h bot h condition s learne d t o solv e 
problem s structure d lik e th e trainin g problem s equall y well , 
thos e i n th e R G S conditio n gaine d qualitativel y differen t 

knowledg e tha t  allowe d superio r  transfe r  t o structurall y 
differen t  problems .  Thi s i s i n contras t  t o bot h th e limite d 
schema an d exempla r  views .  Schema s comprise d o f 
knowledg e o f  proble m state s encountere d durin g trainin g 
and associate d operator s woul d no t  appl y t o th e structurall y 
differen t  transfe r  problems ,  sinc e thes e problem s involve d 
differen t  proble m states .  Neithe r  woul d exempla r  solution s 
acquire d durin g trainin g apply ,  sinc e th e structurall y 
differen t  transfe r  problem s require d differen t  solutions . 
Base d o n thes e results ,  i t  appear s tha t  th e schemati c 
knowledg e acquire d durin g R G S trainin g i s mor e genera l 
tha n previousl y thought . 

Structural Knowledge 

Participant' s relatednes s ratings  wer e submitte d t o th e 
Pathfmde r  scalin g algorith m t o generat e a  knowledg e 
networ k fo r  eac h (fo r  a  revie w o f  Pathfmder ,  se e 
Schvaneveldt ,  1990) .  Thes e network s wer e the n analyze d 
fo r  th e nimibe r  of :  (1 )  critica l  link s wit h th e trainin g goal , 
(2 )  irrelevan t  link s wit h th e trainin g goal ,  an d (3 )  critica l 
link s wit h non-goa l  concept s (se e Tabl e 2) . 

Ther e ar e tw o critica l  link s wit h th e trainin g goa l  (SSs ) 
foun d i n th e exper t  network ,  on e wit h eac h o f  th e subgoals , 
{df s an d MSb) -  Ther e wa s n o differenc e i n th e mea n numbe r 
of  thes e link s possesse d b y participant s i n th e S G S an d R G S 
conditions ,  F < 1 ,  a s predicte d b y a n attentiona l  focu s 
explanation . 

Four  othe r  irrelevan t  link s (i.e. ,  thos e no t  foun d i n th e 
exper t  network )  wit h th e trainin g goa l  ar e possible .  A s 
predicte d b y th e attentiona l  focu s explanation ,  participant s 
i n th e S G S conditio n possesse d significantl y mor e o f  thes e 
irrelevan t  link s tha n participant s i n th e R G S condition , 
F(l,12)=7.59,p=.017 . 

Four  othe r  critica l  links ,  no t  involvin g th e trainin g goal , 
ar e presen t  i n th e exper t  network .  O f  thes e links , 
participant s i n th e S G S conditio n possesse d significantl y 
fewe r  tha n participant s i n th e R G S condition ,  f(l,12)=7.36 , 
/7=.019 ,  agai n consisten t  wit h prediction s mad e b y th e 
attentiona l  focu s explanation . 

Take n together ,  thes e structura l  knowledg e result s ar e 
consisten t  wit h a n attentiona l  focu s explanation .  Unde r 
S GS training ,  attentio n i s focuse d o n th e goal ,  resultin g i n 
bot h relevan t  an d irrelevan t  association s bein g m a d e wit h 
th e goal ,  a t  th e expens e o f  othe r  critica l  schemati c 
associations .  R G S training ,  o n th e othe r  hand ,  focuse s 
attentio n precisel y wher e i t  i s  neede d fo r  schem a 
acquisition ,  o n th e loca l  relation s describe d b y th e 
equations . 

Table 2: Number of links as a function of training condition. 

Lin k typ e SGS RGS 

Critical ,  wit h goa l 
Irrelevant ,  wit h goa l 
Critical ,  wit h non-goal s 

M e an (SD )  M e a n (SD ) 

*p<.0 5 

1.1 4 (.69 ) 
1.5 7 (.98 ) 
1.7 1 (.76 ) 

1.4 3 (.53 ) 
.2 9 (.98) * 

3.00(1.00) * 
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Discuss io n 

Th e results  o f  th e curren t  stud y suppor t  an d exten d previou s 
studie s o f  th e goa l  specificit y effect .  Reducin g th e 
specificit y o f  trainin g goal s le d t o proble m solvin g 
advantages .  However ,  th e advantag e wa s foun d o n transfe r 
problem s tha t  wer e structurall y differen t  tha n trainin g 
problems .  Thus ,  i t  i s  argue d tha t  th e schemati c knowledg e 
tha t  i s mor e readil y acquire d unde r  R G S tha n S G S trainin g 
i s mor e genera l  tha n previousl y considered . 

Thes e result s ar e consisten t  wit h O w e n an d Sweller' s 
(1985 )  contentio n tha t  schem a acquisitio n involve s learnin g 
abstrac t  principles .  I t  appear s tha t  thes e principle s ar e no t 
tie d t o problem s o f  a  specifi c  form .  Wit h respect  t o th e 
structura l  knowledg e measur e employe d i n th e curren t 
study ,  result s sugges t  tha t  th e acquire d relational 
informatio n i s no t  unidirectional .  Suc h fmding s ar e 
importan t  fo r  theorie s o f  expertise ,  sinc e w e expec t  expert -
lik e schema s t o b e appli«i»l e t o a  wid e rang e o f  nove l 
problems ,  no t  jus t  thos e encountere d i n th e past .  I f  schema s 
wer e limited ,  the n expert s woul d gai n n o advantag e a t 
solvin g nove l  problems .  Th e ver y basi s fo r  schem a theor y 
i s dia t  expert s posses s no t  onl y mor e knowledg e throug h 
ejq)erience ,  bu t  als o bette r  structure d knowledge . 

Th e findin g tha t  R G S trainin g lead s t o th e acquisitio n o f 
genera l  knowledg e tha t  ca n b e transferre d t o structurall y 
differen t  problem s tha n encountere d durin g trainin g i s 
pedagogicall y importan t  a s well .  Despit e bein g on e o f  th e 
foremos t  goal s o f  educators ,  th e difficult y i n obtainin g 
transfe r  t o non-isomorphi c problem s ha s bee n wel l 
documente d (e.g. ,  Gick ,  &  Holyoak ,  1983) . 

Th e structura l  knowledg e result s obtaine d i n th e curren t 
stud y ar e consisten t  wit h a n attentiona l  focu s explanatio n 
fo r  di e goa l  specificit y effect .  I t  shoul d b e pointe d ou t  tha t 
a l thou ^  di e attentiona l  processe s invoke d b y thi s 
explanatio n ar e describe d i n C L T ,  the y ar e no t  dependen t 
upo n greate r  cognitiv e loa d bein g presen t  i n th e S G S 
condition .  Instead ,  th e presen t  results  ca n b e explaine d b y 
S GS trainin g focusin g attentio n o n pedagogicall y irrelevan t 
relations,  an d R G S focusin g attentio n toward s 
pedagogicall y relevant  ones .  Thi s explanatio n i s simila r  t o 
on e advance d b y Miller ,  e t  al .  (1999) .  The y ha d participant s 
lea m abou t  electrica l  fields  b y interactin g wit h a  microworl d 
calle d Electroni c Fiel d Hocke y (EFH) .  Participant s w h o 
practice d movin g a  puc k aroun d di e E F H workspac e i n a 
no-goa l  conditio n performe d bette r  o n a  subsequen t  tes t  o f 
declarativ e an d procedura l  knowledg e o f  electrica l  fields 
tha n thos e w h o practice d b y directin g th e puc k aroun d 
obstacle s an d int o a  specifi c  goal .  However ,  participant s 
w ho practice d b y tryin g t o m a k e th e puc k follo w a  well -
specife d pat h denote d b y a  lin e leadin g aroun d obstacle s an d 
int o a  goal ,  performe d almos t  a s wel l  a s thos e i n th e no-goa l 
condition .  Miller ,  e t  al .  (1999 )  posi t  tha t  eliminatin g di e 
goa l  worke d b y requirin g interactio n wit h th e pedagogicall y 
relevant  aspect s o f  E F H ,  jus t  lik e di e specific-pat h 
condition .  I n othe r  words ,  th e specific-pat h conditio n 
direct s attentio n awa y fi-om  th e ultimat e goa l  towar d a  serie s 
of  mor e inunediat e subgoals .  B y directin g attentio n fro m 

mor e distan t  goals ,  i t  ca n b e focuse d o n loca l  relation s 
involve d i n solvin g curren t  subgoals .  Similarly ,  eliminatin g 
distan t  goal s altogethe r  allow s attentio n t o b e focuse d o n 
immediat e loca l  relations ,  whic h tur n ou t  t o b e di e 
pedagogicall y relevan t  ones . 

Th e results  o f  Miller ,  e t  al .  (1999 )  m a y als o b e explaine d 
by a  cognitiv e loa d interpretation .  I f  followin g a  specifi c 
pat h shif ^  attentio n completel y awa y fro m th e ultimat e 
goal ,  the n th e tas k become s on e o f  meetin g a  continuou s 
serie s o f  smalle r  goals .  I f  attentio n i s directe d a t  solvin g 
eac h o f  di e immediat e goal s (i.e. ,  stayin g o n di e path) ,  an d i f 
eac h o f  thes e smal l  goal s ca n b e solve d withou t  us e o f  a 
means-end s strategy ,  the n th e specific-pat h conditio n woul d 
requir e n o mor e cognitiv e resource s tha n th e no-goa l 
condition .  I t  m a y b e argue d dia t  proble m solver s solvin g 
no-goa l  problem s d o adop t  a  stî teg y o f  settin g a  serie s o f 
smal l  goal s fo r  themselve s tha t  ca n b e solve d i n a  forward -
chaine d manner . 

Thus ,  althoug h neithe r  th e presen t  result s no r  th e result s 
of  Miller ,  e t  al .  (1999 )  requir e a n explanatio n base d o n 
cognitiv e load ,  the y d o no t  rul e i t  ou t  a s a  possibility .  O n e 
w ay t o resolve  th e issu e concernin g whethe r  R G S trainin g 
work s du e t o reduce d cognitiv e loa d o r  t o a  pedagogicall y 
relevant  focu s o f  attentio n woul d b e diroug h a  dua l  tas k 
paradigm .  Proble m solver s coul d b e aske d t o solv e R G S 
problem s eithe r  whil e concurrend y performin g anothe r 
resourc e demandin g tas k o r  not .  I f  th e concurren t  tas k 
interfere s wit h learnin g i n a  manne r  consisten t  wit h S G S 
training ,  the n th e cognitiv e loa d explanatio n woul d b e 
justified . 

Overall ,  thi s stud y indicate s tha t  eliminatin g specifi c 
goal s durin g tinining  ca n benefi t  schem a acquisition ,  an d 
tha t  thi s advantag e i s mor e genera l  tha n previousl y 
considered .  Trainin g o n problem s wit h non-specifi c  goal s 
allowe d bette r  transfe r  t o structurall y differen t  problems .  I t 
i s  conclude d tha t  non-specifi c  goal s allo w learnin g 
pedagogicall y relevant ,  loca l  relations,  a s oppose d t o 
standar d problem s whic h interfer e wit h suc h learning .  I t  i s 
suggeste d dia t  problem s wit h non-specifi c  goal s provid e dii s 
advantag e b y focusin g attentio n o n relations  necessar y fo r 
schema acquisition . 
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Abstrac t 

In 18S6, Faraday conducted a long series of experiments 
on th e colo r  o f  gold .  W e repor t  replication s o f  som e o f 
hi s experiments ,  permittin g a n understandin g o f  hi s 
respons e t o an  importan t  anomal y an d th e resultin g 
conceptua l  reorganizatio n o f  hi s ideas . 

Introduction 

I n 1856 ,  Michae l  Farada y (1791-1867 )  carrie d ou t 
nearl y a  year' s wort h o f  researc h o n th e optica l 
propertie s o f  thi n gol d films  (Faraday ,  1857) .  I n th e 
cours e o f  thi s work ,  h e discovere d colloida l  gol d (th e 
first  metalli c  colloid )  an d wha t  i s n o w know n a s th e 
"Faraday-Tyndal l  Effect, "  th e fac t  tha t  colloid s scatte r 
light .  Colloid s wer e a n unexpecte d consequenc e o f  hi s 
attempt s t o understan d th e unusua l  colo r  propertie s o f 
thi n fihns  o f  gold .  These ,  i n turn ,  wer e a n importan t 
extensio n o f  hi s earlie r  attempt s t o understan d th e 
interactio n o f  ligh t  an d matter ,  an d hi s speculation s 
abou t  th e force-centere d characte r  o f  matte r  (James , 
1985 ;  Tweney ,  2002) . 

Th e presen t  projec t  wa s initiate d b y th e discover y o f 
ove r  60 0 survivin g microscop e slide s an d othe r 
specimen s m a d e b y Farada y a s par t  o f  hi s research ,  an d 
n o w hel d a t  th e Roya l  Institutio n i n Londo n (Tweney , 
2002) .  Th e slide s ar e numbere d an d indexe d i n 
Faraday' s Diar y an d represen t  nearl y th e complet e se t 
of  metalli c  film  specimen s use d b y Farada y i n 1856 . 
However ,  onl y a  fe w o f  hi s colloida l  specimen s (an d 
non e o f  hi s precipitates )  survived ;  thus ,  on e goa l  o f  th e 
presen t  effor t  i s  t o restor e los t  specimen s fo r  analysis . 
Replicatio n i s als o importan t  eve n fo r  specimen s tha t 
stil l  surviv e -  Farada y ofte n subjecte d th e specimen s t o 
destructiv e and/o r  damagin g manipulations ,  an d thes e 
manipulation s als o nee d replication .  Fou r  genera l 
procedure s use d b y Farada y ar e currentl y bein g 
replicate d b y ou r  group :  (1 )  Precipitatio n o f  gol d fi-om 
solution ,  (2 )  "Deflagration "  o f  gol d wire ,  tha t  is , 
explodin g gol d wir e usin g sudde n surge s o f  current ,  (3 ) 
Producin g colloid s usin g reductio n b y phosphorous . 

and (4 )  Producin g thi n metalli c  films  o f  gol d usin g 
reductio n b y phosphorous . 

Her e w e presen t  ou r  replication s o f  Faraday' s 
precipitates .  Beside s restorin g fo r  analysi s certai n los t 
specimens ,  thes e allo w insigh t  int o th e "taci t 
knowledge "  implicate d i n thei r  preparation .  Mor e 
importantly ,  preparatio n o f  ou r  o w n precipitate s 
allowe d analysi s o f  aspect s o f  Faraday' s researc h 
previousl y hidde n fi-om  view ,  helpin g t o accoun t  fo r  an 
importan t  conceptua l  change . 

I n earlie r  account s o f  Faraday' s research ,  ou r  grou p 
examine d th e wa y i n whic h Farada y experimentall y 
traverse d a  proble m spac e o f  hypothesize d an d rea l 
result s durin g hi s  discover y o f  electromagneti c 
inductio n i n 183 1 (Twene y &  Hoffiier ,  1987) .  Ou r 
analysi s suggeste d tha t  Farada y use d a  relativel y 
narro w searc h strateg y i n th e 183 1 experiments ,  on e i n 
whic h potentiall y  disconfirmin g evidenc e wa s initiall y 
ignore d an d onl y evidenc e whic h supporte d 
expectation s wa s pursued .  I n late r  stage s o f  th e 
research ,  h e m a d e explici t  attempt s t o disconfirm .  Thi s 
"confir m early-disconfir m late "  strateg y resemble d 
heuristic s observe d b y Klah r  i n th e "Bi g Trak "  studie s 
(Klahr ,  2000 )  an d b y Dunba r  (1995 )  i n a n "i n vivo " 
stud y o f  laborator y molecula r  biologists . 

Not  al l  aspect s o f  scientifi c  thinkin g ca n b e 
characterize d a s searc h throug h multipl e proble m 
space s (Kur z &  Tweney ,  1998) ,  an d thi s i s especiall y 
tru e o f  Faraday' s work .  Fo r  example ,  Goodin g (1990 ) 
replicate d Faraday' s 182 1 discover y o f  electromagneti c 
rotation s an d argue d tha t  identificatio n o f  circula r 
rotator y motion s coul d onl y hav e com e abou t  b y mean s 
of  a n "eye-hand-brain "  interactio n o f  a  ver y dynami c 
character .  Rathe r  tha n "testin g hypotheses, "  Farada y 
instea d ha d t o mak e th e meanin g o f  th e otherwis e 
chaoti c appearance s presente d b y th e experimenta l 
apparatus .  Similarly ,  Cavicch i  (1997) ,  partl y b y 
conductin g replications ,  showe d tha t  Faraday' s 
experimentatio n durin g hi s 184 5 discover y o f 
diamagnetis m proceede d "no t  b y progressivel y refinin g 
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explanations ,  bu t  b y exposin g previousl y unnotice d 
ambiguitie s i n th e phenomena ,  an d uncertaintie s i n 
interpretation .  Thi s exposin g deepen s th e spac e o f  [his ] 
confusions "  (1997 ,  p .  876) .  Fo r  Cavicchi ,  suc h 
"confusions "  (perhap s i n respons e t o a  surprisin g result ) 
ar e a  crucia l  aspec t  o f  th e pattern-fmdin g involve d i n 
discovery .  Sh e wa s fiirthe r  abl e t o sho w tha t  Faraday' s 
"confusions "  resemble d thos e o f  a  studen t  explorin g th e 
relationship s betwee n ba r  magnet s an d iro n needles . 

Our  earlie r  examinatio n o f  tw o o f  Faraday' s papers , 
one o n acousti c vibration s an d on e o n optica l  illusion s 
of  motion ,  suggeste d tha t  Faraday' s constructiv e 
perceptua l  processe s impl y a  continuu m o f  developin g 
representativ e explicimess .  Thi s continuu m bega n wit h 
th e perceptua l  rehearsa l  o f  remembere d events , 
proceede d throug h th e constructio n o f  "inceptual " 
representation s (tha t  is ,  representation s tha t  abstrac t 
away potentiall y  irrelevan t  features ,  wit h a n effor t  t o 
"see "  wha t  th e result s woul d loo k like) ,  an d finally 
resulte d i n a  menta l  mode l  tha t  eve n iiclude d non -
perceivabl e feature s o f  phenomen a (Tweney ,  1992 ; 
Ippolit o &  Tweney ,  1995) .  Again ,  Farada y appeare d t o 
be usin g a n "eye-hand-mind "  dynami c i n constructin g 
ne w spaces .  Similarly ,  Nersessia n (1999 )  argue d tha t 
Farada y an d Maxwel l  use d analogie s an d imager y i n a 
proces s o f  generi c abstraction ,  itsel f  importan t  i n 
conceptua l  generatio n an d change . 

Anderse n (2002 )  argue d tha t  conceptua l  reorgani -
zatio n i n scienc e ofte n require s a  semanti c shift ,  i n 
whic h exemplar s chang e category .  Sh e showe d tha t 
suc h chang e wa s a n importan t  par t  o f  th e resolutio n o f 
anomalie s i n particl e physic s i n th e 1930s .  Th e presen t 
pape r  extend s th e scop e o f  Andersen' s argument ,  b y 
showin g tha t  Faraday' s wor k o n precipitate s wa s a n 
activ e sourc e o f  a  crucia l  conceptua l  chang e nea r  th e 
beginnin g o f  hi s 185 6 researc h o n gold ,  perhap s 
dependen t  upo n th e "confusions "  engendere d b y som e 
of  th e appearance s o f  gol d (describe d below) .  Th e 
dynamic s o f  th e reorganizatio n depende d upo n 
"epistemi c artifacts "  constructe d b y Farada y t o serv e a s 
activ e agent s i n exploratio n o f  a  ne w domain. ' 

A distinguishin g featur e o f  al l  o f  Faraday' s researc h 
was hi s determinatio n t o produc e phenomen a o f  suc h 
clarit y tha t  hi s explanation s o f  th e phenomen a woul d b e 
transparen t  t o hi s audiences .  "Seein g wa s believing "  i n 
a dee p sens e fo r  hi m (see ,  e.g. ,  Fisher ,  2001 ;  Gooding , 
1990) ,  an d hi s attentio n t o anomalie s i n th e presen t  cas e 
i s especiall y importan t  i n explainin g th e cognitiv e 
dynamic s o f  th e research .  Thus ,  ou r  replication s ca n 
potentiall y  contribut e t o th e understandin g o f  th e 
cognitiv e dynamic s o f  visua l  representatio n i n scientifi c 

'  Th e ter m "epistemi c artifact "  wa s use d b y Twene y (2002 )  t o 
sugges t  a  blendin g o f  th e ter m "cognitiv e artifact "  use d b y 
Zhan g &  Norma n (1994 )  an d "epistemi c thing "  use d b y 
Rheinberger(1997) . 

researc h generall y (see ,  e.g. ,  Kulkam i  &  Simon ,  1988 ; 
Trickett ,  e t  al. ,  2000) . 

Why Gold? 

Gol d films  intereste d Farada y becaus e thi n transparen t 
gol d films  manifes t  a  differen t  colo r  b y transmitte d 
ligh t  tha n b y reflecte d light ;  green ,  blue ,  an d purpl e ar e 
th e mos t  fi-equent  transmitte d color s fo r  gol d leaf . 
Farada y though t  tha t  gol d wa s therefor e a  goo d plac e t o 
loo k fo r  insigh t  int o th e interaction s o f  matte r  an d light . 
For  him ,  th e profoundl y interestin g questio n concerne d 
th e manne r  i n whic h suc h ver y thi n (an d apparentl y 
continuous )  films  coul d s o alte r  light .  Althoug h h e 
faile d t o achiev e a  definitiv e answe r  t o thi s question ,  h e 
successfull y showe d tha t  m a n y o f  th e optica l  propertie s 
of  metal s i n genera l  coul d b e produce d b y th e 
interactio n o f  discret e particle s wit h light .  Hi s discover y 
of  gol d colloid s wa s a n integra l  par t  o f  thi s argument . 

A colloi d i s a  suspensio n o f  finely  divide d particle s 
of  a  substanc e hel d i n suspensio n i n a  fluid.  Colloid s 
diffe r  fro m solutwn s i n tha t  solution s represen t  ionize d 
particle s o f  atomi c size ,  carryin g a n electrica l  charge . 
Ions ,  th e particle s tha t  for m a  solution ,  ar e m u c h 
smalle r  tha n colloida l  particle s an d affec t  ligh t  i n 
differen t  ways .  Faraday' s discover y tha t  metal s coul d 
for m colloid s wa s a  breakthrough ,  especiall y sinc e h e 
als o showe d tha t  th e particle s wer e pur e gold , 
chemicall y identica l  t o th e meta l  films.  Not e als o tha t 
colloid s diffe r  fi-om  precipitates ,  whic h ar e forme d o f 
eve n large r  particle s tha n colloids .  I f  a  reducin g agen t  i s 
adde d t o a  solutio n o f  a  gol d salt ,  the n metalli c  gol d 
(Au )  i s precipitate d a s a  solid .  I n moder n notation ; 

A u " ^  +  3  e '  - > A u °  (solid ) 
Becaus e th e particle s i n a  precipitat e ar e fa r  large r  tha n 
thos e i n a  colloi d (sometime s bein g visfcl e t o th e 
unaide d eye) ,  the y settl e quit e quickly .  Colloida l 
particle s (whic h ar e fa r  to o smal l  t o b e visible )  d o no t 
settl e because ,  a s Farada y speculated ,  the y ar e lightl y 
bonde d t o a  "cloud "  o f  ionize d particle s tha t  repe l  th e 
surroundin g fluid  media . 

The chemistr y o f  precipitate s i s mor e comple x tha n 
th e formul a give n abov e suggests ,  sinc e gol d chloride s 
exis t  i n solutio n a s [AuCU] -  ion s an d variou s 
hydrolyze d ion s a s well. ^  Thes e mor e comple x specie s 
and reaction s wer e no t  k n o w n t o Faraday .  A s w e 
discovered ,  however ,  th e complexit y o f  th e reaction s i s 
reflecte d i n a  ver y comple x phenomenolog y whe n gol d 
salt s ar e actuall y used .  W e ha d expecte d precipitatin g a 
gol d sal t  t o b e a  simpl e an d straightforwar d proces s ~  a 
"warm-up "  exercis e fo r  u s (a s w e though t  i t  m a y hav e 
bee n fo r  Faraday) .  I n reality ,  ou r  replication s opene d a 
ne w aspec t  o f  Faraday' s wor k o n gold ,  on e no t  visibl e 
i n th e tex t  o f  th e diar y itsel f  I n th e presen t  paper ,  w e 
describ e ou r  replication s o f  Faraday' s precipitate s an d 
compar e the m t o colloid s an d solutions . 

'  Se c Puddephatt ,  1978 ,  fo r  thi s an d othe r  detail s o f  th e 
reaction s o f  gold . 
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Faraday' s Diar y 

Faraday' s diar y i s wel l  know n becaus e o f  it s relativ e 
completeness ,  a n aspec t  whic h permit s reconstructio n 
of  hi s researc h practice s (e.g. ,  Steinle ,  1996) .  I n som e 
cases ,  however ,  a s i n th e cas e o f  hi s researc h o n gold , 
much o f  th e diar y i s har d t o interpre t  b y itself ,  sinc e th e 
visua l  contex t  o f  Faraday' s wor k i s  absent .  A s w e 
show,  eve n wit h tha t  visua l  contex t  presen t  (i n th e for m 
of  th e survivin g specimens) ,  ther e i s mor e t o b e learne d 
fro m th e "manual "  aspect . 

Farada y wrot e 116 0 numbere d entrie s o n hi s gol d 
research ,  roughl y 30 0 manuscrip t  page s date d fro m th e 
2nd o f  February ,  185 6 t o th e 20t h o f  Decembe r  (Martin , 
1936) .  Th e distributio n o f  entrie s (Figur e 1 )  i s  roughl y 
bimodal ,  th e greates t  densit y o f  entrie s occurrin g a t  th e 
beginnin g o f  th e serie s an d towar d th e end .  Th e firs t  4 7 
entrie s (i n th e first  pea k o f  th e distribution )  ar e 
summarie s o f  previou s notes .  The y als o includ e severa l 
doze n entrie s i n whic h Farada y speculate s o n possibl e 
experiments ,  muc h a s h e ha d earlie r  kep t  a n "ide a 
book "  t o recor d possibl e studie s (Twene y &  Gooding , 
1991) .  Faraday' s (1857 )  publishe d pape r  o n th e topi c 
was submitte d o n Novembe r  15 ,  185 6 an d rea d befor e 
th e Roya l  Societ y o n Februar y 15 ,  1857 .  Indeed ,  th e 
characte r  o f  th e entrie s i n th e secon d pea k suggest s tha t 
he wa s "moppin g up "  prio r  t o endin g th e researc h -
conductin g som e necessar y contro l  experiments ,  tryin g 
agai n t o resolv e som e inconsistencies ,  replicatin g ke y 
preparations ,  an d s o on .  Hi s wor k wit h precipitate s 
occur s nea r  th e beginnin g o f  th e series ,  o n Februar y 5 , 
and appear s t o recor d th e firs t  laborator y wor k o n gol d 
conducte d i n hi s ow n laborator y (earlie r  entrie s 
describ e gol d film  preparation s mad e a t  th e hom e o f  a 
fiiend,  Waire n D e L a Rue ;  se e Tweney ,  2002) .  Thus , 
one questio n i s wh y precipitate s constitute d th e fiisj 
tas k undertake n b y Faraday . 

I t  ha s bee n suggeste d (e.g. ,  Williams ,  1965 )  tha t 
Faraday' s wor k o n gol d i n 185 6 manifest s hi s 
"declinin g powers "  (whethe r  du e t o agin g alon e o r  t o 
th e effect s o f  th e man y toxi c exposure s h e wa s 
subjecte d t o ove r  th e years) .  Thi s judgemen t  ma y stem . 

i n part ,  fi-om  th e seemin g aimlessnes s o f  th e 
precipitatio n experiments ,  especiall y sinc e thes e occu r 
at  th e beginnin g o f  th e first  burs t  o f  activity .  Sinc e th e 
precipitatio n reactio n o f  gol d wa s long-familia r  b y 
1856 ,  Farada y coul d lear n nothin g ne w her e an d th e 
tex t  o f  th e Diar y alon e doe s no t  indicat e wh y h e 
initiate d hi s gol d researc h wit h wha t  seem s lik e a  rathe r 
prosai c procedur e A s w e show ,  however ,  th e 
experiment s wit h precipitate s wer e fa r  fro m trivia l  -  b y 
conductin g th e replications ,  w e wer e abl e t o detec t  a 
"confiision "  tha t  serve d a  heuristi c rol e i n th e importan t 
ste p o f  arguin g tha t  th e color s o f  gol d ar e du e t o 
particle s interactin g wit h light . 

Method 

Farada y i s vagu e abou t  exactl y ho w h e prepare d th e 
precipitate s use d i n hi s  research .  I n th e Diar y h e 
indicate d onl y tha t  h e "Prepare d a  standar d wea k 
solutio n o f  Gold "  an d a  "standar d solutio n o f  prot o 
sulphat e o f  Iro n .. .  consist[ing ]  o f  1  vol .  saturate d 
solutio n a t  54 °  F .  plu s 2  vols .  Water ,  an d a  littl e 
sulphuri c aci d t o kee p al l  i n solutio n durin g th e 
changes "  (Entr y # s 1429 1 &  14292 ,  5  Feby .  1856) . 
"Prot o sulphat e o f  iron "  i s "Ferrou s Sulfate "  i n m o d e m 
terms ,  an d th e fac t  tha t  i t  wa s saturate d allowe d 
reproductio n o f  th e exac t  substanc e use d b y Faraday . 
But  n o clu e i s  offere d abou t  th e "standar d wea k 
solutio n o f  Gold. "  Thus ,  it s  concentratio n i s unknow n 
and,  mor e importantly ,  becaus e o f  th e comple x 
chemistr y o f  gol d salt s an d th e solutio n processe s b y 
whic h the y dissolve ,  severa l  possibilitie s ha d t o b e 
explore d fo r  ho w t o prepar e th e precipitates . 

Today ,  "Gol d Chloride "  i s typicall y sol d i n on e o f 
tw o forms ;  a s "Gol d (III), "  tha t  is ,  a s gol d i n th e 
valenc e stat e +3 ,  i n th e for m o f  "Tetrachloroauri c Acid " 
(HAuCU) ,  a  yello w crystallin e substance ,  o r  a s "Gol d 
(I )  Chloride "  (AuCl;  valenc e stat e +1) ,  i n th e for m o f 
yellowish-whit e crystals .  Eac h wa s trie d i n tur n a s th e 
basi s fo r  gol d io n i n solution ,  bu t  neithe r  prove d 
satisfactory ,  i n par t  becaus e eac h i s unstable .  Further , 

r « r a d a ^ k Diar y Entries :  S  F e b 185 6 -  2 0 D e c 1 8 5 ^ 

1,  l )  IliIi .  .  .  i h 1 ,  ,  , . 1 l l  . 1 U X 1,1 . 

^ v ^ y . y - ^ . ^ « - ' y A ' ' V ^ v ^ ^ v v * ^ < ^ A ^ * ^ * v / 

Dat e orFliitT 7 (t8»C ) 

Figur e 1 
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dissolvin g eac h i n wate r  i s problematic ;  eac h leave s a 
precipitate d deposit .  I n th e cas e o f  tetrachioroauri c acid , 
thi s i s probabl y pur e gold ,  a n expecte d produc t  whe n 
th e substanc e hydrolyzes ,  bu t  (barrin g extensiv e 
analyti c procedures )  w e wer e unabl e t o determin e i f  th e 
deposi t  wa s th e expecte d gol d o r  simpl y a n undissolve d 
portio n o f  th e origina l  crystals .  A s a  result ,  w e coul d 
not  b e sur e o f  th e strengt h o f  th e solution s w e wer e 
preparing .  "Gol d G )  Chloride "  (AuCl) ,  i n th e presenc e 
of  water ,  oxidize s t o th e II I  valenc e state .  Thi s 
substanc e seeme d t o dissolv e readily ,  bu t  agai n wit h 
trace s o f  a  deposit .  Her e again ,  knowin g th e strengt h o f 
th e resultan t  solution s wa s difficult .  Accordingly ,  w e 
decide d t o begi n wit h pure  gold ,  dissolvin g i t  i n suc h a 
w ay tha t  w e coul d b e sur e o f  a t  leas t  th e quantit y o f 
gol d i n th e solution . 

Pur e gol d wir e (0.025 "  diameter ,  99.99% )  wa s 
obtaine d from a  vacuu m technolog y suppl y house. ' 
Aqua Regia ,  a  3: 1 combinatio n o f  hydrochlori c aci d 
and nitri c  acid ,  wa s use d t o dissolv e a  3. 5 c m lengt h o f 
th e wire ,  weighin g 21 7 m g ,  t o creat e gol d chlorid e 
solution. *  Fiftee n minute s afte r  addition ,  th e gol d wir e 
completel y dissolve d i n th e acid .  Th e solutio n wa s the n 
boile d i n orde r  t o remov e th e lydrochlori c an d nitri c 
acid .  Wate r  wa s adde d a s neede d t o kee p a  constan t 
volum e o f  abou t  1 0 cc .  Th e solutio n wa s boile d unti l 
th e odo r  o f  th e acid s an d th e nitri c  oxid e byproduc t  (al l 
of  whic h ar e pungen t  i n eve n sligh t  quantities )  wa s n o 
longe r  present . 

To produc e a  gol d colloi d w e use d a  m o d e m method , 
th e reductio n o f  gol d chlorid e solutio n b y citrat e io n 
(producin g suc h colloid s usin g Faraday' s method s i s 
par t  o f  a n ongoin g stud y an d wil l  b e reporte d later) . 
Gol d (III )  chlorid e (i.e. ,  tetrachioroauri c acid )  ( 3 m g ) 
combine d wit h 1 0 m l  o f  wate r  produce d th e gol d 
chlorid e solution .  Gol d an d exces s gol d chlorid e 
remaine d a t  th e botto m o f  th e container .  Te n m g o f 
sodiu m citrate ,  a  sourc e o f  citrat e ion ,  wa s dissolve d i n 
10 m l  o f  water .  Th e gol d chlorid e solutio n wa s agitate d 
wit h a  magneti c stirre r  an d heate d t o boilin g 
temperature .  Citrat e solutio n (0.01 5 ml )  wa s slowl y 
adde d t o th e gol d chlorid e an d reacte d immediately , 
producin g a  ver y pal e slate-blu e solution .  Ove r  th e 
cours e o f  fort y second s th e colo r  o f  th e solutio n 
evolve d from  slate-blu e t o amethys t  t o rub y red .  W h e n 
cooled ,  th e produc t  prove d stabl e ove r  m a n y months . 
Althoug h w e canno t  b e sur e o f  th e quantitie s o f  gol d 
tha t  ar e actuall y i n colloida l  form ,  th e propertie s o f  ou r 
colloi d wer e exactl y a s describe d b y Faraday . 

'  Gol d wire ,  becaus e o f  it s  malleabilit y  an d lac k o f  reactivity , 
i s  use d a s a  componen t  i n high-vacuu m 0-nngseals .  Jewelr y 
gold ,  unfortunately ,  i s  alway s alloye d wit h othe r  metals . 
*  Unlik e othe r  metals ,  gol d wil l  no t  dissolv e i n hydrochlori c 
aci d (HCl )  alon e becaus e i t  require s bot h a n oxidan t  an d a 
ligan d dono r  (Cr ,  i n thi s  case) .  Whe n Aqu a Regi a i s used ,  th e 
resul t  i s  A u C V i n solutio n an d gaseou s nitri c  oxid e (NO) . 

Th e reductio n o f  gol d chlorid e solutio n b y ferrou s 
sulfat e solutio n wa s use d t o for m gol d precipitates .  A 
saturate d solutio n wa s prepare d b y dissolvin g 
crystallin e ferrou s sulfat e (FCSO4 )  i n heate d water . 
W h en cooled ,  thre e drop s o f  ferrous  sulfat e solutio n 
wer e adde d t o 5  m l  o f  gol d chlorid e solution .  N o 
immediat e reactio n wa s apparent ,  bu t  o n th e followin g 
day a  yellow-orang e residu e o f  metalli c  gol d ha d settle d 
at  th e botto m o f  th e experimen t  tub e an d coul d b e re -
disperse d b y shaking . 

Results 

Th e thre e preparation s showe d th e expecte d appearanc e 
i n ambien t  (room )  light ;  th e solutio n wa s a  clear ,  dee p 
yello w fluid ,  th e colloi d wa s a  clea r  ruby-re d fluid ,  an d 
th e precipitate ,  whe n shaken ,  wa s a  cloud y yellow^gol d 
suspensio n i n whic h individua l  particle s coul d b e see n 
i n motion ,  an d i n whic h occasiona l  glint s o f  brigh t 
metalli c  gol d coul d b e seen .  Excep t  fo r  th e overal l 
color ,  th e solutio n an d th e colloi d appeare d t o b e ver y 
similar ,  whil e th e shake n precipitat e ha d a  ver y 
differen t  appearance . 

Th e relativ e similarit y o f  th e thre e changed ,  however , 
w h en directiona l  lightin g wa s passe d throug h th e fluids . 
The principa l  result s ar e summarize d i n Figur e 2 ,  whic h 
show s th e effec t  o f  a  paralle l  bea m o f  ligh t  produce d b y 
a fiber-opti c illuminato r  (enterin g from  th e left )  o n ou r 
prepare d gol d colloid ,  a  solutio n o f  gol d chloride ,  an d 
th e precipitate d gol d preparation ,  respectively .  Th e 
overal l  color s o f  th e preparation s ar e no t  show n here , 
but  ca n b e viewe d a t  http://pgrs9nal.b85U.gdtf/~twgngy . 
Th e precipitat e wa s shake n jus t  befor e th e photograp h 
was taken .  Not e tha t  th e colloi d show s a  brigh t 
"Faraday-Tyndal l  Effect, "  tha t  is ,  ligh t  i s  scattere d t o 
th e side ,  illuminatin g th e pat h o f  th e bea m throug h th e 
colloid . 

Figur e 2 .  Colloid ,  Solutio n an d Precipitat e 

The colloid (a ruby-red transparent fluid) tinges the 
scattere d ligh t  a  fain t  pink .  Th e solutio n scatter s n o 
light ,  onl y som e smal l  reflection s from  th e side s o f  th e 
glas s tes t  tub e bein g visibl e i n th e photograph .  Th e 
precipitat e scatter s ligh t  rathe r  mor e broadl y tha n th e 
colloid ,  althoug h som e o f  tha t  i s  a n incidenta l  resul t  o f 
th e widenin g o f  th e initiall y  paralle l  bea m o f  ligh t  int o a 
cone ,  a s a  resul t  o f  it s  passag e throug h th e tw o prio r 
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preparations .  Th e overal l  colo r  o f  th e scattere d ligh t 
from  th e precipitat e i s a  yellowish-gold ,  an d individua l 
particle s ar e easil y visible .  Obviousl y th e colloi d an d 
th e precipitat e resembl e eac h othe r  mos t  closel y unde r 
thes e optica l  conditions ,  i n contras t  t o th e appearance s 
i n ambien t  light .  Althoug h ther e i s n o recor d i n th e 
diar y o f  Farada y placin g thes e thre e i n on e contex t  (a s 
we hav e don e i n Figur e 2) ,  i t  i s  clea r  tha t  h e wa s 
attendin g thes e difference s ver y carefull y -  the y 
constitute d par t  o f  th e basi s fo r  hi s conclusio n tha t  th e 
colloid s wer e i n fac t  metalli c  particle s o f  gold . 

Conclusions 

The chang e i n apparen t  similarit y o f  th e thre e kind s o f 
preparation s w h e n transmitte d ligh t  i s  compare d t o 
ambien t  ligh t  (Figur e 3 )  suggest s a  possibl e 
"confusion "  (Cavicchi ,  1997) .  an d th e nee d fo r  a 
reorganizatio n o f  th e phenomenologica l  domai n o f 
"divisibl e gold "  (a s Farada y referre d t o i t  i n th e 185 7 
paper) .  Thi s confusio n suggest s a n explanatio n fo r  w h y 
Farada y bega n wit h precipitate s o n Februar y S ,  a n 
explanatio n tha t  correspond s wit h wha t  Farada y doe s 
sa y i n th e Diary . 

Transmitte d 
Ligh t 

Solutio n 

Colloid Precipitate 

Ambien t 
Ligh t 

Solutio n 

Precipitat e 

Colloid 

Figur e 3 .  Taxonom y o f  Similaritie s 

From the Diary, we learn that Faraday had visited De 
l a Ru e th e wee k prio r  t o Februar y S"" ,  an d th e tw o ha d 
examine d som e gol d lea f  throug h th e microscope ; 
Farada y recorde d thi s visi t  i n hi s firs t  diar y entr y o n 
gol d (#14243 ,  2  Februar y 1856) .  O n th e ? ^  Farada y 
receive d som e thi n gol d film s prepare d b y D e l a Rue , 
w ho ha d use d phosphorou s t o reduc e th e gold .  O n th e 
fi"*  (on e da y afte r  preparin g hi s precipitates) ,  Farada y 
establishe d a  carefu l  optica l  metho d fo r  th e examinatio n 
of  precipitates ,  an d recorde d that ,  i n th e evening ,  h e 
went  t o D e l a Rue' s again ,  an d observe d h o w th e thi n 
gol d film s wer e made .  A t  thi s point ,  Farada y notice d 
somethin g odd ;  " A ver y fin e re d flui d i s obtaine d 
[from ]  th e mer e washing "  (Diary ,  #14321) .  This ,  o f 
course ,  wa s a  colloid ,  an d Farada y save d th e fluid , 

returnin g t o i t  tw o week s late r  o n th e IS** "  (#14437) , 
afte r  hi s experiment s wit h precipitate s an d hi s first 
examination s o f  thi n films.  A t  tha t  point ,  h e wa s abl e t o 
ask ;  ".. .  th e questio n is ,  i s  i t  [i.e. ,  th e gold ]  i n th e sam e 
stat e a s whils t  apparentl y dissolve d i n th e fluid " 
(#14437 ,  emphasi s i n original) .  I t  i s  interestin g t o not e 
tha t  durin g thi s 1 6 da y perio d h e referre d t o th e re d 
fiuid  usin g tw o term s interchangeably ,  "fiuid "  an d 
"solution" .  Onl y late r  coul d h e b e sur e tha t  th e re d flui d 
was QQi  a  solution ,  althoug h h e mus t  hav e ha d th e ide a 
ver y early . 

The sequenc e o f  hi s idea s the n mus t  b e somethin g 
lik e th e following .  H e first  compare s thi n films  (whic h 
he suspect s ar e gol d i n a  continuou s state )  t o th e 
precipitates ,  whic h h e know s t o b e discret e particles . 
Sinc e gol d i n a  continuou s stat e change s appearanc e i n 
transmitte d ligh t  an d reflecte d light ,  h e develop s a n 
"optica l  method "  fo r  examinin g precipitate s unde r  th e 
same tw o conditions .  Not e that ,  t o prepar e th e 
precipitates ,  h e mus t  hav e ha d befor e hi m th e clea r 
solutio n o f  gol d chloride .  Then ,  a t  D e l a Rue's ,  h e 
explicitl y  notice s th e clea r  re d solutio n an d thi s mus t 
hav e suggeste d a  comparison .  H e kne w tha t  th e 
substance s use d t o produc e th e clea r  re d solutio n 
(phosphorous ,  carbo n disulfide ,  an d a  gol d chlorid e 
solution )  produce d metalli c  gold .  Bu t  w h y the n di d i t 
loo k lik e a  solution ? Resolvin g thi s "confusion "  le d hi m 
t o examin e th e re d fluids  mor e closel y -  an d i t  woul d 
be a  natura l  extensio n t o us e bot h transmitte d an d 
ambien t  light ,  jus t  a s h e ha d don e wit h th e precipitates . 
A n d th e transmitte d ligh t  (a s ou r  Figur e 2  shows )  woul d 
make th e re d fluid  loo k ver y differen t  fVo m th e clea r 
solution .  A  rea l  anomal y ha d bee n found ,  an d a 
reorganizatio n becam e necessary ;  th e "re d fluid"  mus t 
be gol d i n a  "divisibl e state, "  lik e th e precipitates . 

Ther e was ,  o f  course ,  stil l  m u c h t o do .  Mor e wor k 
was neede d t o explor e th e ne w optica l  effects ,  t o 
examin e othe r  kind s o f  divisibl e gol d (e.g. ,  tha t 
produce d b y explodin g gol d wires) ,  t o examin e othe r 
substances ,  and ,  mos t  importantly ,  t o explai n th e 
difference s i n th e colo r  o f  ligh t  produce d b y gol d i n 
differen t  state s ( a goa l  onl y partiall y  realized) .  Ye t  th e 
anomalou s appearanc e o f  th e re d fluids  a t  th e beginnin g 
of  th e serie s o f  experiment s provide d Farada y wit h a 
first  importan t  clu e t o th e kin d o f  inquir y h e woul d nee d 
t o make .  Fa r  from  constitutin g a  recor d o f  "declinin g 
powers, "  th e replication s allo w u s t o se e tha t  Faraday' s 
abilit y  t o notic e an d exploi t  a n anomal y wa s 
undiminishe d i n 1856 . 

Further ,  ou r  replication s reveale d tha t  th e 
precipitatio n experiment s ar e mor e importan t  tha n ca n 
be discovere d b y examinin g th e diar y record s alone , 
becaus e thei r  rol e i n recognizin g th e divisibl e stat e o f 
colloida l  preparation s i s no t  eviden t  otherwise .  Th e tex t 
of  th e diar y alon e doe s no t  revea l  wha t  wa s obvious , 
visually ,  t o Farada y -  an d wa s obviou s t o u s onl y whe n 
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presen t  a s th e resul t  o f  ou r  ow n "makings. "  Onl y i n thi s 
fashio n coul d w e hav e note d a  conceptua l  chang e 
reminiscen t  o f  tha t  see n b y Anderse n (2002 )  i n he r 
analysi s o f  20t h centur y particl e physicists . 

Faraday' s gol d researc h i n 185 6 provide d Farada y 
wit h menta l  model s base d upo n ne w conception s abou t 
th e interactio n betwee n thi n gol d films  an d light .  An d 
th e differin g visua l  propertie s o f  colloids ,  solutions ,  an d 
precipitate s wer e a  crucia l  first  step ,  becaus e the y 
showe d tha t  th e particle s o f  gol d ha d specifi c  optica l 
properties .  Thes e i n tur n le d Farada y t o reevaluat e hi s 
previou s view s o f  th e distinctio n betwee n continuou s 
and "divisible "  matter .  Thus ,  ther e ar e similaritie s 
betwee n th e conceptua l  reorganization s w e observe d b y 
replicatin g Faraday' s precipitatio n experiments ,  an d th e 
large r  reorganization s tha t  constitute d th e outcom e o f 
th e aitir e 185 6 serie s o f  studies .  Furthe r  replication s 
and tex t  analysi s ar e i n progres s t o exten d th e reac h o f 
thi s conclusion . 
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Abstrac t 

To see is to believe. A picture is often worth a thousand 
word s i n everyda y communicatio n settings .  A  graphi -
cal  represenutio n achiall y  "talks "  i n suc h communica -
tion ,  int̂ rate d wit h som e othe r  representatio n system s 
lik e spoke n language .  Becaus e o f  it s  power ,  however ,  a 
gnq)hica l  representatio n ca n affec t  th e wa y peopl e gras p 
a targe t  situatio n i t  describes .  Thi s pape r  present s a n em -
pirica l  investintio n o f  languag e usag e i n graphica l  com -
munication .  Drawin g o n actua l  dialogu e data ,  w e sho w 
tha t  th e configuratio n o f  graphic s afreet s linguisti c ex -
pression s o f  motio n whe n peopl e collaborativel y wor k o n 
a task .  Thi s effec t  o f  gn>|̂ ic s o n languag e usag e demon -
strate s tha t  th e configuratio n o f  graphic s ha s a n influenc e 
on perspective s i n even t  conceptualizations . 

I n t r oduc t i o n 

Dail y communicatio n i s b y natur e multi-modal ,  an d 
graphic s ofte n serv e a s stron g visua l  aid s fo r  informa -
tio n exchange .  Peopl e communicat e wit h eac h othe r  ef -
fectivel y b y integratin g informatio n fh) m linguisti c an d 
graphica l  source s (Neilso n an d Le e (1994) ;  Umata ,  Shi -
mojima ,  an d Katagir i  (2000)) .  Peopl e gras p describe d 
situation s vi a graphics ,  takin g advantag e o f  thei r  "hand -
iness. "  Becaus e o f  thi s rol e the y play ,  however ,  th e w a y 
peopl e gras p targe t  situation s ca n b e affecte d b y graph -
ics . 

Recen t  investigation s hav e demonstrate d tha t  th e per -
spective s o f  spatia l  description s an d linguisti c expres -
sion s sho w som e correspondence .  Levinso n (1996 )  ob -
serve d tha t  som e language s m a k e almos t  exclusiv e us e 
of  absolut e coordinate s whil e Europea n language s ten d 
t o us e egocentri c o r  relativ e coordinates ,  reflectin g peo -
ple' s strategie s fo r  spatia l  m e m o r y an d inference .  Taylo r 
an d Tversk y showe d tha t  ther e ar e thre e perspective s o f 
spatia l  description s (i.e .  a  gaz e tour/ a route/ a survey ) 
tha t  roughl y correspon d t o th e frame s o f  referenc e dis -
tinguishe d b y Levinso n i n a  linguisti c method . 

I t  ha s als o bee n observe d tha t  th e existenc e o f  graphic s 
provides  tw o graphics-base d perspective s i n additio n t o 
thos e use d i n onl y describin g a  world ,  an d tha t  ther e i s a 
trade-of f  betwee n cognitiv e cost s an d alignment-failure -
robusmes s (Umata ,  Katagiri ,  an d Shimojim a (2002)) . 
O ne o f  thos e perspective s i s  calle d th e Observer-to -
Graphic s Perspective ,  i n whic h peopl e conceptualiz e th e 

'  Thi s researc h wa s supporte d i n par t  b y th e Telecommuni -
cation s Advancemen t  Organizatio n o f  Japan . 

targe t  event s fro m th e viewpoin t  o f  th e observe r  relativ e 
t o th e graphics .  Suppos e on e says :  "Fro m Bake r  Street , 
we'l l  trave l  o n th e Bakerlo o Lin e an d the n g o right  a t 
Oxfor d Circu s t o H o l b o m "  whil e holdin g th e m a p o f  th e 
Londo n Undergroun d show n i n Figur e 1 .  Th e movemen t 
i s describe d fro m th e viewpoin t  o f  th e observe r  relativ e 
t o th e map .  O n th e othe r  hand ,  i f  on e says :  "Fro m Bake r 
Street ,  we'l l  trave l  o n th e Bakerio o Lin e an d the n g o lef t 
at  Oxfor d Circu s t o Holbom, "  th e speake r  "goe s into " 
th e m a p worl d a s a n imaginar y agent ,  takin g th e othe r 
perspectiv e calle d th e Protagonis t  Perspective . 

W h en peopl e se e an d tal k abou t  worl d situation s 
throug h graphics ,  i t  i s  quit e likel y tha t  th e feature s o f  th e 
graphic s affec t  th e w a y peopl e conceptualiz e th e targe t 
situations .  I n thi s research ,  w e studie d h o w th e availabil -
it y an d configuratio n o f  graphic s affec t  languag e usag e 
i n communicatio n an d problem-solving .  W e focuse d o n 
th e influenc e o f  graphica l  representation s o n th e concep -
tualizatio n o f  motio n events . 

Suppos e tha t  Joh n an d Mar y ar e a t  th e Goodg e Stree t 
tub e station ,  discussin g wher e t o hav e dinne r  together . 
Mar y migh t  sugges t  a  plac e b y sayin g (1 )  below ,  bu t  sh e 
woul d no t  d o i t  b y sayin g (2) : 

(1 )  Let' s g o dow n t o Waterio o Statio n o n th e Norther n 
Lin e an d ea t  a t  Livebait . 

(2) Let's come down to Waterloo Station on the Northern 
Lin e an d ea t  a t  Livebait . 

Th e curren t  positio n wher e th e tw o peopl e ar e locate d be -
comes th e referenc e poin t  o f  th e movemen t  i n thi s case , 
and th e movemen t  ca n onl y b e conceptualize d a s a  move -
ment  awa y fro m th e referenc e point ,  an d henc e th e us e 
of  "go. "  Suppose ,  o n th e othe r  hand ,  tha t  Joh n an d Mar y 
ar e discussin g thei r  evenin g plan s ove r  th e m a p o f  th e 
Londo n Undergroun d show n i n Figur e 1 .  Mar y coul d 
use ,  i n thi s case ,  eithe r  (1 )  o r  (2) .  Th e availabilit y  o f  di e 
m ap an d th e configuratio n o f  icon s o n th e m a p affec t  th e 
conceptualizatio n o f  th e movemen t  here :  th e nearnes s o f 
th e Waterlo o Statio n ico n fro m the m make s i t  possibl e 
fo r  he r  t o conceptualiz e th e movement ,  i n additio n t o th e 
previou s dista l  movemen t  conceptualization ,  a s a  move -
ment  i n th e map-worl d towar d th e referenc e point ,  thei r 
curren t  position .  Graphica l  representatio n ca n hav e a n 
influenc e o n languag e usage . 

Th e us e o f  "come "  i n (2 )  i s possibl e becaus e th e m a p 
and th e graphica l  object s containe d i n i t  ar e readil y avail -
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Figur e 1 :  Rout e M a p o f  London' s Undergroun d Syste m 

abl e t o th e speake r  a s a  resourc e t o formulat e message s 
t o b e communicate d an d problem s t o b e reasone d about . 
The location s an d arrangement s o f  object s ca n b e ex -
presse d i n term s o f  th e relationship s betwee n graphica l 
object s an d th e speaker ,  a s wel l  a s thos e betwee n object s 
themselve s an d th e speaker .  Thi s availability ,  o r  th e eas e 
of  accessibility ,  o f  graphica l  representation s shoul d wor k 
t o amplif y ou r  communicativ e an d reasonin g capabilitie s 
by providin g u s wit h a  nove l  se t  o f  possibilitie s fo r  con -
structin g perspectiva l  even t  conceptualizations . 

We investigate d th e eifec t  o f  graphica l  representation s 
on perspectiva l  even t  conceptualization s throug h a n em -
pirica l  analysi s o f  th e us e o f  motio n verb s i n actua l  two -
part y task-oriente d dialogue s tha t  mak e us e o f  diagrams . 
We first  outline ,  i n th e nex t  section ,  th e classificatio n o f 
th e type s o f  perspectiva l  conceptualization s availabl e i n 
communication s tha t  involv e graphica l  representations . 
We the n examine ,  i n th e followin g section ,  th e Japanes e 
dialogu e dat a fi-om  ou r  corpu s involvin g a  "Missionarie s 
and Cannibals "  typ e puzzle .  W e foun d tha t  th e configu -
ratio n o f  graphic s affect s th e wa y peopl e gras p th e targe t 
situation s an d tha t  th e perspectiva l  conceptualization s o f 
th e graphica l  object s ar e mor e prominen t  tha n thos e o f 
th e real-worl d object s the y represent . 

Perspectives in Grapliical Communicatioii 

I n graphica l  communication ,  graphica l  representation s 
wor k a s "windows "  throug h whic h w e ca n se e th e tar -
get  situation s th e graphic s describe .  However ,  the y als o 
serv e a s informatio n processin g "sites "  becaus e w e ca n 
tak e advantag e o f  thei r  handiness .  Graphica l  represen -
tation s ar e s o deepl y ingraine d i n ho w w e gras p an d de -
scrib e targe t  situation s tha t  thei r  existenc e raise s th e pos -
sibilit y  o f  settin g nove l  perspective s i n conceptualizin g 
events .  T w o suc h perspective s wer e observe d i n Umata , 
Katagir i  an d Shimojim a (2002) ,  i n additio n t o tw o per -
spective s concerne d solel y wit h th e targe t  world .  Ther e 

ar e fou r  possibl e categorie s o f  perspective s o n motio n 
event s i n graphica l  communication . 

(a) Observer-to-World Perspective 

A movement is taken as a movement in the real 
worl d an d conceptualize d fro m th e viewpoin t  o f 
th e observe r  withi n th e rea l  world .  Thi s perspec -
tiv e i s concerne d solel y wit h th e rea l  world . 

(b) Agent Perspective 

A movement is taken as a movement in the real 
worl d an d conceptualize d fro m th e viewpoin t  o f 
th e agen t  o f  motion .  Thi s perspectiv e i s con -
cerne d solel y wit h th e rea l  world . 

(c) Observer-to-Graphic Perspective 

A movement is taken as a movement in the map 
spac e an d conceptualize d fro m th e viewpoin t  o f 
th e observe r  relativ e t o th e map .  Thi s perspec -
tiv e concern s bot h th e rea l  worl d an d th e graphi c 
spac e an d create s a  bridg e betwee n th e two . 

(d) Protagonist Perspective 

A movement is conceptualized from the view-
poin t  o f  a n imaginar y agen t  i n a  narrativ e world . 
I n graphica l  communicatio n situations ,  a  graphi c 
provide s th e narrativ e domai n fo r  thi s perspec -
tive .  Th e agen t  ca n b e identifie d wit h eithe r  th e 
speake r  o r  th e listener .  Thi s perspectiv e belong s 
solel y t o th e narrativ e world . 

The first two categories are perspectives concerned 
solel y wit h th e targe t  world ,  whic h ca n als o b e observe d 
i n communicatio n withou t  th e us e o f  graphics .  W h e n 
yo u sa y "Joh n i s comin g t o m y plac e fh) m Goodg e 
Street "  withou t  a  map ,  yo u ar e takin g th e Observer-to -
Worl d Perspective .  I f  yo u ar e actuall y drivin g t o some -
body' s place ,  yo u migh t  sa y "I' m n o w goin g t o th e right -
han d sid e o f  Piccadill y  Circus, "  takin g th e Agen t  Per -
spective .  I f  yo u ar e explainin g th e wa y t o somebod y vi a 
a cellula r  phone ,  yo u migh t  say ,  "G o sout h an d tur n lef t 
at  Leiceste r  Square, "  takin g th e Agen t  Perspectiv e o f  th e 
perso n t o w h o m yo u ar e talking . 

I n graphica l  communication ,  th e latte r  tw o perspec -
tive s ar e availabl e i n additio n t o (a )  an d (b) .  Example s 
fro m th e H C R C M a p Tas k Corpu s analyze d i n Umata , 
Katagir i  an d Shimojim a (2002 )  ar e show n below . 

HCRC Map Task Corpus 

The example s show n i n th e followin g section s ar e fro m 
th e H C R C M a p Tas k Corpus .  Thi s m a p tas k i s a  coop -
erativ e on e involvin g tw o participants .  Th e tw o speaker s 
si t  opposit e on e another ,  an d on e speake r  give s instruc -
tion s fo r  a  rout e t o th e other .  Eac h ha s a  m a p tha t  th e 
othe r  canno t  see ,  an d a  rout e i s marke d o n th e Instruc -
tio n Giver' s ma p whil e n o rout e i s marke d o n tha t  o f  th e 
Instructio n Follower .  Th e speaker s ar e tol d tha t  thei r  goa l 
i s t o reproduc e th e Giver' s rout e o n th e Follower' s map . 
Thei r  map s ar e no t  exactl y identica l  an d th e speaker s ar e 

897 



Col l 

GtzoUe i 
— Finii h 

Figur e 3 :  M o v e m e n t  describe d i n (4 ) 

Figur e 2 :  M o v e m e n t  describe d i n (3 ) 

Follower :  Righ t 
tol d thi s explicitl y a t  th e beginnin g o f  thei r  first  session .  Giver :  A n d the n g o roun d t o you r  lef t 
I t  is ,  however ,  u p t o the m t o discove r  h o w th e tw o mapSpoHower '  M y left ? 
differ .  T h e m a p s describ e fictitious  areas .  q.^^^ .  ̂  ^̂ .̂ ^  ̂ ^  ̂ ^ ^  g^ y 

Observer-to-Graphic Perspective 

First ,  conside r  th e followin g utterances : 

(3) (The Giver is showing the Follower the movement 
s h o w n i n Figur e 2. ) 

Giver: Okay? Now you need to drop straight down to-
ward s th e gazelles . 

Follower :  Right ,  comin g i n a t  th e to p o f  them . 
Giver :  That' s right,  an d the n g o roun d th e botto m o f  th e 

gazelles . 
Follower :  O n th e left-han d side ? 

Giver :  A n d hea d of f  t o th e right-hand  side.. .  S o yo u g o 
unde r  th e gazelle s 

The expression "drop straight down to" would not 
hav e bee n suitabl e withou t  a  m a p .  I t  describe s th e motio n 
fh> m th e Observer-to-Graphi c perspective ,  mak in g us e 
o f  th e spatia l  relatio n o n th e m a p .  Othe r  spatia l  expres -
sion s ("a t  th e to p of, "  "botto m of, "  "right-han d side, "  an d 
" u n d e r ^  als o describ e th e spatia l  relatio n o f  th e targe t 
situatio n vi a th e graphica l  relations .  Fo r  example ,  "g o 
roun d th e botto m o f  th e gazelles "  doe s no t  m e a n actuall y 
goin g unde r  th e gazelle s i n th e targe t  situation .  Also ,  no -
tic e tha t  th e deicti c spatia l  expressio n "t o th e right  o f  i s 
base d o n th e Observer-to-Graphi c Perspective .  I t  woul d 
hav e bee n "t o th e left-han d side "  i f  th e give r  w a s takin g 
th e Protagonis t  Perspective . 

Protagonist Perspective 

N o w w e wil l  examin e th e example s o f  th e Protagonis t 
Perspectiv e s h o w n i n (4) : 

(4) (The Giver is showing the Follower the movement 
s h o w n i n Figur e 3. ) 

Giver: Then down. 
Follower :  W h a t  d o yo u m e a n d o w n ? Toward s th e botto m 

o f  th e paper ? 
Giver :  Uh -hu h 

Follower :  Uh-huh .  D o I.. .  d o I  g o b y th e collapse d shel -
ter ? 

Giver :  Uh -hu h 
Follower :  U h - h u h 

Giver :  A n d the n .. .  s o that.. .  unti l  you'v e got.. . 
Follower :  T h e collapse d shelter' s o n m y right ? 

Giver :  Uh-hu h 

T h e spatia l  expression s "o n m y right,"  "t o you r  left " 
an d " m y left "  ar e clearl y base d o n th e Protagonis t  Per -
spective .  I f  th e speaker s wer e talkin g base d o n th e 
Observer-to-Graphi c Perspective ,  the y woul d hav e sai d 
"o n m y left, "  "t o you r  right"  an d " m y right,"  respec -
tively .  T h e give r  confirme d i t  wit h di e utteranc e "a s 
you'r e th e w e e guy, "  introducin g a n imaginar y agen t  ex -
plicitly .  Thus ,  w e ca n find  m a n y suc h expression s spoke n 
fix)m  di e tw o graphic-base d perspective s i n communica -
tion s tha t  m a k e us e o f  graphics . 

Perspectives and Alignment of Coordinates 

We have observed that die existence of graphics pro-
vide s tw o nove l  perspectives ,  namel y th e Observer-to -
Graphic s Perspectiv e an d th e Protagonis t  Perspective . 
T h e forme r  require s les s cognitiv e resource s becaus e 
on e ca n gras p motio n event s a s see n o n graphics .  Thi s 
perspectiv e work s i f  th e coordinate s ar e firmly  aligne d 
betwee n speakers .  However ,  misalignmen t  o f  coordi -
nate s lead s t o seriou s miscommunication .  O n th e othe r 
hand ,  th e Protagonis t  Perspectiv e i s  robus t  agains t  mis -
alignment ,  becaus e conversatio n participant s "g o int o th e 
graphics, "  an d th e spatia l  relation s betwee n th e actua l 
speaker s an d thei r  graphic s ar e no t  crucia l  i n thi s per -
spective .  Suc h a  "trade-oflF "  betwee n descriptio n cos t 
an d misalignmen t  robustees s wa s actuall y observe d i n 
th e H C R C M a p Tas k Corpu s (Umata ,  KaUgir i  an d Shi -
mo j im a (2002)) . 

Dialogues Involving a ''Missionaries and 

C a n n i b a l s "  I ^ p e P u z z l e 

We have observed that the availability of graphics pro-
vide s a  nove l  se t  o f  perspective s base d o n graphics .  Be -
caus e peopl e "see "  th e targe t  situation s vi a graphic s fi'om 
thos e perspectives ,  i t  i s  quit e likel y tha t  di e feahire s o f 
th e graphic s affec t  di e w a y peopl e conceptualiz e di e tar -
get  siniations . 

Th e dialogu e dat a analyze d i n thi s sectio n wer e take n 
fro m tw o collaborativ e proble m solvin g experiment s tha t 
involve d back-and-fort h movement .  Anothe r  importan t 
featur e o f  thi s tas k wa s tha t  i t  involve d tw o real-worl d 
place s tha t  subject s wer e familia r  with .  W e als o exam -
ine d h o w m u c h effec t  di e Observer-to-Wori d Perspectiv e 
had o n di e usag e o f  motio n verbs . 
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M o t i o n Verb s i a C o r p u s 

Verbs like come and go reflect a speaker's reference 
point ,  a s show n i n (1 )  an d (2) .  G o indicate s motio n t o 
a locatio n tha t  i s  distinc t  from  th e referenc e point .  C o m e 
indicate s motio n towar d th e referenc e poin t  . 

The Japanes e languag e als o ha s a  pai r  o f  motio n verb s 
simila r  t o Englis h com e an d go :  kur u an d iku .  ik u (go ) 
and tsurete-ik u (take )  indicat e motio n t o a  locatio n tha t 
i s distinc t  from  th e referenc e point ,  kur u (come )  an d 
tsurete-kur u (bring )  indicat e motio n towar d th e referenc e 
point̂ .  /ifcu-typ e verb s ar e use d mor e widel y tha n kuru -
typ e verb s i n th e sens e tha t  th e forme r  expresse s move -
ment s tha t  ar e neutra l  wit h respec t  t o th e referenc e poin t 
locations .  Ther e ar e severa l  verb s tha t  ca n b e classifie d 
int o thes e tw o classes .  W e examine d th e usag e o f  thes e 
tw o classe s o f  verb s i n th e followin g tw o experiments . 

Data 

The data analyzed here was gathered from experiments 
involvin g proble m solving .  I n thi s task ,  tw o subject s col -
laborativel y worke d o n a  "Missionarie s an d Cannibals " 
typ e puzzle s usin g a  diagra m give n t o them .  Th e struc -
tur e o f  th e puzzl e wa s basicall y th e sam e a s th e origi -
nal  one ,  excep t  tha t  i t  involve d tw o actua l  place s tha t  th e 
subject s wer e familia r  with .  Th e tim e limi t  wa s seve n 
minutes . 

The subject s recruite d from  loca l  universitie s wer e 
seate d i n separate ,  soundproo f  room s an d worke d to -
gethe r  a s a  pai r  usin g a  share d virtua l  whiteboar d an d 
a fiiU  duple x audi o connection .  Th e diagra m wa s show n 
on thei r  whiteboards ,  an d th e subject s coul d dra w an d 
eras e freely  excep t  tha t  the y coul d no t  eras e th e origina l 
diagram .  Al l  input s t o th e scree n wer e b y stylus ,  an d an y 
writin g o r  erasin g b y on e participan t  woul d appea r  si -
multaneousl y o n th e partner' s screen .  A  pointin g actio n 
wit h th e stylu s wa s show n b y a  curso r  o n th e screen ,  an d 
th e subject s coul d se e wha t  thei r  partne r  wa s pointin g to . 
The subject s wer e video-tape d durin g th e task . 

The Motorcycle Gang Task 

The puzzle was almost the same as the original one, ex-
cep t  tha t  w e use d tw o actua l  place s an d replace d th e mis -
sionarie s an d cannibal s wit h tw o team s o f  motorcycl e 
gangs .  Th e subject s wer e tol d t o wor k ou t  h o w al l  m e m-
ber s o f  bot h gang s coul d b e transporte d safely .  Thi s tas k 
involve d onl y tw o kind s o f  motion :  forwar d an d back -
war d motio n betwee n tw o places .  Th e tim e limi t  wa s 
seve n minutes ,  includin g th e tim e the y use d t o rea d th e 
proble m sheet . 

^Actually ,  com e an d g o hav e mor e complicate d semantics , 
as show n i n Fillmor e (1997) .  Th e schem e presente d her e i s a 
rathe r  simplifie d version ,  bu t  serve s wel l  enoug h fo r  th e presen t 
purpose . 

^Ther e i s on e clea r  differenc e betwee n Englis h an d 
Japanese ,  though .  Whe n a  speake r  i s tryin g t o g o t o tfie  hearer , 
s/h e wil l  say ,  "I'l l  com e t o you, "  whil e ih i  (go )  i s  use d rathe r 
tha n kur u (come )  i n Japanese .  However ,  thi s differenc e i s no t 
relevan t  here . 

Saklui i 

Figur e 4 :  Horizonta l  an d Vertica l  Diagram s 

E x p e r i m e n t  1 

The first  experimen t  wa s conducte d t o examin e th e effec t 
of  th e configurationa l  feature s o f  graphic s whe n a  per -
spectiv e base d o n graphic s i s taken .  Th e motio n i n thi s 
tas k wa s muc h mor e simplified ,  thoug h ther e wa s back -
and-fort h motio n tha t  wa s no t  i n th e H C R C M a p Task . 
Th e proble m involve d motio n betwee n tw o actua l  place s 
on a  motorbik e s o tha t  th e subjec t  coul d als o directl y ac -
ces s th e rea l  world .  Thi s tas k ha s a  genera l  directio n o f 
motion :  al l  si x boy s hav e t o m o v e from  Saidaij i  t o Nara . 
Eac h o f  thes e location s i s abou t  th e sam e distanc e from 
th e experimen t  site .  Th e bik e wa s suppose d t o b e abl e t o 
can y onl y tw o peopl e a t  on e time ,  an d someon e ha d t o 
ride  bac k o n it .  T w o kind s o f  graphica l  representation s 
wer e provide d a s show n i n Figur e 4 .  O n e ha d a  horizon -
ta l  configuration ,  i n whic h th e tw o icon s o f  th e place s ar e 
at  abou t  th e sam e distanc e from  th e subject̂ .  Th e othe r 
on e ha d a  vertica l  configuration ,  whic h ha d a  variatio n i n 
th e distanc e from  th e subjec t  t o eac h place .  Eac h condi -
tio n ha d eigh t  pair s o f  subjects . 

The speaker s wer e no t  suppose d t o b e th e one s mov -
in g betwee n th e tw o place s i n thi s tas k setting ,  s o th e 
Agent  Perspectiv e wa s no t  possible .  Thus ,  th e possi -
bl e perspective s wer e expecte d t o b e th e Observer-to -
World ,  th e Observer-to-Graphi c an d th e Protagonis t  Per -
spective .  Becaus e th e motio n i s take n a s tha t  i n th e m a p 
from  th e real-worl d observe r  i n th e Observer-to-Worl d 
Perspective ,  i t  i s  likel y tha t  th e spatia l  relatio n betwee n 
th e speake r  an d th e graphica l  object s play s a n importan t 
role .  Th e assumptio n wa s that ,  unde r  tha t  perspective , 
kurufcomej-typ e verb s woul d b e use d fo r  th e motio n t o 
Nar a mor e frequently  i n th e vertica l  conditio n tha n i n th e 
horizonta l  one ,  becaus e the y woul d b e affecte d b y th e 
nearnes s o f  th e Nar a ico n i n th e diagra m t o th e speaker . 

Results of Experiment 1 The distribution of motion 
verb s wa s a s follows : 

/tu-typ e verb s an d kuru-typ e verb s exhibite d signif -
icantl y differen t  distribution s dependin g o n th e direc -
tio n o f  movemen t  i n bot h condition s (horizontal :  x (̂i )  = 

93.64,/ ? <  0.01 ;  vertica l  ( x ^ )  =  53.98, p <  0.01) .  I n 
bot h th e horizonta l  an d vertica l  conditions ,  iku-typ e 

*Not e tha t  i t  i s  commo n fo r  map s i n Japa n t o hav e a  direc -
tio n othe r  tha n nort h a t  th e top . 
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Tabl e 1 :  Distributio n o f  «*«-typ e an d kuru-typ e verbs . 

»"ikM-typ e ifcwru-typ e 
Horizonta l 

Vertica l 

Saidaij i  - > N a m 
Nar a - ^  Saidaij i 
Saidaij i  - + Nar a 
Nar a - + Saidaij i 

66 2 
4 4 5 
4 7 1 8 
1 4 5 

Figur e 5 :  Differenc e i n distributio n o f  motio n verb s 

verb s wer e predominantl y employe d fo r  th e movemen t 
fh> m Saidaij i  t o Nara ,  wherea s *uru-typ e verb s wer e 
predominantl y employe d fix)m  Nar a t o Saidaiji .  Thi s 
distributiona l  imbalanc e indicate s tha t  ou r  fou r  perspec -
tiv e type s ar e no t  sufficien t  t o explai n th e whol e stor y 
of  graphica l  communicatio n i n proble m solvin g settings , 
since ,  fo r  th e horizonta l  condition ,  movemen t  i n eac h 
directio n coul d b e considere d neithe r  towar d no r  awa y 
from  th e referenc e poin t  unde r  al l  fou r  perspectives . 
Henc e on e woul d predic t  tha t  al l  movemen t  i n th e hori -
zonta l  conditio n shoul d b e expresse d wit h iku-typ t  verbs . 

We therefor e stipulate d a n additiona l  perspective ,  th e 
Proble m Perspective ,  t o accoun t  fo r  thi s distributiona l 
imbalance .  A s di e tas k fo r  "Missionarie s an d Cannibals " 
typ e problem s i s t o transpor t  al l  partie s collectivel y from 
on e locatio n t o another ,  th e natur e o f  th e proble m itsel f 
induce s a  genera l  directio n o f  movemen t  from  th e sourc e 
locatio n t o th e goa l  location .  Thi s i s equivalen t  t o posit -
in g th e referenc e poin t  a t  th e sourc e location ,  whic h i s 
Saidaij i  i n ou r  experimenta l  setting .  Unde r  th e Proble m 
Perspectiv e eac h movemen t  i s take n a s a  movemen t  ei -
the r  towar d o r  awa y from  th e referenc e poin t  a s posite d 
by th e structur e o f  th e proble m itself ,  an d thi s perspectiv e 
i s expecte d t o appea r  i n transportatio n typ e problem s i n 
bot h concret e an d abstrac t  domains . 

Comparin g th e horizonta l  an d th e vertica l  conditions , 
we notic e tha t  kuru-typ e verb s ar e mor e frequently  use d 
fo r  th e movement s from  Saidaij i  t o Nara .  Figur e 5  show s 
th e differenc e i n th e distributio n o f  motio n verb s betwee n 
th e tw o conditions .  Th e motio n verb s exhibi t  signifi -
cantl y differen t  distribution s betwee n th e horizonta l  an d 
th e vertica l  condition s (z^^ j  =  17.65, p <  0.01) .  M o r e 
concretely ,  th e frequency  o f  th e kuru-typ e i n Saidaij i  t o 

Nar a motio n i s significantl y large r  i n th e vertica l  con -
ditio n (adjuste d residual :  horizonta l  =  -3.87 ,  vertica l  = 
3.87) . 

Th e Proble m Perspectiv e set s a  genera l  referenc e poin t 
at  Saidaiji ,  th e sourc e o f  th e whol e transportatio n pro -
cess .  I t  appears ,  however ,  tha t  th e graphic s configura -
tio n m a y b e abl e t o modif y th e referenc e poin t  settings . 
Th e kuru-typ e showe d highe r  frequency  fo r  Saidaij i  t o 
Nar a i n th e vertica l  conditio n tha n i n th e horizonta l  con -
dition .  Thi s show s tha t  th e spatia l  relatio n betwee n th e 
speake r  an d th e graphica l  object s make s th e transitio n t o 
th e Observer-to-Graphi c Perspective ,  an d thi s affect s th e 
referenc e poin t  settin g accordingly .  Th e handines s o f  th e 
graphica l  representatio n ca n caus e a  switc h i n perspec -
tive s an d thu s a  shif t  i n th e referenc e point . 

I n contras t  t o th e increas e i n kuru-typ e verb s i n th e ver -
tica l  condition ,  w e notic e n o increas e i n iku-typ e verb s 
fo r  th e movement s i n th e opposit e direction .  Th e lo w 
frequency  o f  th e iku-typ e fo r  Nar a t o Saidaij i  suggest s 
tha t  th e perspectiv e switc h from  th e Proble m Perspectiv e 
t o th e Observer-to-Graphi c Perspectiv e i s preferre d whe n 
th e resultin g perspectiv e take s th e movemen t  a s a  towar d 
movement  rathe r  tha n a s a n away-fro m movement .  Thi s 
asymmetr y als o suggest s tha t  th e Protagonis t  Perspec -
tiv e wa s no t  playin g a  significan t  role ,  a s switchin g t o 
i t  woul d hav e increase d th e occurrenc e o f  ih<-typ e verb s 
here . 

Thus ,  i t  wa s show n tha t  th e effec t  o f  th e Proble m Per -
spectiv e define d b y th e tas k wa s th e mos t  prominen t  fac -
to r  i n referenc e poin t  setting ,  bu t  tha t  th e configuratio n 
of  a  graphica l  representatio n ofte n affect s thi s referenc e 
poin t  setting . 

Experiment 2 

Th e previou s experimen t  showe d tha t  th e Proble m Per -
spectiv e wa s th e mos t  influentia l  factor ,  whil e th e con -
figuration  o f  graphic s als o affect s th e usag e o f  motio n 
verbs .  N o w w e wil l  loo k int o th e effec t  o f  th e real-worl d 
configuratio n i n conversation s involvin g graphics .  Th e 
setu p o f  Experimen t  2  differ s from  tha t  o f  ou r  previou s 
experimen t  a s follows : 

• Both of the two conditions had a vertical configura-
tion . 

• One of the locations was the current position of the 
subjec t  ( A T R ) ,  an d th e othe r  wa s a  plac e som e distanc e 
away . 

• One condition was consistent with the physical world, 
whil e th e othe r  conditio n wa s inconsisten t  wit h th e 
physica l  world . 

The difference was that one diagram had a configu-
ratio n consisten t  wit h th e real-worl d relationship ,  whil e 
th e othe r  di d not ;  tha t  is ,  th e neare r  ico n i n th e graphic s 
represente d a  farthe r  plac e i n th e rea l  world .  Th e gen -
era l  startin g poin t  wa s place d a t  th e to p o f  bot h diagrams . 
Thes e diagram s ar e show n i n Figur e 6 . 

I f  th e real-worl d configuratio n ha s som e effec t  o n set -
tin g th e referenc e point ,  th e motio n verb s woul d sho w 
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Figur e 6 :  Consisten t  an d inconsisten t  diagram s 

diiferen t  distribution s betwee n th e consisten t  conditio n 
and th e inconsisten t  condition .  Th e frequenc y o f  kuru -
typ e verb s i n start-to-goa l  motio n i s expecte d t o b e lowe r 
i n th e inconsisten t  conditio n tha n i n th e consisten t  one . 
I f  th e real-worl d configuratio n di d no t  hav e muc h effect , 
the n th e distributio n woul d b e almos t  th e sam e betwee n 
thes e tw o conditions .  Eac h conditio n ha d eigh t  pair s o f 
subjects . 

Results of Experiment 2 The distribution of motion 
verb s wa s a s show n i n Tabl e 2 . 

Tabl e 2 :  Distributio n o f  iku-typ e an d kuru-typ e verb s i n 
Exoerimen t  2 . 

Consisten t 

Inconsisten t 

Star t  - > Goa l 
Goal  - ^  Star t 
Star t  - ^  Goa l 
Goal  -» •  Star t 

iku-typ e 
70 
1 
47 
4 

kuru-typ e 
17 
48 
25 
42 

No significan t  differenc e wa s observed  betwee n th e 
consisten t  an d inconsisten t  condition s (X (̂3 )  =  7.0 0 < 
7 M , p =  0.05) .  Furthermore ,  a  compariso n o f  eac h con -
ditio n wit h th e vertica l  conditio n i n Experimen t  1  als o 
di d no t  sho w an y significan t  differenc e (consisten t  vs . 
vertical :  x (̂3 )  =  2.1 4 <  7.81,/ > =  0.05 ;  inconsisten t  vs . 

vertical :  x (̂3 )  =  2.8 3 <  7.8 1 , p =  0.05) .  Th e distributio n 
i n eac h conditio n wa s simila r  t o th e distributio n i n th e 
vertica l  conditio n o f  Experimen t  1 .  Th e kuru-typ e wa s 
observe d i n th e Start-to-Goa l  motio n i n bot h conditions . 
The fi-equency  o f  th e /*M-typ e fo r  th e Nar a t o Saidaij i 
motio n wa s agai n quit e low . 

The result s sho w tha t  spatia l  consistenc y di d no t  con -
tribut e t o shiftin g th e referenc e point .  Th e Observer-to -
Worl d Perspectiv e di d no t  hav e a  stron g influenc e i n con -
versatio n wit h a  diagram .  Th e Protagonis t  Perspectiv e 
was als o wea k i n thi s setting . 

I t  turne d ou t  tha t  th e spatia l  propert y o f  graphic s ha d a 
stronge r  effec t  o n even t  conceptualizatio n tha n tha t  o f  it s 
targe t  world .  Thi s suggest s tha t  th e Observer-to-Graphi c 
Perspectiv e i s stronge r  tha n th e Observer-to-Worl d Per -

spectiv e i n graphica l  communicatio n settings . 

Conclusion 

We hav e analyze d th e effec t  o f  graphic s o n languag e us -
age i n communication .  Base d o n a n empirica l  analysi s 
of  th e use s o f  movemen t  verb s i n actua l  conversationa l 
data ,  w e hav e show n tha t  th e configuratio n o f  a  graphica l 
representatio n affect s th e referenc e poin t  settin g w h e n 
peopl e conceptualiz e motio n event s fro m graphics-base d 
perspectives .  W e foun d that :  (1 )  th e tas k setting s pro -
vide d ye t  anothe r  kin d o f  perspective ,  th e Proble m Per -
spective ,  settin g a  genera l  referenc e poin t  t o th e gen -
era l  origin ;  (2 )  th e Proble m Perspectiv e i s stronge r  tha n 
graphics-base d perspectives ;  (3 )  th e Observer-to-Ma p 
Perspectiv e i s th e nex t  strongest ;  an d (4 )  th e real-worl d 
perspectiv e doe s no t  contribute ,  i n compariso n wit h th e 
graphics-base d perspective ,  t o th e referenc e poin t  shift . 

Thes e result s sugges t  tha t  w e ar e mainl y graspin g a n 
even t  o f  th e targe t  worl d vi a it s representation ,  rathe r 
tha n firom  th e even t  itself ,  i n graphica l  communicatio n 
situations .  Th e poin t  o f  usin g graphica l  representation s 
i s th e convenienc e an d th e eas e o f  acces s the y giv e us , 
whic h help s u s t o gras p a n even t  throug h th e mediatio n o f 
graphics .  Thi s mediatio n make s i t  possibl e t o tal k abou t 
dista l  object s b y manipulatin g thei r  proxima l  counter -
parts ,  thereb y facilitatin g bot h communicatio n an d rea -
sonin g processes .  Thi s provide s u s wit h a  nove l  se t  o f 
perspective s base d o n graphics ,  an d conceptualizatio n 
of  targe t  event s m a y b e affecte d b y th e feature s o f  th e 
graphic s whe n peopl e rel y o n thos e perspectives . 
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Abstrac t 

In this paper we present a pragmatic analysis of a widely 
use d tas k i n th e fiel d o f  hypothesi s testing :  th e 2-4- 6 
proble m (Wason ,  1960) .  I n thi s tas k participant s hav e t o 
discove r  th e rul e "thre e increasin g numbers "  b y testin g 
triple s o f  number s an d ar e give n th e "2-4-6 "  a s a n 
exan^l e o f  triple s compatibl e wit h th e mle .  W e argu e 
tha t  mos t  peopl e fai l  becaus e th e given s o f  th e tas k ar e 
conversationall y misleading :  firs t  becaus e th e 2-4- 6 i s 
communicate d an d i s  thu s presume d t o b e relevan t 
(Speibe r  &  Wilson ,  1995 )  an d secon d becaus e th e rul e t o 
be discovere d i s to o simpl e i n th e contex t  o f  th e task .  I n a 
firs t  experimen t  w e showe d tha t  providin g th e tripl e 
withou t  conmiunicatin g i t  improve d performanc e i n th e 
task .  I n a  secon d experimen t  w e contextuall y increase d 
th e relevanc e o f  th e rul e an d observe d tha t  peopl e wer e 
thu s mor e incline d t o discove r  it . 

Introduction 

Imagin e tha t  yo u hav e t o discove r  a  rul e tha t 
generate s triple s o f  numbers .  S o m e triple s ar e 
consisten t  wit h th e rul e an d som e ar e not .  N o w , 
somebod y w h o know s th e rul e -  a  trustworth y perso n 
lik e a n experimenta l  psychologist  -  i s  tellin g yo u tha t 
'2-4-6 '  i s a  tripl e tha t  i s  consisten t  wit h th e rule .  Wil l 
yo u conside r  thi s a s helpfii l  informatio n o r  not ? Surely , 
yo u wil l  an d yo u wil l  als o probabl y thin k tha t  th e 
experimenta l  psychologis t  woul d expec t  yo u t o regar d 
thi s tripl e a s helpfu l  i n orde r  t o succee d i n th e task . 
Hence ,  yo u wil l  conside r  tha t  th e salien t  propertie s 
conveye d b y '2-4-6 '  (lik e "eveimess "  o r  "increas e b y 
2" )  mus t  b e take n int o accoun t  i n orde r  t o discove r  th e 
rule .  However ,  considerin g tha t  thes e propertie s ar e 
importan t  i s  i n fac t  deceptiv e sinc e th e rul e t o b e 
discovere d doe s no t  relat e t o them :  th e rul e i s  simpl y 
"thre e increasin g numbers" .  Focusin g o n 2-4-6' s mos t 

salien t  propertie s i s thu s no t  th e goo d w a y t o solv e suc h 
a task ! 

Thi s tas k i s th e well-know n '2-4-6 '  proble m 
designe d b y Pete r  W a s o n mor e tha n fort y year s ag o 
(Wason ,  1960 )  i n orde r  t o investigat e hypodiesi s testin g 
abilit y (se e Gorman ,  199 5 an d Poletiek ,  200 1 fo r 
reviews) .  I t  ha s becom e th e mos t  common l y use d tas k 
by researcher s i n th e fiel d o f  hypothesi s testing .  I n it s 
standar d version ,  i t  consist s i n proposin g sequence s o f 
triple s t o discove r  a  rul e th e experimente r  ha s i n mind . 
For  eac h triple ,  th e experimente r  indicate s whethe r  o r 
not  i t  i s  consisten t  wit h th e rule .  Participant s hav e t o 
tes t  triple s tmti l  the y ar e sur e o f  havin g discovere d th e 
rule .  A s fo r  th e othe r  famou s Wason' s task ,  namel y th e 
selectio n tas k (Wason ,  1968) ,  on e stimulatin g aspec t  o f 
th e '2-4-6 '  proble m i s  tha t  fe w peopl e succee d i n i t 
despit e o f  it s apparen t  simplicity .  I n th e initia l  stud y 
(Wason ,  1960) ,  onl y 2 1 % o f  participant s succeede d i n 
discoverin g th e rul e i n thei r  firs t  announcemen t 
Typically ,  th e rule s propose d b y participant s inheri t  th e 
salien t  propertie s o f  '2-4-6 '  an d ar e mor e specifi c  tha n 
th e rul e t o b e discovered .  Fo r  instance ,  the y propos e 
rule s suc h a s "thre e eve n numbers" ,  "number s 
increasin g b y 2  " ,  "eve n number s increasin g b y 2  " . 

Th e failur e i n th e 2-4- 6 tas k ha s ofte n bee n viewe d 
as a  sig n o f  irrationality .  W a s o n argue d tha t  participant s 
exhibite d a  "confirmation "  bias ,  an d Evan s (1983 ; 
1989 )  argue d tha t  peopl e exhibite d a  "positivity "  bias . 
Th e protocol s indee d revea l  tha t  peopl e ten d t o propos e 
instance s o f  triple s compatibl e wid i  thei r  hypothesi s 
wherea s th e mos t  efficien t  strateg y consist s o f 
proposin g instance s inconsisten t  wit h th e hel d 
hypothesis .  I t  i s  common l y accepte d tha t  peopl e overl y 
rel y o n a  positiv e testin g strateg y an d focu s o n to o 
narro w hypothese s (Poletiek ,  2001) .  W h a t  i s th e reaso n 
fo r  this ? Researcher s assum e tha t  positiv e testin g i s 
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simpl y a  natura l  w a y o f  thinkin g typica l  o f  huma n 
being s (Evans ,  1989 ;  Klayman ,  1995 )  an d tha t  th e 
consideratio n o f  restrictiv e hypothese s i s du e t o th e 
salien t  propertie s o f  2-4-6 .  I n contrast ,  w e thin k tha t  th e 
incidenc e o f  positiv e testin g an d th e siz e o f 
"rcstrictiveness "  bia s (Poletiek ,  2001 )  hav e bee n 
overestimated .  W e believ e tha t  on e o f  th e mos t 
importan t  analysi s require d fo r  understandin g th e 
psychologica l  mechanism s underlyin g th e tas k ha s bee n 
systematicall y overlooked ,  namel y th e pragmati c 
analysis .  I n th e presen t  paper ,  w e argu e tha t  a  ke y caus e 
of  th e failur e i n th e 2-4- 6 proble m derive s fro m 
communication .  I n particular ,  w e clai m tha t  th e tas k i s 
difRcu h precisel y becaus e th e tripl e 2-4- 6 i s obtaine d 
by conununication . 

The pragmatics of the 2-4-6 problem 

Nobod y ca n contes t  tha t  conversatio n play s a n 
importan t  rol e i n th e task .  First ,  lik e man y reasonin g 
tasks ,  th e 2-4- 6 proble m set s u p a  situatio n o f 
communication .  Th e experimente r  communicate s th e 
given s o f  a  proble m t o a  participan t  an d th e participan t 
has t o communicat e th e experimente r  a  conclusio n i n 
orde r  t o provid e hi m wit h som e informatio n abou t  hi s 
or  he r  inferentia l  skills .  Th e participan t  trie s t o 
determin e th e experimenter' s communicativ e intentio n 
and ha s som e expectation s abou t  wha t  h e o r  sh e i s 
intereste d in .  Sh e o r  h e m a y thu s tailo r  her/hi s answe r 
accordin g t o thes e expectations .  Second ,  an d mor e 
importantly ,  communicatio n i s noticeabl y misleadin g i n 
th e 2-4- 6 problem .  I n Gricea n terms ,  on e ca n vie w th e 
experimente r  a s bein g uncooperativ e (Grice ,  1975 ) 
sinc e th e tripl e he/sh e intentionall y choos e i s overl y 
specifi c  an d doe s no t  illustrat e th e leve l  o f  generalit y o f 
th e rule .  Conununicatin g th e tripl e '2-4-6 '  t o illustrat e a 
typica l  exampl e o f  th e rul e i s thu s a  violatio n o f  th e 
secon d m a x i m o f  quantit y whic h stipulate s tha t  th e 
speake r  shoul d no t  mak e his/he r  contributio n mor e 
informativ e tha n require d (Grice ,  1975) .  O f  cours e 
choosin g a  tripl e whos e mos t  salien t  propertie s ar e 
consisten t  wit h muc h mor e specifi c  rule s A a n th e on e t o 
be discovere d wa s don e i n purpose .  W a s o n an d othe r 
subsequen t  researcher s wante d t o se e i f  peopl e wer e 
abl e t o c o m e u p wit h genera l  hypothese s b y attemptin g 
t o falsif y specifi c  hypothese s draw n fro m th e tripl e 2-4 -
6.  However ,  wha t  ha s bee n neglecte d i s th e fac t  tha t  th e 
consideratio n o f  specifi c  hypothese s i s mad e o n th e 
basi s o f  a  tripl e tha t  i s  communicated .  Givin g th e 
participan t  a  specifi c  tripl e ha s no t  bee n see n a s a 
violatio n o f  a  rul e o f  communicatio n bu t  rathe r  a s a  w a y 
t o sugges t  specifi c  hypotheses .  Consequently , 
researcher s hav e no t  assesse d th e impac t  o f  misleadin g 
communicatio n o n wea k performanc e i n th e task .  T o 
whic h exten t  doe s th e fac t  tha t  2-4- 6 i s commxmicate d 
contribut e t o th e rcstrictivenes s bias ? I n thi s paper ,  w e 
ai m a t  investigatin g thi s issue . 

Our  pragmati c analysi s o f  th e 2-4- 6 relie s o n 
relevanc e theor y (Sperbe r  an d Wilson ,  1995) .  Th e 
concep t  o f  relevanc e i s characterize d b y cognitiv e 
effect s an d cognitiv e effort ,  an d th e degre e o f  relevanc e 
relie s o n thes e tw o factors :  o n on e hand ,  th e greate r  th e 
cognitiv e effect s resultin g fro m processin g a n 
information ,  th e mor e relevan t  th e information ;  o n th e 
othe r  hand ,  th e greate r  cognitiv e effor t  require d t o 
achiev e thes e effect s an d proces s tha t  informatio n th e 
lesse r  it s relevance .  Sperbe r  an d Wilso n (1995 )  argu e 
tha t  huma n commimicatio n i s governe d b y a 
communicativ e principl e o f  relevance .  Accordin g t o thi s 
principle ,  eac h utteranc e convey s a  presumptio n o f  it s 
o wn relevance .  Thi s make s a n importan t  differenc e 
betwee n informatio n receive d fro m a  communicato r 
and informatio n no t  obtaine d b y communication .  A 
communicate d informatio n raise s expectation s o f 
relevance .  Th e communicato r  manifestl y intend s th e 
informatio n t o b e relevan t  enoug h t o deserv e th e 
consideratio n b y th e addressee .  Presumin g tha t  th e 
informatio n i s relevan t  implie s firs t  tha t  th e effect s wil l 
be sufficien t  t o offse t  th e effor t  require d t o proces s th e 
communicate d information .  Second ,  i t  implie s tha t  th e 
effor t  require d i s presume d t o b e minima l  t o reac h th e 
leve l  o f  expecte d effect s give n th e communicator' s 
ability .  Th e presumptio n o f  relevanc e set s u p a 
comprehensio n strategy ,  whic h consist s i n followin g a 
least-effor t  path :  considerin g cognitiv e effect s i n orde r 
of  accessibilit y  an d stoppin g th e processin g effor t  w h e n 
th e leve l  o f  expecte d relevanc e i s met . 

Let' s n o w tur n t o th e tas k itsel f  W h e n th e 
experimente r  give s th e participan t  '2-4-6 '  a s a n 
exampl e consisten t  wit h th e rul e t o b e discovered ,  thi s 
tripl e i s accompanie d b y a  presumptio n o f  relevance .  I n 
othe r  words ,  th e addresse e shoul d presum e tha t  thi s 
tripl e i s relevan t  t o discove r  th e rule .  W h a t  typ e o f 
cognitiv e effect s m a y th e addresse e expec t  t o dra w 
fro m processin g th e triple ? She/H e wil l  expec t  tha t  th e 
tripl e wil l  loo k a s havin g bee n generate d b y a  rul e an d 
thu s wil l  searc h fo r  propertie s c o m m o n t o th e thre e 
number s o r  fo r  propertie s abou t  th e w a y thes e number s 
ar e ordered .  Ther e ar e m a n y propertie s tha t  ca n b e 
attribute d t o th e 2-4- 6 triple ,  bu t  som e o f  thes e 
propertie s ar e m u c h mor e salien t  (i.e .  the y immediatel y 
come t o min d wit h minima l  processing )  tha n others . 
Give n th e presumptio n o f  relevance ,  th e propertie s t o b e 
considere d i n orde r  t o discove r  th e rul e ar e thos e tha t 
ar e easil y accessibl e from  processin g 2-4- 6 (fo r  instanc e 
"eveimess "  an d "increas e b y 2") . 

Thi s doe s no t  necessaril y  m e a n tha t  th e rul e shoul d 
correspon d exactl y t o on e o r  severa l  o f  th e mos t  salien t 
propertie s bu t  thi s mean s tha t  thes e propertie s indicat e 
th e direction s t o investigat e i n orde r  t o discove r  th e 
rule .  Actually ,  th e rul e m a y stil l  b e quit e har d t o 
discove r  an d integrat e m a n y othe r  characteristic s tha n 
th e on e conveye d b y th e triple ,  bu t  wha t  i s salientl y 
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give n i n th e tripl e i s relevan t  t o discove r  it .  Hence , 
becaus e th e tripl e i s presume d t o b e relevant ,  th e mos t 
accessibl e propertie s i t  convey s canno t  b e considere d a s 
inappropriat e clue s t o discove r  th e rule .  W h e n th e 
experimente r  communicate s th e tripl e '2-4-6 '  whil e h e 
want s th e participan t  t o discove r  th e rul e "thre e 
increasin g numbers" ,  h e violate s th e participants ' 
expectation s o f  relevance . 

Anothe r  caus e tha t  m a y contribut e t o mislea d 
participant s i s th e rul e t o b e discovere d itself .  W h e n a 
perso n i s takin g par t  i n a  reasonin g experimen t  she/h e 
shoul d normall y expec t  t o provid e th e experimente r 
wit h som e informatio n abou t  her/hi s inferentia l  skills . 
Trivia l  task s an d trivia l  answer s ar c no t  wel l  suite d fo r 
this :  the y requir e littl e cognitiv e competenc y an d shoul d 
not  interes t  th e experimenter .  I n orde r  t o provid e a n 
answe r  relevan t  t o th e experimenter ,  th e participan t  wil l 
probabl y expec t  th e tas k t o b e o f  a  certai n leve l  o f 
difficulty .  Face d wit h a  tas k consistin g o f  discoverin g a 
rul e abou t  numbers ,  participant s shoul d thu s thin k tha t 
thi s rul e shoul d b e a  bi t  challengin g t o discover . 
However ,  "increasin g numbers "  i s actuall y on e o f  th e 
most  obviou s rule s applie d t o orde r  number s an d i n 
dail y lif e w e ver y ofte n encounte r  se t  o f  number s sorte d 
accordin g t o it .  Consequently ,  participant s m a y b e 
reluctan t  t o thin k o f  discoverin g suc h a n undemandin g 
and widesprea d rul e an d m a y tr y t o achiev e relevanc e 
b y seekin g fo r  mor e difficul t  rules .  A s he/sh e i s 
misleadin g i n communicatin g th e triple ,  th e 
experimente r  i s als o misleadin g abou t  hi s o w n 
expectation s sinc e h e actuall y expect s th e participant s 
t o find  ou t  on e o f  th e les s relevan t  (i.e .  th e simplest ) 
rul e t o discove r  i n th e contex t  o f  th e task . 

I n ou r  experiment s w e aime d a t  showin g tha t 
misleadin g participant s i n thei r  expectation s o f 
relevanc e influenc e tas k performance .  W e use d a  les s 
deceptiv e wa y t o conve y th e given s o f  th e proble m 
whil e stil l  keepin g th e sam e provide d exampl e (i.e .  2-4 -
6 )  an d th e sam e targe t  rul e (i.e .  increasin g numbers) .  I n 
di e firs t  experiment ,  th e presumptio n o f  relevance , 
whic h accompanie s th e tripl e 2-4- 6 i n th e standar d 
versio n o f  th e task ,  wa s removed :  2-4- 6 wa s give n bu t 
not  communicated .  I n th e secon d experiment ,  w e 
increase d th e relevanc e o f  th e targe t  rul e "thre e 
increasin g numbers" . 

Experiment 1 

I n thi s experiment ,  ther e wa s n o presumptio n o f 
relevanc e accompanyin g di e tripl e 2-4- 6 i n on e o f  th e 
tw o conditions .  Befor e receivin g th e instruction s o f  th e 
rul e discover y task ,  participant s ha d t o manipulat e a 
"jackpot "  generatin g triple s o f  number s a t  random . 
Afte r  severa l  trials ,  th e experimente r  gav e th e 
participan t  th e instruction s abou t  th e rul e discover y 
task .  He/sh e the n aske d th e participan t  t o trigge r  th e 
jackpo t  fo r  a  las t  tim e an d tol d hi m whethe r  o r  no t  th e 

obtaine d tripl e wa s compatibl e wit h th e rule .  However , 
th e jackpo t  wa s biase d i n suc h a  w a y tha t  th e sequenc e 
2-4- 6 cam e ou t  o n thi s trial .  Th e participan t  obviousl y 
di d no t  k n o w tha t  w e rigged  th e jackpo t  o n thi s tria l  an d 
she/h e coul d expec t  th e tripl e t o b e consisten t  o r 
inconsisten t  wit h th e rule .  Hence ,  fro m th e participant' s 
perspective ,  th e salien t  propertie s o f  th e 2-4- 6 jus t  resul t 
fro m chance .  Eve n i f  thi s tripl e suggest s specifi c 
hypotheses ,  th e participan t  canno t  conside r  the m a s 
one s th e experimente r  necessaril y  wante d him/he r  t o 
thin k about .  Thi s becaus e th e tripl e ha s no t  bee n chose n 
intentionally ,  i n contras t  wit h th e standar d versio n o f 
th e task .  Participant s shoul d rel y m u c h les s o n th e 
salien t  propertie s o f  th e 2-4- 6 an d shoul d perfor m bette r 
tha n i n th e standar d version .  W e predic t  tha t  subject s 
woul d focu s les s o n th e specifi c  propertie s conveye d b y 
th e triple .  Consequently ,  the y shoul d tes t  a  greate r 
variet y o f  triples :  w e shoul d thu s observ e a  greate r  rat e 
of  triple s increasin g i n a n irregula r  wa y (i.e .  triple s 
whos e number s d o no t  increas e wit h th e sam e interval , 
see als o Vall^e-Tourangeau ,  Austi n &  Rankin ,  199S )  o r 
counterexample s o f  th e rul e t o b e discovere d (i.e .  triple s 
whic h ar e no t  increasing) . 

Participants 

Fifty-eigh t  undergraduat e psycholog y student s fro m 
th e Universit y o f  Cae n (France )  participate d i n thi s 
experiment .  The y wer e teste d individually . 

Procedure and materials 

I n th e contro l  conditio n (N=29 )  participant s 
receive d th e tas k wit h th e standar d instructions .  The y 
wer e require d t o discove r  a  rul e th e experimente r  ha d i n 
min d b y proposin g sequence s o f  thre e number s an d 
wer e given  '2-4-6 '  a s a n exampl e o f  triple s compatibl e 
wit h th e rule .  T o mak e sur e tha t  th e participan t  wel l 
understoo d th e instructions ,  whic h wer e printe d o n a n 
instructio n sheet ,  th e experimente r  re-explaine d the m 
and aske d th e subjec t  i f  he/sh e ha d an y questions . 
Participant s kep t  a  writte n recor d o f  th e triple s the y 
proposed ,  thei r  hypothesi s abou t  th e targe t  rule ,  a s wel l 
as th e experimente r  feedback . 

I n th e "jackpot "  conditio n (N=29) ,  participant s wer e 
face d wit h a  compute r  scree n resemblin g a  jackpo t 
machine .  Participant s wer e informe d tha t  i t  randoml y 
generate s sequence s o f  thre e numbers .  Th e 
experimente r  aske d th e participant s t o trigge r  th e 
jackpo t  b y pressin g th e ke y " E N T E R " .  Afte r  five  trials , 
th e experimente r  stoppe d th e "jackpot "  session .  A t  thi s 
point ,  th e participan t  di d no t  k n o w ye t  th e purpos e o f 
th e tas k an d di d no t  k n o w wha t  th e us e o f  th e jackpo t 
was for .  Afte r  th e jackpo t  session ,  th e participan t  wa s 
given  th e rul e discover y tas k a s i n th e standar d version . 
However ,  instea d o f  receivin g a n exampl e 
communicate d b y th e experimenter ,  he/sh e ha d t o 
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trigge r  th e jackpo t  fo r  a  las t  trial .  Th e experimente r 
woul d thu s tel l  him/he r  whethe r  o r  no t  th e tripl e 
suppose d t o b e randoml y generate d wa s consisten t  wit h 
th e rule .  Fo r  eac h participant ,  th e sequenc e 2-4- 6 cam e 
out  a t  thi s tria l  an d th e experimente r  tol d th e subjec t 
tha t  i t  wa s consisten t  wit h th e rul e t o b e discovered .  Th e 
participan t  subsequentl y ha d t o generat e triple s b y 
herself/himself ,  lik e i n th e standar d version .  Th e 
jackpo t  wa s thu s no t  use d t o generat e triple s afte r  "2-4 -
6"  wa s obtained . 

Results 

Performanc e A s predicte d participant s performe d 
bette r  i n th e jackpo t  conditio n tha n i n th e contro l 
condition :  Onl y 2 4 % o f  participant s gav e th e correc t 
rul e o n thei r  first  announcemen t  i n th e contro l  conditio n 
( 2 1 % i n Wason '  study )  whil e 5 5 % di d s o i n th e jackpo t 

conditio n { % (1 )  =  5.84 ,  p  <.02) .  Moreover ,  th e mea n 
number  o f  rule s announce d t o reac h th e correc t  solutio n 
was highe r  i n th e contro l  conditio n tha n i n th e jackpo t 
conditio n (2.3 8 vs .  1.59 ;  Mann-Whitne y 1/29.24 = 214 , 
Z=2.39,/K.Ol) ;  fo r  th e five  participant s o f  th e contro l 
grou p w h o faile d i n th e task ,  th e mea n numbe r  o f 
propose d rule s wa s 2.6) . 

Number and types of triples Participants tested more 
triple s befor e proposin g a  rul e i n th e jackpo t  conditio n 
tha n i n th e contro l  condition .  Th e mea n numbe r  o f 
propose d triple s pe r  rul e b y participant s w h o succeede d 
i n A e tas k wa s highe r  i n th e jackpo t  conditio n tha n i n 
th e contro l  conditio n (8.1 5 vs .  6.11 ;  U29,24=202 ,  Z=-2.6 , 
p<.009) .  Th e mea n proportio n o f  counter-example s (i.e . 
triple s tha t  receive d negativ e feedback )  fo r  successfu l 
subject s wa s lowe r  i n th e contro l  conditio n tha n i n th e 
jackpo t  conditio n (0.1 7 vs .  0.25 ;  1/29.24=207.5 ,  Z=-2.51 , 
;7<.01 ;  thi s rat e i s equa l  t o 0.0 6 fo r  th e 5  participant s 
w ho faile d i n th e contro l  condition) .  Similarly ,  th e 
mean proportio n o f  irregula r  increasin g triple s wa s 
lowe r  i n th e contro l  conditio n tha n i n th e jackpo t 
conditio n fo r  thes e subject s (0.1 8 vs .  0.29 ;  U29.24=2\S , 
Z—2.32 ,  p<.02 ;  thi s rat e i s equa l  t o 0.0 2 fo r  th e failin g 
participants) .  Thes e result s indicat e tha t  subject s i n th e 
jackpo t  condition s wer e mor e promp t  t o explor e a 
greate r  variet y o f  triple s tha n subject s i n th e contro l 
conditio n w h o focuse d mor e o n triple s exhibitin g th e 
salien t  propertie s o f  th e 2-4-6 . 

Discussion 

Removin g th e presumptio n o f  relevanc e o f  th e tripl e 
'2-4-6 '  wa s helpful :  twic e a s m a n y subject s discovere d 
th e correc t  rul e i n a  singl e annoucemen t  whe n th e tripl e 
2-4- 6 wa s provide d withou t  an y presumptio n o f 
relevanc e an d 8 3 % o f  participant s i n th e jackpo t 
conditio n succeede d i n th e tas k i n n o mor e tha n tw o 
announcements .  Moreover ,  eve n thoug h givin g 2-4- 6 i n 

th e jackpo t  conditio n m a y stil l  sugges t  specifi c 
hypothese s relate d t o th e salien t  feature s o f  thi s triple , 
th e fac t  o f  removin g it s presumptio n o f  relevanc e 
entail s tha t  thes e feature s d o no t  necessaril y  hav e t o b e 
take n int o accoun t  i n orde r  t o succee d i n th e task . 
Consequently ,  participant s i n th e jackpo t  conditio n 
wer e mor e incline d t o conside r  alternativ e propertie s 
an d thu s teste d a  greate r  variet y o f  triple s tha n i n th e 
contro l  condition . 

Experiment 2 

I n contras t  wit h th e W a s o n selectio n tas k literature , 
i n whic h th e conten t  questio n ha s le d t o a  vas t  amoun t 
of  research ,  n o stud y ha s eve r  investigate d conten t 
effect s wit h th e 2-4- 6 problem .  Tha t  i s i n th e earlie r 
experiments ,  number s i n th e triple s propose d b y 
participant s o r  give n b y th e experimente r  neve r  referre d 
t o rea l  quantities .  However ,  w h e n w e us e number s i n 
dail y life ,  w e mos t  o f  th e tim e refe r  t o concret e 
quantitie s lik e books ,  people ,  dollars ,  reasonin g error s 
and s o on .  W e conjecture d tha t  framing  th e tas k wit h a 
rea l  conten t  situatio n migh t  influenc e performance .  I n 
particular ,  w e thin k tha t  usin g a n appropriat e conten t 
and contex t  ca n enhanc e th e relevanc e o f  th e rul e "thre e 
increasin g numbers" . 

I n a  previou s section ,  w e claime d tha t  th e rul e o f 
increas e wa s to o simpl e t o deserv e th e interes t  o f  th e 
participan t  i n th e contex t  o f  a n experimenta l  task . 
However ,  i n rea l  lif e situation s peopl e definitel y no t 
avoi d lookin g fo r  a n informatio n fo r  th e reaso n tha t  i t  i s 
to o eas y t o access .  The y tr y t o loo k fo r  informatio n tha t 
matter s fo r  them .  W e believ e tha t  i n som e contexts , 
searchin g fo r  a  rul e o f  increas e i s likel y t o b e 
cognitivel y efficient .  Indeed ,  i n m a n y rea l  lif e 
situations ,  followin g a  rul e o f  increas e i s actuall y highl y 
relevant .  A  paradigmati c exampl e i s economi c activity . 
A n economi c agen t  alway s aim s a t  followin g suc h a 
rule :  h e o r  sh e want s his/he r  turnover ,  sailings , 
productivity ,  profits ,  o r  marke t  scop e t o increas e ove r 
th e time .  Hence ,  w e framed  th e 2-4- 6 tas k i n th e contex t 
of  economi c activity .  I n suc h a  context ,  th e tas k wa s t o 
discove r  no t  a  rul e a n experimente r  -  w h o studie s 
h u m an reasonin g an d hypothesi s testin g -  ha d i n min d 
but  a  rul e abou t  ca r  sailing s tha t  a  garag e owne r 
impose s t o hi s n e w employee .  Fro m th e participant' s 
perspective ,  wha t  i s relevan t  fo r  a n experimenta l 
psychologis t  w h o studie s cognitiv e skill s  i s  likel y t o b e 
differen t  from  wha t  i s relevan t  fo r  a  garag e owner . 
Indeed ,  searchin g fo r  th e mos t  c o m m o n w a y t o orde r 
number s (i.e .  rul e o f  increase )  m a y b e see n a s to o 
simpl e i n on e case ,  wherea s i t  become s highl y relevan t 
i n th e other .  Hence ,  w e predic t  tha t  peopl e wil l  discove r 
th e rul e "thre e increasin g numbers "  mor e ofte n w h e n 
th e searc h fo r  suc h a  rul e occur s i n th e contex t  o f 
economi c activity . 
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Participant s 

O ne hundre d an d twent y undergraduat e psycholog y 
student s from  th e Universit y o f  Lcuve n (Belgium ) 
participate d i n thi s experiment . 

Procedure and materials 

Th e procedur e use d i n thi s experimen t  substantiall y 
differe d fix) m th e on e w e use d i n Experimen t  1 .  Indeed , 
participant s di d no t  interac t  wit h th e experimenter .  Th e 
instruction s wer e give n vi a a  compute r  an d participant s 
had t o ente r  th e triple s the y wante d t o propos e i n th e 
computer .  Th e feedbac k abou t  th e tripl e proceede d i n 
th e followin g way :  w h e n th e propose d tripl e wa s 
consisten t  wit h th e rul e i t  appeare d i n gree n an d whe n i t 
was inconsisten t  i t  appeare d i n red .  Th e 
consistent/inconsisten t  triple s remaine d o n th e scree n 
wher e the y wer e presented .  Afte r  eac h tria l  participant s 
ha d th e pres s th e [1 ]  ke y w h e n the y wante d t o tes t 
anothe r  triple ,  an d th e [2 ]  ke y w h e n he/sh e wa s sur e o f 
havin g discovere d th e rule ,  afte r  whic h he/sh e ha d t o 
typ e i n th e rule .  Afte r  on e rul e announcement ,  th e 
experimen t  ended .  Thi s contrast s wit h Experimen t  1  i n 
whic h participant s coul d propos e rule s unti l  the y 
discovere d th e targe t  rule .  Participant s wer e teste d i n 
group s o f  te n t o twent y peopl e eac h o n thei r  individua l 
computer .  I n th e contro l  conditio n (N=62) ,  participant s 
ha d t o discove r  a  rul e implemente d b y th e experimente r 
i n th e computer .  I n th e "economic "  conditio n (N=58 ) 
participant s receive d th e followin g rea l  lif e context : 

"Miste r  Jansen s i s a  prosperou s garag e owner .  H e 
has recenti y poste d a n advertisemen t  i n orde r  t o recrui t 
a ca r  salesman .  Ber t  answere d th e a d an d obtaine d a n 
intervie w wit h M r  Jansens ,  h e tol d hi m tha t  h e wa s ver y 
motivate d fo r  th e jo b bu t  h e als o informe d M r  Jansen s 
tha t  h e neve r  sol d an y ca r  before .  M r  Jansen s ha d a 
goo d feelin g abou t  Bert ,  bu t  h e think s tha t  a n intervie w 
i s no t  enoug h t o decid e i f  Ber t  wil l  b e a  goo d ca r 
salesman .  Hence ,  M r  Jansen s offer s Ber t  t o wor k i n hi s 
garag e fo r  thre e month s a s a  sale-trainin g period .  I f  Ber t 
doe s a  goo d job ,  the n h e wil l  decid e t o hir e him .  I n 
particular ,  i n orde r  t o b e recruited ,  Bert' s  sale s durin g 
thes e thre e month s hav e t o follo w a  rul e require d b y 
Mr .  Jansens .  Ber t  willingl y accept s th e proposition . 

Thre e month s later.. .  It' s  tim e fo r  balance !  Th e first 
month ,  Ber t  ha s bee n abl e t o sel l  2  cars ,  th e secon d 
mont h 4  car s an d th e thir d 6  cars .  Th e verdic t  o f  Mr . 
Jansen s i s ver y clear :  "Perfect !  You r  sale s hav e wel l 
respecte d th e rule .  So ,  I  ca n hir e you! " 

Results and discussion 

I n lin e wit h ou r  prediction ,  mor e participant s 
discovere d th e rul e i n th e economi c conditio n tha n i n 
th e contro l  conditio n (3.2 % vs .  29.3% ;  x^(l) = 15.3 , 
p=.000l) .  Moreove r  participant s propose d a  greate r 
number  o f  triple s i n th e economi c conditio n tha n i n th e 

contro l  on e (2.4 5 vs .  3.73 ;  Mann-Whitne y U n s t ^ 
1121.0 .  Z  =  -3.645 .  ,  p  <.05) .  Thi s indicate s tha t  peopl e 
abstrac t  mor e beyon d th e hypothese s suggeste d b y th e 
2-4- 6 tripl e an d thu s teste d a  greate r  variet y o f  triples . 
I n particular ,  th e mea n proportio n o f  irregula r 
increasin g triple s wa s highe r  i n th e economi c conditio n 
tha n i n th e contro l  on e (.09 0 vs .  .125 ,  Mann-Whitne y 
U62.58 '  1553.5 .  Z  -  -1.689 .  p  <  .0 5 one-tailed) .  Th e 
mean rat e o f  counter-example s wa s als o highe r  i n th e 
economi c conditio n tha n i n th e contro l  on e bu t  thi s 
differenc e wa s no t  significan t  (.1 0 vs .  .12) .  Hence ,  th e 
result s revea l  tha t  increasin g th e relevanc e fo r  searchin g 
th e rul e "thre e increasin g numbers "  improve d 
performanc e an d thu s sho w tha t  peopl e adap t  thei r 
cognitiv e skill s  i n orde r  t o maximiz e relevanc e (Sperfoe r 
& Wilson ,  1995) :  o n on e hand ,  i t  i s  indee d no t  reall y 
relevan t  fo r  a  participan t  t o searc h fo r  a  trivia l  rul e lik e 
"increasin g numbers "  i n orde r  t o exhibi t  t o a  cognitiv e 
psychologis t  her/hi s o w n cognitiv e skills ,  especiall y i f 
th e experimente r  provide s a n exampl e whic h doe s no t 
sugges t  suc h a  rule ;  o n th e othe r  hand ,  i t  become s muc h 
mor e relevan t  t o searc h fo r  a  rul e o f  plai n increasin g i n 
th e contex t  o f  economi c activity . 

General discussion 

I n thi s stud y w e provide d th e first  extensiv e 
conversationa l  analysi s o f  th e 2-4- 6 problem .  W e 
argue d tha t  communicatio n wa s highl y misleadin g i n 
thi s tas k an d tha t  thi s explain s w h y peopl e focu s o n 
overl y narro w hypotheses .  W e claime d tha t  bein g 
misle d i s no t  a  clu e o f  irrationality .  W e showe d tha t 
w h en participant s wer e no t  misled ,  the y wer e no t  s o ba d 
afte r  all .  I n di e standar d task ,  peopl e ar e misle d becaus e 
the y rationall y conside r  tha t  th e given s o f  th e proble m 
ar e relevan t  t o solv e th e task . 

Our  experiment s aime d a t  providin g les s deceptiv e 
task s an d sho w tha t  thi s increase d performance .  I n 
Experimen t  1 ,  w e designe d a  tas k m suc h a  wa y tha t 
ther e wa s n o presumptio n o f  relevanc e accompanyin g 
th e tripl e 2-4-6 .  Thi s implie d tha t  th e salien t  propertie s 
of  th e 2-4- 6 di d no t  hav e necessaril y  t o b e considere d 
by th e participan t  i n orde r  t o succee d i n th e task .  Th e 
result s showe d tha t  participant s performe d bette r  whe n 
th e salien t  characteristic s o f  th e 2-4-6-tripl e resulte d 
from  a  rando m procedur e ( a jackpot )  tha n whe n a 
presumptio n o f  relevanc e accompanie d suc h a  tripl e (a s 
i n communication) .  I n Experimen t  2  w e manipulate d 
th e conten t  o f  th e task :  triple s di d no t  refe r  t o abstrac t 
number s a s i t  ha s alway s bee n th e cas e i n previou s 
studie s bu t  t o number s o f  car s sol d withi n a  thre e 
month s period .  W e frame d th e tas k withi n th e contex t 
of  economi c activit y i n orde r  t o increas e th e relevanc e 
of  searchin g fo r  th e rul e "thre e increasin g numbers" . 
Our  stud y show s tha t  participant s tailo r  th e searc h o f 
thei r  hypothese s accordin g t o wha t  the y expec t  t o b e 
relevan t  i n th e task .  W h e n expectation s o f  relevanc e 

906 



coincid e wit h th e correc t  rule ,  the y ar e mor e pron e t o 
discove r  i t  Thi s i s lin e wit h th e pragmati c analysi s o f 
th e Waso n selectio n tas k mad e b y Sperber ,  Car a an d 
Girott o (1995) .  Accordin g t o them ,  performanc e i n thi s 
tas k i s determine d b y expectation s o f  relevance . 
Subject s fai l  i n thi s tas k becaus e intuition s o f  relevanc e 
do no t  coincid e wit h th e logica l  answer .  Increasin g th e 
rat e succes s consis t  i n constructin g a  contex t  i n whic h 
intuition s o f  relevanc e wil l  matc h wit h th e logica l 
answer . 

A pragmati c analysi s o f  th e conversationa l  structur e 
of  a  cognitiv e tas k ma y b e highl y helpfu l  i n assessin g 
th e qualit y o f  participants '  skills .  Ther e i s no w a n 
increasin g bod y o f  researc h i n th e domai n o f  high-leve l 
cognitiv e processe s revealin g tha t  lac k o f  rationalit y i s 
mistakenl y attribute d o n th e basi s o f  misleadin g task s 
(fo r  review s see ,  Politzer ,  1986;  Hilton ,  1995 ;  Politze r 
& Macchi ,  2000) .  Thes e studie s a s wel l  a s our s shoul d 
aler t  psychologist s tha t  wea k performanc e i n a  tas k 
migh t  b e overestimate d i n th e absenc e o f  a  pragmati c 
analysis . 
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Abstrac t 

Literature on relational reasoning mainly focuses on the 
perfomunc e question .  I t  i s  typicall y argue d tha t  proble m 
difficult y relie s o n th e numbe r  o f  "menta l  models " 
compatibl e wit h th e problem .  However ,  n o stud y ha s 
ever  investigate d th e wordin g o f  conclusion s tha t 
participant s formulate .  I n th e presen t  work ,  w e analys e 
th e relationa l  term s tha t  peopl e us e i n drawin g 
conclusion s fro m spatia l  relatio n problem s ( A i s t o th e 
lef t  o f  B ,  B  i s t o th e lef t  C ,  D  i s i n fron t  o f  A ,  E  i s i n 
fron t  C ,  Wha t  i s th e relatio n betwee n D  an d E7) .  W e 
sho w tha t  th e linguisti c for m o f  premises ,  th e 
presentatio n fomiat ,  th e orientatio n o f  th e questio n an d 
th e interna l  inspectio n o f  th e menta l  mode l  ar e importan t 
factor s i n determinin g th e wordin g o f  conclusions .  Ou r 
stud y show s tha t  th e typ e o f  conclusio n produce d 
provide s a  ke y t o identifyin g th e menta l  processe s 
involve d i n solvin g thes e problems . 

Introduction 

Conside r  th e followin g relationa l  reasonin g 
problem : 

Aistothelef^ofB 
Bistothclcf^of C 
D i s i n fron t  o f  A 
E i s i n fron t  o f  C 
W h at  i s th e relatio n betwee n D  an d E ? 

How might this problem be solved? One possibility 
consist s o f  buildin g i n one' s min d a n analogica l 
representation ,  whic h exhibit s th e relatio n betwee n D 
a n d E : 

A 
D 

B C 
E 

Anothe r  i s t o us e inferenc e rule s an d appl y thes e rule s 
t o th e propositiona l  for m o f  th e premise s t o deriv e th e 
require d relation .  Durin g th e las t  fort y years ,  numerou s 
studie s hav e attempte d t o discriminat e betwee n thes e 
tw o approaches .  I n th e sixtie s an d seventies ,  the y wer e 
respectivel y labelle d th e 'analogical '  approac h (DeSoto , 
Londo n &  Handel ,  1965 ;  Huttenlocher ,  1968 )  an d th e 
'linguistic '  approac h (Clark ,  1969a ;  b )  an d relate d t o 
representationa l  processes .  I n th e eightie s an d nineties , 
the y wer e labelle d th e "menta l  model "  (Johnson-Laird , 
1983 ;  Byrn e &  Johnson-Laid ,  1989 )  an d th e "menta l 

logic "  approache s (Hagert ,  1984 ;  Rips ,  1994 ; 
Brain e &  O'Brien ;  1998 )  an d relate d t o inferentia l 
processes . 

T o compar e thes e tw o approaches ,  researcher s 
hav e relie d o n performanc e result s (se e Evans , 
Newstea d &  Byrne ,  199 3 fo r  review) .  The y eithe r 
conside r  th e correctnes s o f  th e conclusio n o r  th e 
respons e time .  However ,  n o stud y ha s eve r 
investigate d th e typ e o f  conclusion s tha t  peopl e 
formulate .  I t  i s  racie r  surprisin g tha t  psychologist s 
o f  reasonin g hav e ignore d thi s questio n sinc e i n 
anothe r  fiel d o f  deductiv e reasoning ,  namel y 
reasonin g involvin g quantifier s lik e "all" ,  "none" , 
and "some" ,  thi s issu e wa s on e o f  th e firs t  t o b e 
investigate d unde r  th e guis e o f  th e 'atmosphere ' 
effec t  (Woodwort h &  Sells ,  1935) .  Thi s effect , 
whic h ha s sinc e bee n extensivel y explore d (se e 
Evans ,  Newstea d an d Byrne ,  199 3 fo r  review )  refer s 
t o th e fac t  tha t  imiversa l  premise s (Al l  A  ar e B ) 
promp t  universa l  conclusions ,  particula r  premise s 
(Some A  ar e B )  promp t  particula r  conclusions , 
affirmativ e premise s promp t  affirmativ e 
conclusion s an d negativ e premise s promp t  negativ e 
conclusions . 

Th e questio n w e wil l  addres s i s  tha t  o f  th e 
wordin g o f  conclusion s i n relationa l  reasoning .  I n 
th e abov e example ,  th e answer s " D i s t o th e lef t  o f 
E "  an d " E i s t o th e right  o f  D "  ar e bot h correct .  Bu t 
whic h o f  thes e tw o conclusion s d o peopl e actuall y 
draw ? I n thi s article ,  w e wan t  t o sho w tha t  takin g 
int o accotm t  th e wordin g o f  th e conclusion s ca n 
revea l  severa l  importan t  mechanism s tha t  occu r  i n 
representin g an d i n reasonin g fro m spatia l  relationa l 
descriptions .  W e n o w presen t  severa l  factor s tha t 
m ay influenc e th e wordin g o f  conclusions . 

The linguistic form of the premises 

Accordin g t o menta l  mode l  theory ,  ther e ar e tw o 
stage s i n representin g th e premises .  Th e first  stage , 
whic h i s  compatibl e wit h a  linguisti c approach , 
consist s o f  formin g a  propositiona l  representatio n 
tha t  i s  clos e t o th e surfac e for m o f  th e sentence .  Th e 
secon d stag e consist s o f  usin g thi s propositiona l 
representatio n a s a  basi s fo r  constructin g a  menta l 
model  tha t  i s  analogou s t o th e situatio n describe d i n 
th e premises .  Onc e th e mode l  i s  built ,  th e linguisti c 
detail s o f  th e premise s an d thei r  propositiona l 
representatio n ten d t o b e forgotte n (Man i  & 
Johnson-Laird ,  1982) .  Th e formulatio n o f  th e 
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conclusio n shoul d the n rel y onl y o n th e menu !  model , 
whic h doe s no t  kee p trac k o f  th e comparativ e 
expressio n i n th e premise* .  Hence ,  th e comparativ e 
use d i n th e premise s shoul d no t  b e use d mor e ofte n tha n 
it s contrar y i n formulatin g th e conclusion .  'Left-left ' 
problems ,  whos e firs t  tw o premise s contai n th e 
comparativ e 'left '  (problem s 1-2-9-1 0 i n Tabl e la ) 
shoul d no t  promp t  mor e 'left '  conclusion s tha n 'right -
right '  problem s (problem s 7-8-15-1 6 i n Tabl e lb) . 

On th e othe r  hand ,  accordin g t o th e linguisti c 
approac h (Clark ,  1969a ;  b ;  Hagert ,  1984 )  th e 
comparativ e use d i n th e conclusio n shoul d b e congruen t 
wit h th e comparativ e use d i n th e premises .  I n th e abov e 
example ,  th e first  tw o premise s wil l  b e represente d b y 
tw o independen t  propositions :  L E F T (A,B) ;  L E F T 
(B,C) .  A s a  result ,  th e predicate s use d i n th e inferenc e 
rul e wil l  matc h thos e use d i n th e premises :  'LEF T 
(X,Y )  &  L E F T (Y,Z )  - » L E F T (X,Z)' .  Hence ,  th e 
inferre d relatio n betwee n A  an d C  wil l  b e store d wit h 
th e predicat e 'left' :  L E F T (A,C) .  Sinc e th e relatio n 
betwee n D  an d E  i s identica l  t o tha t  betwee n A  an d C , 
th e D- E relatio n wil l  b e store d wit h th e sam e predicate : 
L E FT (D,E) .  Mor e generally ,  'left-left '  problem s 
shoul d promp t  mor e 'left '  conclusion s tha n 'right-right ' 
problems . 

I t  als o follow s from  th e linguisti c approac h tha t  th e 
relevanc e o f  th e premise s ma y affec t  th e wordin g o f  th e 
conclusion .  Conside r  Proble m 1 1 from  Tabl e 1 .  Th e 
first  premis e i s irrelevan t  (a s fo r  al l  problem s i n Tabl e 
lb )  sinc e i t  doe s no t  hav e t o b e take n int o accoun t  t o 
answer  th e question :  Th e relatio n betwee n D  an d E 
relie s o n th e relatio n betwee n A  an d C ,  whic h i s 
explicitl y  give n b y th e secon d premise .  Hence ,  th e 
comparativ e use d i n th e conclusio n i s likel y t o b e 
congruen t  wit h th e comparativ e use d i n tha t  premise . 
Give n thi s assumption ,  Problem s 1 1 an d 1 2 (irrelevan t 
premis e wit h 'left' ,  relevan t  premis e wit h 'right' ) 
shoul d promp t  mor e 'right '  conclusion s tha n Problem s 
13 an d 1 4 (irrelevan t  premis e wit h 'right' ,  relevan t 
premis e wit h 'left') . 

Table 1: The 16 spatial problems 

Table 1 a: One-model problems 

Tabl e lb :  Two-mode l  problem s (firs t  premis e 
alway s irrelevant ) 

Pbl  Pb 2 
A lef t  B  A  lef t  B 
B lef t  C  B  lef t  C 
D front A  E  front C 
E front C  D  front A 

Pb3 Pb 4 
A lef t  B  A  lef t  B 
C right  B  C  right B 
D front A  E  front C 
E front  C  D  front A 

PbS Pb 6 
Brigh t  A  Brigh t  A 
B lef t  C  B  lef t  C 
D front A  E  front C 
E front C  D  front A 

P b7 Pb S 
Brigh t  A  Brigh t  A 
C right B  C  right B 
D front A  E  front C 
E front C  D  front A 

Pb9 Pbl O 
Aleft B Aleft B 
Alef t C Alef t C 
D front A  E  front C 
E front C  D  fron t  A 

Pbl l  Pbl 2 
A lef t  B  A  lef t  B 
C right A  C  right A 
D front A  E  front C 
E front C  D  front A 

Pbl 3 Pbl 4 
B right A  B  right A 
A lef t  C  A  lef t  C 
D front A  E  front C 
E front C  D  front A 

Pbl 5 Pbl 6 
B righ t  A  B  right A 
C righ t  A  C  right A 
D front A  E  front C 
E front C  D  front A 

P rob le m difficult y a n d presentatio n forma t 

Most  researcher s currentl y agre e tha t  th e 
difficult y o f  a  relationa l  reasonin g proble m i s a 
ftinction  o f  th e numbe r  o f  model s i t  supports .  Fo r 
instance ,  th e followin g problem , 

is i 

A 
D 

A i s t o th e lef t  o f  B 
A i s t o th e lef t  o f  C 
D i s i n front  o f  A 
E i s i n front  o f  C , 
What  i s th e relatio n betwee n D  an d E ? 

compatibl e wit h tw o models , 

B C  A 
E 

C 
D 

B 
E 

and i s mor e difficul t  tha n a  one-mode l  proble m 
sinc e tw o model s ar e harde r  t o construc t  an d stor e 
tha n a  singl e on e (Byrn e &  Johnson-Laird ;  1989) .  I t 
has als o bee n show n tha t  whe n th e numbe r  o f 
model s increases ,  peopl e ar e les s likel y t o construc t 
suc h model s an d ar e mor e pron e t o sta y a t  th e 
prepositiona l  leve l  o f  representatio n (Man i  & 
Johnson-Laird ,  1982) .  Man i  an d Johnson-Lair d 
argue d tha t  th e indeterminac y introduce d b y 
multiple-mode l  problem s disrupt s th e mode l 
constructio n process .  The y showe d tha t  peopl e wer e 
more likel y t o recal l  linguisti c detail s fo r 
indeterminat e tha n fo r  determinat e descriptions . 
Hence ,  th e premise s ma y hav e a  stronge r  influenc e 
ove r  th e wordin g o f  conclusion s fo r  two-mode l 
problem s tha n fo r  one-mode l  problems :  Th e 
comparativ e use d i n th e conclusio n shoul d b e mor e 
ofte n congruen t  wit h th e comparativ e use d i n th e 
premise s wit h two-mode l  problem s tha n wit h one -
model  problems . 

I n addition ,  th e presentatio n forma t  migh t  hav e 
an effec t  o n th e typ e o f  representatio n involve d (se e 
Pott s &  Scholz ,  1975 ;  Ormrod ;  1979 ;  Schaeke n & 
Johnson-Laird ,  2000 ;  Roberts ,  2000 )  and . 
consequently ,  o n th e typ e o f  conclusio n formulated . 
One ca n distinguis h betwee n tw o way s o f 
presentin g th e premises .  Wit h simultaneou s 
presentation ,  al l  premise s ar e presente d togethe r 
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wit h th e questio n an d remai n availabl e whe n on e solve s 
th e problem .  Sequentia l  presentatio n place s mor e loa d 
on workin g memory :  th e premise s ar e presente d on e 
afte r  th e othe r  an d disappea r  eac h tim e a  n e w premis e 
or  th e questio n occurs .  I t  ha s bee n argue d (Ormrod , 
1979 )  tha t  a n analogica l  representatio n i s mor e likel y t o 
occu r  wit h a  sequentia l  presentation .  Th e reaso n i s tha t 
i n a  linguisti c representation ,  eac h relatio n -  give n i n 
th e premise s o r  inferre d fro m the m -  i s store d 
separatel y wherea s i n a  mode l  representation ,  al l 
premise s ir e integrate d withi n a  singl e representationa l 
fonna t  Thus ,  w h e n workin g m e m o r y loa d increase s i t 
becomes harde r  t o kee p trac k o f  th e premise s an d 
inference s separatel y an d a  menta l  mode l  become s a 
mor e efficien t  an d concis e m o d e o f  representation . 
Hence ,  w e shoul d observ e fewe r  conclusion s wit h a 
relationa l  comparativ e congruen t  wit h tha t  o f  th e 
premise s i n th e sequentia l  presentatio n tha n i n th e 
simultaneou s presentation . 

Scanning the mental model 

Th e wordin g o f  th e conclusion s migh t  revea l  h o w 
individual s sca n th e mode l  the y constructed .  I f  peopl e 
sca n thei r  mode l  i n a  'left-to-right '  direction ,  the y wil l 
be likel y t o mak e a  'left '  conclusio n sinc e th e firs t 
elemen t  the y encounter ,  whic h i s likel y t o b e th e firs t 
elemen t  mentione d i n th e conclusion ,  i s o n th e lef t  par t 
of  th e model ;  alternatively ;  i f  peopl e sca n thei r  mode l  i n 
a 'right-to-left '  direction ,  the y wil l  b e likel y t o mak e a 
'right '  conclusion .  O n e migh t  suppos e tha t  th e 
directio n o f  scannin g i s drive n b y left-to-righ t  readin g 
habit s (Cicirelli ,  1977) ,  leadin g t o 'left-to-right ' 
inspection s o f  menU l  model s an d t o 'left '  conclusions . 

Anothe r  facto r  tha t  migh t  gover n th e directio n o f 
model-inspectio n i s th e question .  Th e questio n give n i n 
th e abov e example s ("Wha t  i s th e relatio n betwee n D 
an d E?" )  initiall y  direct s attentio n t o th e lef t  sid e o f  th e 
model s sinc e D  i s mentione d firs t  i n th e questio n an d i s 
locate d o n th e models '  lef t  side .  Consequently ,  suc h a 
questio n i s likel y t o induc e a  'left-to-right '  inspectio n o f 
th e mode l  an d a  'left '  conclusion .  Inversely ,  th e 
questio n "Wha t  i s th e relatio n betwee n E  an d D ? "  i s 
likel y t o induc e a  'right '  conclusion . 

Finally ,  th e orde r  i n whic h th e item s ar e inserte d 
withi n th e mode l  migh t  direc t  inspectio n o f  th e model . 
I f  th e premis e containin g th e D  ite m i s provide d befor e 
th e premis e containin g th e E  item ,  D  wil l  b e inserte d 
befor e E  i n th e mode l  an d th e constructio n o f  th e D- E 
lin e wil l  procee d from  lef t  t o right  (grante d tha t  D  i s t o 
th e lef t  o f  E  a s i n al l  th e problem s o f  Tabl e 1) .  Payn e 
(1993 )  ha s show n tha t  peopl e kee p trac k o f  th e 
constructio n process .  O n e ca n exten d thi s approac h an d 
assume tha t  keepin g trac k o f  th e constructio n proces s 
m ay induc e peopl e t o sca n thei r  mode l  i n th e directio n 
of  it s  construction . 

E x p e r i m e n t 

Befor e describin g th e metho d o f  th e experimen t 
le t  u s firs t  recal l  th e predictions : 
-  Th e linguisti c for m o f  th e premise s shoul d 

influenc e th e wordin g o f  th e conclusio n 
accordin g t o a  linguisti c approac h bu t  no t 
accordin g t o a n analogica l  approach . 

-  Problem s conveyin g a n indeterminac y (i.e .  two -
model  problems )  coul d favo r  mor e th e 
occurrenc e o f  linguisti c processe s tha n 
determinat e problem s (i.e .  one-mode l  problem) . 

-  A  sequentia l  presentatio n coul d favo r  mor e th e 
occurrenc e o f  analogica l  processe s tha n a 
simultaneou s presentation . 

-  'Left-to-right *  readin g habit s coul d promp t  'left -
to-right '  inspection s o f  menta l  models . 

-  'Left-to-right '  question s coul d promp t  'left-to -
right'  inspection s o f  menta l  models . 

-  'Left-to-right '  construction s o f  menta l  model s 
coul d promp t  'Left-to-right '  inspection s o f 
menta l  models . 

Method 

Participant s Th e participant s wer e 17 4 first-yea r 
psycholog y student s from  th e Universit y o f  Leuven . 

Design Each participant received 16 relational 
reasonin g problem s (Tabl e 1) .  Hal f  o f  thes e 
problem s wer e one-mode l  problem s (Tabl e la )  an d 
th e othe r  hal f  two-mode l  problem s (Tabl e lb) .  I n 
hal f  o f  th e problems ,  th e fu^ t  tw o premise s ha d th e 
same relationa l  ter m (fou r  'left-left '  problem s an d 
fou r  'right-right '  problems) ;  i n th e remaining  half , 
th e firs t  tw o premise s ha d differen t  relationa l  term s 
(fou r  'left-right '  problem s an d foti r  'right-left ' 
problems) .  Moreove r  fo r  hal f  o f  th e problem s 
(Type- 1 problems) ,  th e premis e introducin g th e ite m 
locate d o n th e lef t  (i.e .  th e ite m D )  wa s give n befor e 
th e premis e introducin g th e ite m locate d o n th e right 
(i.e .  th e ite m E ;  Problem s 1-3-5-7-9-11-13-1 5 i n 
Tabl e 1) .  Fo r  th e othe r  hal f  (Type- 2 problems) ,  thi s 
presentatio n orde r  wa s reverse d (Problem s 2-4-6-8 -
10-12-14-16) . 

Ther e wer e tw o between-participan t 
manipulations :  2  type s o f  presentatio n fonna t  x  2 
type s o f  question .  First ,  participant s receive d th e 
premise s an d questio n i n a  simultaneou s 
presentatio n forma t  o r  i n a  sequentia l  presentatio n 
format .  Second ,  th e firs t  ite m mentione d i n th e 
questio n wa s eithe r  th e ite m mentione d i n th e thir d 
premis e (i.e .  "wha t  i s th e relatio n betwee n D  an d 
E ? "  fo r  Type- 1 problem s an d "wha t  i s th e relatio n 
betwee n E  an d D ? "  fo r  Type- 2 problems )  o r  th e 
ite m mentione d i n th e fourt h premis e (i.e .  "wha t  i s 
th e relatio n betwee n E  an d D ? "  fo r  Type- 1 
problem s o r  "wha t  i s th e relatio n betwee n D  an d 
E ? "  fo r  Type- 2 problems) . 

Procedure and Materials. Participants were tested 
i n group s o f  1 2 t o 2 0 individuals .  Th e instruction s 
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and th e problem s wer e give n i n Dutc h an d wer e 
displaye d o n a  scree n vi a a  dat a projector .  Participant s 
receive d 2  trainin g problem s an d 1 6 randoml y ordere d 
tes t  problem s wit h content s relatin g t o fruits  an d 
vegetable s (se e Tabl e 1) .  I n th e simultaneou s 
conditions ,  eac h proble m wa s displaye d fo r  S O seconds . 
I n th e sequentia l  conditions ,  eac h premis e an d th e 
questio n appeare d fo r  1 0 seconds .  Participant s wrot e 
thei r  answer s o n a  shee t  o f  paper . 

Results. Performance was in line with the relational 
reasonin g literatur e sinc e one-mode l  problem s wer e 
easie r  t o solv e tha n two-mode l  problem s ( 8 3 % vs .  7 3 % , 
Wilcoxon' s 1  =  1787 ,  n  =  131 ,  p  <  .00001) .  W e n o w 
tur n t o th e analysi s o f  th e conclusion s tha t  peopl e 
expressed .  W e discarde d incorrec t  answer s an d 0.1 % o f 
correc t  bu t  imprecis e answer s (i.e .  ' D i s nex t  t o E') . 
We wil l  n o w discus s th e relevan t  mai n effect s an d 
interactions . 

First ,  participant s ha d a  clea r  preferenc e fo r  'left ' 
conclusions .  Overall ,  ther e wer e 68 .6 % o f  'left ' 
conclusion s an d 3 1 . 4 % o f  'right '  conclusions , 
suggestin g a  tendenc y fo r  menta l  model s t o b e scanne d 
i n a  'left-to-right '  direction . 

Second ,  th e typ e o f  questio n influence d th e wordin g 
of  th e conclusion .  Wit h 'Icft-to-right '  question s (D-E? ) 
ther e wer e 8 3 . 1 % o f  'left '  conclusion s (an d 
consequend y 16.9 % o f  'right '  conchisions )  wherea s 
wit h 'right-to-left '  question s (E-D? )  ther e wer e onl y 
54 .2 % o f  'left '  conclusion s (Wilcoxon' s I  =  1082 ,  a  = 
135 ,  E<.00001) . 

Third ,  th e exten t  t o whic h th e questio n influence d 
th e incidenc e o f  'left '  an d 'right '  conclusion s depende d 
on presentatio n format .  Give n th e 'left-to-right ' 
question ,  whic h prompte d a  'left-to-right '  inspectio n o f 
th e model ,  simultaneou s presentatio n gav e rise  t o 
78 .5 % of'left '  conclusio n whil e sequentia l  presentatio n 
le d t o 88 .5 % o f  'left '  conclusion s (Mann-Whitoe y U' s 
= 3029.5 ,  g i  =  92 ,  n 2 =  82 ,  E  <  .01) .  A  similar ,  bu t  non -
significan t  tren d wa s obtaine d fo r  th e 'right-to-left ' 
question ,  whic h prompte d a  'right-to-left '  inspectio n o f 
th e model .  Here ,  simultaneou s presentatio n gav e rise  t o 
5 7 % o f  'left '  conclusions ,  bu t  sequentia l  presentatio n 
resulte d i n 5 0 . 7 % o f  'left '  conclusions .  Th e directiona l 
scannin g induce d b y th e questio n i s apparenti y 
enhance d b y sequentia l  presentation ,  i n accordanc e wit h 
th e notio n tha t  analogica l  processe s ar e mor e likel y 
unde r  suc h conditions . 

Fourth ,  th e wordin g o f  th e premise s influence d di e 
wordin g o f  th e conclusion s i n th e simultaneou s 
conditio n sinc e 'left-left '  problem s elicite d mor e 'left ' 
conclusion s tha n 'right-right '  problems .  Whereas ,  75. 5 
% o f  'left '  conclusion s wer e observe d fo r  'left-left ' 
problems ,  ther e wer e 57 .4 % o f  'left '  conclusion s fo r 
'right-right '  problem s (Wilcoxon' s T  =  385.5 ,  n  =  61 ,  p 
< .00005) .  I n contrast ,  i n th e sequentia l  conditio n ther e 
was n o influenc e o f  th e linguisti c for m o f  th e premise s 
sinc e th e rat e o f  'left '  conclusion s wa s essentiall y  th e 
same i n eac h typ e o f  proble m (71.5 % fo r  'left-left ' 
problems ,  an d 71. 1 % fo r  'right-right '  problems) .  Thi s 

indicate s tha t  whe n th e premise s wer e no t  available , 
participant s wer e no t  incline d t o us e th e 
comparativ e introduce d b y th e premises .  Th e result s 
sugges t  tha t  participant s ten d t o adop t  a  linguisti c 
representatio n give n simultaneou s presentatio n an d 
an analogica l  representatio n give n sequentia l 
presentation . 

Similarly ,  i n th e simultaneou s presentatio n 
condition ,  th e fmding s obtaine d fo r  two-mode l 
problems ,  whic h al l  ha d a n irrelevan t  firs t  premise , 
indicate d tha t  participant s wer e pron e t o 
formulatin g conclusion s congruen t  wit h th e relevan t 
premise .  W h e n th e relevan t  premis e containe d th e 
comparativ e 'left '  an d th e irrelevan t  on e containe d 
th e comparativ e 'right' ,  77 .9 % o f  'left '  conclusion s 
occurred ;  whe n th e relevan t  premis e containe d th e 
comparativ e 'right '  an d th e irrelevan t  on e containe d 
th e comparativ e 'left' ,  5 7 . 4 % o f  'left '  conclusion s 
occurre d (Wilcoxon' s I  =  236 ,  n  =  49 ,  p  <  0001) . 
However ,  give n sequentia l  presentation ,  participant s 
wer e no t  reall y incline d t o formulat e a  conclusio n 
congruen t  witi i  th e relevan t  premise .  W h e n th e 
relevan t  premis e containe d th e comparativ e 'left' , 
6 9 . 1 % o f  conclusion s wer e 'left '  an d whe n i t 
containe d th e comparativ e 'right' ,  th e percentag e o f 
'left '  conclusion s wa s 67.6 . 

Fiftti ,  on e migh t  hav e expecte d tha t  whe n th e 
insertio n o f  th e las t  tw o item s i n th e menta l  mode l 
proceed s fro m lef t  t o right  (Type- 1 problems) ,  mor e 
'left-to-right '  inspection s an d 'left '  conclusion s 
woul d occu r  tha n whe n i t  proceed s fro m right  t o lef t 
(Type- 2 problems) .  Thi s wa s no t  th e cas e an d th e 
result s eve n sho w a  tendenc y i n th e opposit e 
direction .  Ther e wer e 66 .6 % o f  'left '  conclusion s 
fo r  Type- 1 problem s an d 7 1 % of'left '  conclusion s 
fo r  Type- 2 problems . 

Sixth ,  i t  coul d b e argue d tha t  whe n th e numbe r 
of  model s increase s participant s shoul d b e mor e 
pron e t o relyin g o n th e linguisti c for m o f  th e 
premises .  However ,  th e difference s i n 'left '  an d 
'right '  conclusion s wer e almos t  identica l  i n on e an d 
two-mode l  problems .  Indeed ,  'left-left '  one-mode l 
problem s gav e rise  t o 73 .9 % o f  'left '  conclusion s 
and 'left-left '  two-mode l  problem s gav e rise  73 .6 % 
of  lef t  conclusions .  Similarly ,  'right-right '  one -
model  problem s gav e rise  t o 62 .6 % o f  'left' ,  an d 
'right-right '  two-mode l  problem s gav e rise  t o 64 .9 % 
of  'left '  conclusions .  Hence ,  peopl e w h o gav e a 
correc t  answe r  t o two-mode l  problem s di d no t  rel y 
mor e o n th e linguisti c for m o f  th e premise s tha n i n 
th e cas e o f  one-mode l  problems . 

General discussion 

Our  stud y i s th e firs t  t o analyz e th e wordin g o f 
th e conclusion s peopl e dra w i n relationa l  reasoning . 
We hav e show n tha t  th e wordin g o f  conclusion s 
expose s severa l  psychologica l  mechanisms .  T w o o f 
th e effect s w e hav e demonstrate d ar e compatibl e 
wit h th e analogica l  approac h t o reasonin g an d 
provid e n e w insigh t  i n di e w a y peopl e inspec t  thei r 
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menta l  model :  First ,  th e preferenc e fo r  'left ' 
conclusion s i s nicel y explaine d b y th e fac t  tha t  peopl e 
construc t  menta l  model s an d inspec t  the m fro m lef t  t o 
right .  Second ,  th e natur e o f  th e questio n i s a n importan t 
facto r  i n determinin g th e directio n o f  mode l  inspection : 
a 'left-to-right '  questio n prompt s 'left-to-righ f 
inspectio n o f  th e mode l  an d a  'left '  conclusion .  O n th e 
othe r  hand ,  th e congruenc e effec t  i s  compatibl e wit h th e 
linguisti c approac h t o reasoning .  I t  show s tha t  linguisti c 
detail s o f  th e premises ,  lik e th e typ e o f  comparative ,  ar e 
store d i n memor y an d ar e use d i n th e inferentia l  phase . 

However ,  th e occurrenc e o f  analogica l  an d 
linguisti c processe s an d th e degre e t o whic h the y ar e 
involve d largel y depen d upo n th e presentatio n format . 
Sequentia l  presentatio n increase s th e incidenc e o f 
analogica l  processing :  th e "preference-for-left"-efrec t 
and th e question-effec t  wer e stronge r  i n th e sequentia l 
conditio n tha n i n th e simultaneou s condition . 
Simultaneou s presentatio n induce s linguisti c processes : 
th e congruenc e effec t  wa s presen t  i n th e simultaneou s 
conditio n bu t  no t  i n th e sequentia l  condition . 

Interestingly ,  tw o effect s wer e no t  observed .  First , 
th e numbe r  o f  model s di d no t  influenc e th e wordin g o f 
conclusions :  th e congruenc e effec t  wa s no t  greate r  i n 
indeterminat e problems .  A t  firs t  sigh t  thi s seem s t o 
contradic t  th e result s o f  Man i  &  Johnson-Lair d (1982) , 
w ho foim d tha t  peopl e mor e ofte n recalle d linguisti c 
detail s whe n th e descriptio n wa s indeterminate .  Bu t 
the y als o reporte d tha t  recal l  o f  th e gis t  wa s lowe r  whe n 
th e descriptio n wa s indeterminate .  Hence ,  havin g a 
weak represenutio n o f  th e gis t  o f  th e descriptio n wa s 
relate d t o hig h retentio n o f  th e linguisti c detail s o f  th e 
sentence s supportin g th e description .  However ,  i n th e 
result s take n int o accoun t  her e th e representatio n wa s 
not  wea k sinc e onl y correc t  conclusion s wer e 
considered .  Thi s migh t  explai n th e absenc e o f  a  greate r 
congruenc e effec t  wit h 2-mode l  problems ,  an d show s 
tha t  w h e n th e represenutio n o f  th e descriptio n i s correc t 
peopl e d o no t  rel y mor e o n th e linguisti c leve l  give n 
indeterminat e vs .  determinat e problems . 

Second ,  th e directio n o f  mode l  inspectio n wa s no t 
congruen t  wit h th e directio n o f  mode l  constiTiction . 
Peopl e di d no t  sca n thei r  mode l  i n th e directio n the y 
constructe d it .  W h e n constructio n o f  th e D- E par t  o f  th e 
model  proceede d fro m lef t  t o right ,  i t  di d no t  promp t 
mor e frequen t  'left-to-right '  inspectio n tha n whe n i t 
proceede d ftom right  t o left . 

I n conclusion ,  som e o f  th e dat a presente d her e 
suppor t  th e analogica l  framewor k an d other s suppor t 
th e linguisti c framework .  Thi s contrast s wit h man y 
reasonin g experiment s i n whic h th e dat a ar e considere d 
t o b e entirel y compatibl e wit h on e approac h an d 
entirel y incompatibl e wit h th e othe r  (se e als o Roberts , 
1993 ) 

Our  finding s sho w tha t  bot h linguisti c an d 
analogica l  processe s d o contiibut e t o th e wordin g o f 
conclusion s i n spatia l  reasoning .  However ,  th e impac t 
of  th e differen t  kin d o f  processe s i s unequal :  wherea s 
th e simultaneou s presentatio n forma t  provide s evidenc e 
supportin g bot h approache s (i.e .  th e congruenc e effec t 

and effect s relate d t o mode l  scannin g wer e 
observed) ,  th e sequentia l  presentatio n conditio n 
provide s empirica l  evidenc e supportin g th e 
analogica l  approac h an d no t  th e linguisti c approac h 
(i.e .  th e congruenc e effec t  wa s no t  observe d fo r  thi s 
condition) .  Thi s patter n o f  dat a seem s t o indicat e 
tha t  analogica l  processe s ar e pre-eminen t  i n 
reasonin g fro m spatia l  premises . 

However ,  a  comprehensiv e theoretica l  accoun t 
of  thes e result s ha s t o tak e int o accoun t  bot h type s 
of  processes .  Suc h a  mixe d mode l  ha s bee n adopte d 
previousl y b y severa l  researcher s lik e Shaver , 
Pierso n &  Lang ,  (1974 )  Sternber g (1980 )  an d 
Johnson-Lair d (1983 ;  Man i  &  Johnson-Laird , 
1982) .  Accordin g t o Sternber g an d Johnson-Laird , 
th e premise s ar e firs t  decode d int o a  linguisti c 
forma t  an d ar e subsequentl y represente d b y a  spatia l 
menta l  model .  However ,  thi s vie w concern s onl y 
th e representationa l  phas e bu t  no t  th e inferentia l 
phase .  Accordingly ,  i t  seem s the n tha t  th e 
inferentia l  phase ,  durin g whic h th e reasone r 
produce s a  conclusion ,  relie s onl y o n th e inspectio n 
of  th e menta l  model .  Howeve r  th e dat a w e obtaine d 
indicat e tha t  th e formulatio n o f  a  conclusio n i s 
influence d b y bot h analogica l  an d linguisti c factor s 
i n th e simultaneou s presentation ,  an d suppor t  th e 
ide a tha t  bot h factor s influenc e no t  onl y th e 
representationa l  phas e bu t  als o th e inferentia l  one . 
A possibl e explanatio n i s tha t  whe n peopl e hav e 
achieve d th e constructio n o f  th e menta l  model ,  the y 
go bac k t o th e premises ,  whe n the y ar e available , 
and us e th e premise s a s a  guid e t o inspec t  th e 
menta l  model .  Accordin g t o thi s view ,  linguisti c 
factor s pla y a  role ,  bu t  i t  doe s no t  necessaril y  impl y 
tha t  inference s rule s ar e use d whil e ou r  dat a clearl y 
indicat e tha t  menta l  model s ar e constructed . 
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Abstrac t 

This article presents a taxonomic system for generated 
disabler s (base d o n Elio ,  1998 )  an d generate d alternatives . 
Based o n th e taxonomy ,  w e distinguis h thre e differen t  type s o f 
knowledg e tha t  ar e advocate d durin g generatio n task s (1 ) 
situation s tha t  ar e semanticall y strongl y relate d t o th e conten t 
of  th e premise s (2 )  mor e remot e situation s an d (3 )  th e invali d 
or  lo w qualit y counterexamples .  Second ,  w e loo k a t  th e effec t 
of  woikin g memor y capacit y o n th e natur e o f  generate d 
counterexamples .  W e foun d tha t  participant s wit h a  hig h 
workin g memor y capacit y ca n generat e mor e counterexample s 
and ar e flexibl e i n thei r  searc h process .  Participant s wit h lo w 
workin g memor y generat e les s counterexample s an d restric t 
themselve s t o th e first  typ e o f  counterexamples . 

Introduction 

Deductiv e reasonin g wit h causa l  proposition s i s on e o f  th e 
cor e activitie s o f  htuna n cognition .  Th e prototypica l  causa l 
rul e i s formulate d a s a n 'if-then '  sentence .  Th e if-par t  o f  th e 
conditiona l  expresse s th e caus e an d th e then-par t  contain s th e 
effect .  Th e fou r  reasonin g problem s tha t  ar e traditionall y 
use d t o investigat e causa l  reasonin g ar e (1 )  modu s ponen s -
M P:  doe s th e effec t  follo w w h e n th e caus e i s presen t  (2 ) 
denia l  o f  th e anteceden t  -  D A :  doe s th e effec t  follo w i n 
absenc e o f  th e caus e (3 )  affinnatio n o f  th e consequen t  -  A C : 
di d th e caus e occu r  whe n th e effec t  i s  observe d (4 )  m o d u s 
toUen s -  M T :  di d th e caus e occiu -  althoug h th e effec t  di d no t 
occtir .  Th e answer s participant s produc e t o thes e problem s 
ar e classicall y discusse d i n term s o f  conditiona l  answers . 
Schematically ,  th e reasonin g problem s an d answer s loo k a s 
follows .  Th e conditiona l  sentenc e is :  'I f  cause ,  the n effect ' 

MP 
DA 
AC 
MT 

Categorica l  premis e 
The caus e occurs . 
The caus e doe s no t  occur . 
The effec t  occurs . 
The effec t  doe s no t  occu r 

Conditiona l  answe r 
The effec t  follows . 
The effec t  doe s no t  follow . 
The caus e preceded . 
The caus e di d no t  precede . 

C u m m i ns (Cummins ,  Lubart,  Alksnis ,  &  Rist ,  1991 ; 
C u m m i n s,  1995 )  foun d tha t  th e tendenc y t o deduc e A C an d 
D A i s  relate d t o th e numbe r  o f  alternativ e cause s th e 
reasone r  ca n activat e from  backgroun d knowledge .  Th e 
nimibe r  o f  disablin g conditions ,  o n it s tur n influence s th e 
makin g o f  M P an d M T .  Alternativ e cause s i s a  caus e othe r 
tha n th e on e given ,  tha t  i s  capabl e o f  evokin g th e effect . 
Disablin g condition s i s a n even t  tha t  ca n preven t  a n effec t 
from  occurrin g i n th e presenc e o f  th e give n cause . 

For  eac h o f  thes e fou r  reasonin g problem s Markovit s 
(2000 )  give s a  detaile d descriptio n o f  th e underlyin g 
cognitiv e mechanism .  Hi s theor y i s  base d o n th e menta l 
model  theor y (Johnson-Laird ,  1983 ;  Johnson-Lair d &  Byrne , 
1991) .  Th e menta l  mode l  theor y assume s tha t  reasoner s buil d 
interna l  model s representin g th e premis e content ,  an d 
throug h manipulatio n an d extensio n o f  thes e model s the y 
generat e a  conclusion .  W e wil l  briefl y discus s Markovits ' 
(2000 )  accoim t  o f  h o w th e fou r  reasonin g problem s ar e 
solve d (applie d t o causa l  reasoning) . 

Th e menta l  mode l  theor y assume s tha t  (1 )  reasoner s star t 
by representin g th e conten t  o f  th e conditiona l  sentenc e i n a n 
economica l  way ,  fo r  instanc e "ccmse^effect' .  Thi s mode l 
represent s a  possibl e situatio n an d i s ofte n calle d th e initia l 
model .  Othe r  possibl e model s o f  situation s ar e lef t  implicit . 
W h en the y ar e aske d wha t  follow s fixt m th e categorica l 
premis e reasoner s verif y whethe r  the y ca n produc e a 
conclusio n base d o n th e initia l  model .  I n cas e o f  M P the y ca n 
initiall y  conclud e tha t  th e effec t  occurs ,  an d fo r  th e A C fliey 
ca n conclud e tha t  th e caus e preceded .  Fo r  th e othe r  tw o 
reasonin g forms ,  ther e i s n o explici t  informatio n regardin g 
th e absenc e o f  effec t  o r  cause ,  s o n o conclusio n ca n initiall y 
be generated .  (2 )  I n cas e o f  D A an d M T ,  reasoner s creat e 
explici t  model s o f  othe r  possibl e situations .  Accordin g t o 
Markovit s (2000 )  th e preferre d secon d mode l  i s  'n o 
cause—mo effect' .  Base d o n thi s extr a mode l  i t  i s  possibl e t o 
generat e a n initia l  conclusio n fo r  D A (th e effec t  doe s no t 
follow )  an d fo r  M T (th e caus e di d no t  precede) .  A t  thi s point , 
a firs t  conclusio n i s  formulate d fo r  al l  fou r  reasonin g 
problems ;  thi s conclusio n correspond s t o th e conditiona l 
answer .  (3 )  Mos t  reasoner s wil l  the n validat e thei r  initia l 
conclusio n b y searchin g fo r  possibl e counterexamples .  Fo r 
M P an d M T ,  th e falsifyin g mode l  i s  'caus e - m o effect ' 
(disabler) .  Fo r  A C an d D A ,  th e falsifyin g situatio n i s 'n o 
cause-^effect '  (alternative) .  I f  a  counterexampl e i s found , 
reasoner s becom e awar e tha t  ther e i s  mor e tha n on e 
conclusio n possible ,  an d rejec t  th e initia l  conclusion .  W h e n 
n o coimterexan^le s ar e foimd ,  reasoner s giv e conditiona l 
answer s t o al l  foiu -  reasonin g forms .  Hence ,  th e probabilit y 
o f  fmdin g counterexample s inform s u s abou t  di e probabilit y 
of  givin g conditiona l  answers . 

Th e probabilit y  tha t  reasoner s fin d a  counterexampl e 
depend s o n th e numbe r  o f  counterexample s tha t  ar e presen t 
i n semanti c memory .  W h e n ther e ar e m a n y coimterexamples , 
th e probabilit y  o f  retrievin g a t  leas t  on e i s highe r  tha n whe n 
ther e ar e onl y fe w counterexamples .  I n orde r  t o chec k h o w 
m a ny counterexample s reasoner s ca n retrac e from  memory , 
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researcher s as k participant s t o generat e possibl e alternative s 
and/o r  disabler s fo r  a  conditiona l  sentence .  Th e numbe r  o f 
counterexample s generate d i n thi s w a y reflect s th e numbe r  o f 
counterexample s presen t  i n backgroun d knowledge ,  thu s 
reflectin g th e probabilit y  tha t  reasoner s fm d a t  leas t  on e 
counterexampl e durin g reasoning . 

Previou s researc h ha s focusse d o n specifi c  characteristic s 
of  generate d counterexamples :  th e absolut e numbe r  o f 
counterexample s (se e e.g. ,  C u m m i n s e t  al. ,  1991 ;  Cummins , 
1995) ,  th e salienc e o f  counterexample s (Markovits ,  2000) , 
and th e strengt h o f  associatio n betwee n (alternate )  cause s 
and a  consequen t  (Quin n &  Markovits ,  1998) .  Fo r  diisablers , 
Chan an d Chu a (1994 )  an d D e Neys ,  Schaeke n & 
d'Ydewall e (2001 )  describe d th e importanc e o f  th e perceive d 
strengt h o f  th e connectio n betwee n caus e an d effect . 
Dieussaert ,  Schaeken ,  &  d'Ydewall e (2002 )  investigate d th e 
differentia l  effec t  o f  disabler s referrin g t o th e ite m itsel f  o r  t o 
speake r  control . 

Anothe r  importan t  characteristi c  i s th e typ e o f  th e 
generate d counterexan^les .  I t  i s  possibl e tha t  som e 
counterexample s ar e considere d t o b e o f  greate r  importanc e 
regardin g thei r  falsifyin g strength ,  tha n other s are .  A  firs t 
ste p i n thi s researc h domai n i s t o develo p a  taxonomy ,  whic h 
enable s u s t o distinguis h differen t  type s o f  disabler s an d 
alternatives .  E h o (1998 )  ha s propose d a  taxonom y o f 
'disablers* .  Althoug h sh e constructe d thi s taxonom y fro m th e 
perspectiv e o f  belie f  revision ,  w e conside r  thi s taxonom y 
als o usefu l  fo r  researc h o n 'deductive '  conditiona l  reasoning . 
Eli o (2001 )  hersel f  point s ou t  tha t  bot h researc h area' s ar e 
complementary ,  a s 'endorsemen t  an d entrenchmen t  o f  a 
conditiona l  ar e opposit e side s o f  th e sam e coin' .  N o 
taxonom y ha s bee n line d ou t  fo r  alternatives .  Developin g a 
taxonom y fo r  alternative s wil l  b e th e firs t  ai m o f  th e presen t 
study . 

Furthermore ,  w e presum e tha t  th e abilit y  o f  generatin g 
counterexample s i s influence d b y workin g m e m o r y capacity . 
Retrievin g a  counterexampl e i s considere d t o b e a  semanti c 
searc h proces s (Maricovits ,  Fleury ,  Quin n &  Venet ,  1998 ) 
and sinc e th e efficienc y o f  a  semanti c searc h proces s i s 
linke d t o workin g memor y capacit y (Rose n &  Engle ,  1997 ) 
we deduc e tha t  th e retrievin g o f  coimterexample s i s linke d t o 
workin g memor y capacit y (se e als o D e Neys ,  e t  al. ,  2002) . 
The presen t  stud y wil l  provid e som e preliminar y dat a o n thi s 
topic .  Secondly ,  w e wil l  investigat e whethe r  ther e ar e 
difference s i n th e natur e o f  generate d counterexample s 
correspondin g t o difference s i n workin g memor y capacity . 

Taxonomy 

Disabler s 

Eli o (1998 )  propose d he r  taxonom y fo r  disabler s i n th e 
contex t  o f  behef-change .  Sh e firs t  induce d a  belief-stat e 
abou t  th e rul e b y presentin g a n M P proble m an d it s 
conditiona l  answer .  Then ,  th e participan t  fmd s ou t  tha t  thi s 
state d conclusio n i s contradicte d b y observe d fact s an d i s 
aske d t o giv e som e sor t  o f  rationalisation .  E h o (1998 ;  2002 ) 
distinguishe s seve n categorie s o f  disablers .  W e wil l  illustrat e 
thes e categorie s fo r  th e sentence :  'I f  a  plan t  i s watere d well . 

th e plan t  stay s green' .  A  disable r  fo r  thi s sentenc e explain s 
w hy th e plan t  doesn' t  sta y gree n althoug h i t  i s watere d well . 

Th e first  categor y contain s th e 'real '  disabler s (1) ,  e.g . 
'ther e i s n o sunlight' .  Thes e answer s stat e tha t  normall y th e 
caus e produce s th e effec t  bu t  i n th e situatio n unde r 
descriptio n ther e i s a n extr a condito n presen t  whic h prevent s 
th e effec t  from  occuring .  Instance s o f  th e secon d category , 
demot e t o defaul t  (2 )  merel y indicat e tha t  th e give n rul e i s 
probabilisti c  i n nature ,  e.g. ,  'i n mos t  case s th e plan t  stay s 
green ,  bu t  ther e ar e exceptions' .  Th e nex t  categor y contain s 
th e missin g enabler s (3) ,  e.g. ,  'th e plan t  receive d to o littl e 
water' .  Thes e response s indicat e tha t  a  conditio n necessar y 
fo r  th e caus e t o tak e effec t  i s  absen t  Th e fourt h categor y 
hold s generalisation s (4 )  o f  th e effect ,  e.g. ,  'th e plan t  stoy s 
heal&y' .  Th e rational e behin d thi s kin d o f  disable r  i s tha t  th e 
caus e produce s a n effect ,  bu t  no t  specificall y th e effec t 
mentione d i n th e rule .  Anothe r  categor y contain s response s 
tha t  indicat e a n invali d relatio n (S )  betwee n caus e an d effect ; 
e.g. ,  'wate r  i s no t  enoug h fo r  th e plan t  t o sta y green' .  Th e 
sixt h categor y contain s exceptiona l  instance s (6) ,  e.g. ,  'th e 
plan t  i s a n oa k wit h brownis h leaves' .  Th e riil e remain s 
valid ,  bu t  th e participant s list s a n instanc e t o whic h th e rul e 
exceptionall y doesn' t  apply .  Th e las t  categor y contain s 
answer s whic h m a k e referenc e t o intervenin g variable s o r 
th e passag e o f  tim e (7) ,  e.g. ,  'th e plan t  wa s watere d wel l 
unti l  las t  mondi' .  Thes e response s indicat e tha t  th e caus e wa s 
indee d followe d b y th e effect ,  bu t  somediin g happene d tha t 
cancelle d th e effect . 

Alternatives 

I n lin e wid i  th e categorie s propose d b y Eli o fo r  disablers , 
we ca n construc t  a  taxonom y fo r  alternatives .  W e wil l  us e 
di e sam e sentenc e t o illustrat e th e differen t  type s o f 
alternativ e causes ,  'I f  a  plan t  i s watere d well ,  th e plan t  wil l 
sta y green' .  A n altemativ e explain s w h y th e plan t  stay s 
green ,  eve n whe n h e i s no t  watere d well . 

A firs t  categor y contain s th e 'real '  alternative s (1) ,  e.g. , 
'th e plan t  receive s a  lo t  o f  fertiHzer' .  Thes e ar e causes ,  whic h 
ca n als o produc e th e effect ,  eve n w h e n th e give n caus e i s 
absent .  Th e secon d categor y i s calle d demot e t o defaul t  (2) , 
e.g. ,  'normall y th e plan t  need s wate r  t o sta y green ,  bu t  no t 
always* .  Thi s categor y contain s answer s tha t  poin t  ou t  tha t 
normall y th e caus e produce s th e effect ,  bu t  ther e ar e som e 
exceptions ,  whic h ar e no t  explicitl y  mentioned .  Th e thir d 
categor y contain s non-missin g enabler s (3) ,  e.g. ,  'th e plan t 
need s practicall y n o water* .  Thi s categor y mirror s th e 
missing-enable r  categor y o f  th e disable r  taxonomy .  Th e fac t 
tha t  th e plan t  doe s no t  nee d a  lo t  o f  wate r  i s n o caus e o f  th e 
plan t  stayin g green .  I t  jus t  enable s th e effec t  t o occu r  eve n i f 
th e require d caus e i s absent .  A  fourt h categor y contain s th e 
generalization s (4) ,  e.g. ,  'i f  yo u tak e goo d car e o f  a  plant ,  th e 
plan t  stay s green' .  Waterin g a  plan t  wel l  i s  a n instantiatio n o f 
th e superordinat e categor y 'takin g goo d car e o f  a  plant' .  Th e 
fifth  categor y i s th e invali d rul e (5) ;  e.g. ,  ' a plan t  doe s no t 
nee d wate r  t o sta y green' .  Thi s 'alternative '  cancel s th e 
state d relatio n betwee n anteceden t  an d consequent .  Th e sixt h 
categor y contain s th e exceptiona l  instance s (6) ,  e.g. ,  'th e 
plan t  i s a  Mexica n cactus' .  Instance s o f  thi s categor y poin t 
out  tha t  th e conditiona l  sentenc e i s valid ,  bu t  fo r  thi s 
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particula r  exampl e o f  a  plant ,  th e ml e doe s no t  apply . 
Finally ,  th e sevent h categor y contain s alternative s referring 
t o intervenin g variable s o r  passag e o f  tim e (7) ,  e.g. ,  'afte r  a 
whil e th e plan t  learne d t o liv e o n littl e water* . 

I n additio n t o thes e 7  paralle l  categories ,  w e distinguis h 
thre e extr a categories .  Th e firs t  extr a categor y contain s 
answer s referring  t o luc k o r  magi c (8) ,  e.g. ,  'Harr y Potte r 
came b y an d & e plan t  turne d green' .  Th e secon d categor y 
contain s answer s fo r  whic h th e conditiona l  sentenc e i s rea d 
i n it s non-Utera l  meanin g (9) ,  e.g. ,  'th e plan t  see s tha t  othe r 
plant s receiv e wate r  an d turn s gree n wit h envy' .  A  las t 
categor y i s reserved  fo r  invali d answer s (10) ,  e.g. ,  'th e plan t 
stay s gree n b y it s photosynthesis' ,  'th e plan t  doe s yoga' ,  .. . 
I n mos t  experiment s wher e participant s ar e aske d t o generat e 
disabler s o r  alternatives ,  thes e answer s ar e exclude d fro m th e 
analysis .  F ro m th e perspectiv e o f  buildin g a  taxonomi c 
system ,  w e preferre d t o pu t  the m i n a  specia l  category .  A s 
wit h Elio' s (1998 )  taxonom y fo r  disablers ,  w e assum e tha t 
some o f  thes e categorie s hav e fuzz y boundaries .  Th e 
categor y 'luc k o r  magic '  i s related  t o 'demote-to-default '  an d 
'exceptiona l  instances' . 

Th e extr a thre e categorie s ar e als o vali d fo r  disablers .  The y 
carmo t  b e reduce d t o on e o f  th e seve n categorie s Eli o 
proposed ,  s o fo r  sak e o f  completeness ,  w e wil l  ad d the m t o 
her  taxonomy .  Sinc e th e taxonom y fo r  disabler s the n full y 
parallel s di e taxonom y fo r  alternatives ,  w e ca n compar e th e 
distributio n o f  th e answers . 

Overall ,  fo r  disabler s a s wel l  a s fo r  alternatives ,  w e ca n 
say tha t  th e categorie s labele d 'disablers '  an d 'alternatives ' 
contai n th e 'real '  counterexamples .  Instantiation s o f  tiiis 
categor y appea r  t o b e semanticall y closel y related  t o th e 
conten t  o f  th e premises .  Th e categorie s 'demot e t o default' , 
'(non)missin g enabler' ,  'generalization' ,  'invaU d rule' , 
'time '  an d 'exceptiona l  instance '  ar e mor e remote .  The y 
eithe r  refer  t o exceptiona l  situation s o r  som e o f  th e basi c 
assumption s o f  th e conditiona l  sentenc e ar e denied .  Th e 
categorie s o f  'luc k o r  magic' ,  'non-litera l  interpretation '  an d 
'invah d answers '  contai n counterexample s tha t  ca n b e give n 
t o an y kin d o f  sentence ,  regardless  o f  th e exac t  semanti c 
conten t  W e conside r  thes e counterexample s t o b e o f  lo w 
quality . 

Experiment 

App l y i n g th e T a x o n o m y 

Firs t  o f  all ,  w e wil l  appl y th e tw o taxonomi c system s o n 
generate d counterexatiq>les .  Thi s w a y w e ca n ge t  som e 
indicatio n o f  whic h typ e backgroun d knowledg e participant s 
us e whe n aske d t o produc e counterexamples . 

Method We used twenty causal 'if-then'-sentences. The 
sentence s covere d a  broa d rang e o f  semanti c domains .  Base d 
on previou s researc h w e choos e a n equa l  proportio n o f 
sentence s fo r  th e fou r  categories :  (1 )  m a n y disabler s an d 
many alternatives ,  (2 )  m a n y disablers ,  fe w alternatives ,  (3 ) 
fe w disablers ,  m a n y alternatives ,  an d (4 )  fe w disabler s an d 
fe w alternatives .  Ou r  generatio n tas k wa s simila r  t o th e on e 
use d b y C u m m i n s (1995) .  First ,  w e presente d th e participant s 
wit h a  causa l  rule .  Subsequentl y w e state d tha t  th e caus e 

occurre d bu t  i t  di d no t  produc e th e effec t  (disablers )  o r  tha t 
th e effec t  occurre d i n absenc e o f  th e give n caus e 
(alternatives) .  Participant s wer e the n aske d t o writ e dow n a s 
many explanation s a s possibl e (max imu m S) .  I t  wa s 
explicitl y  mentione d tha t  th e give n explanation s ha d t o b e 
differen t  fro m th e state d cause ,  differen t  fro m eac h other , 
and tha t  the y coul d onl y giv e vali d answers ,  answer s suc h a s 
'th e perso n cam e fro m Mars '  ar e no t  tolerated . 

Sixty-tw o subject s participate d i n th e experimen t  a s par t  o f 
cours e requirements .  Thirty-tw o subject s wer e give n th e 
disabler-generatio n task ,  whil e thirt y othe r  subject s receive d 
th e alternative-generatio n task .  Eac h participan t  generate d 
eithe r  disabler s o r  alternative s fo r  eac h o f  th e 2 0 sentences . 
Th e orde r  o f  th e sentence s wa s randomize d ove r  participants . 
Th e participant s wer e give n 1 5 t o 2 0 minute s t o complet e th e 
task .  Fo r  eac h situatio n tha t  participant s generated ,  tw o 
independen t  rater s determine d t o whic h categor y typ e th e 
answe r  belonged .  Interrate r  reliability  wa s .9 3 fo r  di e 
alternativ e an d .8 4 fo r  th e disable r  generatio n task . 

Results and Discussion Both for the alternative and disabler 
generatio n tas k w e firs t  divide d th e sentence s int o tw o 
groups .  Fo r  on e grou p o f  sentence s (n=10 )  ther e ar e fe w 
alternative s o r  disabler s (dis/alt )  generated ,  whil e i n th e othe r 
grou p (n=10 )  ther e ar e m a n y dis/al t  Th e few-grou p contain s 
sentence s fo r  whic h th e tota l  numbe r  o f  generate d 
counterexample s fo r  th e sentenc e i s les s tha n th e overal l 
mean o f  al l  sentences .  Fo r  th e sentence s o f  th e man y groq ) 
th e numbe r  o f  generate d counterexample s fo r  eac h sentenc e 
i s highe r  tha n th e overal l  mean . 

For  th e alternative s a s wel l  a s fo r  th e disablers ,  w e 
determine d th e numbe r  o f  time s eac h categor y typ e occurred , 
thi s separatel y fo r  th e fe w an d th e man y sentences .  Tabl e 1 
give s a n overvie w o f  th e results . 

Table 1: Proportion of answers for different categories. 

Categor y 
1.  rea l  alt/di s 
2.  demot e t o defaul t 
3.  (non)missin g enable r 
4.  generalizatio n 
5.  invali d rul e 
6.  exceptiona l  instanc e 
7.  time /  intervenin g 
8.  luck/magi c 
9.  non-litera l 
10.  invali d 

Tota l  N 

Disabler s 
Few 

76. 8 
0.6 
12. 4 
0.6 
-

4.1 
3. 6 

-
• 

1.9 
531 

M a ny 
81. 9 
3.1 
7.1 
2. 2 

-
3. 6 

1 
0. 8 

-
0, 2 
869 

Alternative s 
Few 
74 
3. 6 
1.9 
2.1 
-

10. 6 
0. 4 
3 

0. 4 
3. 8 
470 

M a ny 
94. 5 
1.5 
-
3 
-

0.1 
-

0. 2 
-

0.6 
976 

Withi n th e many-groiq )  ther e ar e relatively  mor e 'real ' 
dis/al t  generate d the n i n th e few-group .  Thi s differenc e i s 
significan t  fo r  disabler s (pi=.768 ,  ni=53 1 versu s p2=.819 , 
n,=869 ,  p<.0209 )  a s wel l  a s fo r  alternative s (pi=.74 ;  ni=47 0 
versu s P2=.945 ,  n,=976 ,  p<.0001) .  Additionally ,  w e foun d 
tha t  fo r  th e fe w disable r  group ,  mor e missin g enabler s ar e 
generate d tha n fo r  th e man y grou p (dis :  pi = .124 ,  nj=53 1 vs . 
P2=.071 ,  n,=869 ,  p=.0008) .  Fo r  alternative s w e observ e tha t 
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i n th e fe w grou p participant s mor e ofte n lis t  exceptiona l 
instance s tha n i n th e man y grou p (pi».106 ,  ni"47 0 vs .  p2 = 
.01 ,  n,=976 ,  p<.0001) .  Al l  othe r  difference s betwee n 
proportion s ar e non-significant . 

We assum e tha t  whe n participant s ar e aske d t o generat e 
dis/alt s the y star t  t o loo k fo r  straightforwar d examples , 
namel y th e 'real '  dis/alt s (categor y 1) .  Thi s i s becaus e th e 
'real '  counterexample s ar e semanticall y strongl y relate d t o 
th e conten t  o f  th e conditiona l  sentence .  I n additio n t o thes e 
'rea l  counterexamples '  participant s dispos e o f  anothe r  poo l 
of  possibl e counterexamples ,  namely ,  th e mor e remot e 
situations .  Instantiation s o f  thi s typ e ar e semanticall y no t 
directl y linke d t o th e premis e content .  The y refe r  t o 
exception s t o th e normsi l  situatio n (categor y 2,6 )  o r  t o 
conversationa l  implicature s tha t  ar e suspende d (categor y 
3,4,7) .  Th e assunq)tion s tha t  ar e normall y valid ,  suc h a s 
'promise s ar e kept' ,  'bird s ca n fly' ,  'coffe e contain s caffeine ' 
ar e examine d i n orde r  t o accoun t  fo r  th e apparen t 
contradictin g premises .  I n general ,  thi s mor e remot e categor y 
contain s counterexample s sproutin g fro m suspende d 
conversationa l  implicature s (Levinson ,  2000) . 

For  som e assumption s yo u fm d tha t  whe n th e assumptio n 
not  holds ,  th e relatio n betwee n anteceden t  an d consequen t 
changes ,  an d ca n accoun t  fo r  th e apparen t  contradiction . 

W h en onl y fe w dis/al t  ca n b e found ,  i t  i s  harde r  t o fm d a 
ful l  rang e o f  'real '  counterexamples .  A s a  result ,  participant s 
searc h als o fo r  th e mor e remot e typ e o f  disabler s an d 
alternatives . 

Conclusion The two taxonomic systems can be used to 
categoriz e th e answer s participant s giv e whe n aske d t o 
generat e disabler s o r  alternatives .  Althoug h som e o f  di e 
presente d categorie s ar e conceptuall y related ,  th e rater s 
consistentl y classifie d th e answers . 

By applyin g th e taxonom y w e foun d tha t  mor e 'real ' 
alternative s an d disabler s wer e generate d i n th e man y group s 
tha n i n di e fe w groups .  Thi s differenc e i s con^jensate d b y a 
shif t  t o th e mor e remot e types .  W e assum e tha t  participant s 
star t  searchin g fo r  counterexample s fi-om  th e poo l  o f  'real ' 
counterexamples ,  becaus e thes e counterexample s ar e 

semanticall y clos e t o th e conten t  o f  th e premises .  I n addition , 
th e searc h ca n b e directe d t o th e mor e remot e categories . 

I n th e secon d par t  o f  thi s experimen t  w e wil l  investigat e 
whethe r  workin g memor y capacit y affect s th e typ e o f  th e 
generate d dis/alts . 

Working Memory Capacity 

Doubl e tas k experiment s showe d tha t  workin g m e m o r y 
capacit y put s a  constrain t  o n th e abilit y  t o generat e 
counterexample s (D e Neys ,  Schaeken ,  &  d'Ydewalle ,  2002) . 
First ,  w e wil l  investigat e th e effec t  o f  woricin g memor y 
capacit y o n th e numbe r  o f  generate d counterexamples .  W e 
expec t  dia t  participant s wit h hig h workin g m e m o r y cî acit y 
generat e mor e counterexample s tha n thos e wit h lo w workin g 
memory capacity .  W e expec t  thi s differenc e t o b e large r  fo r 
sentence s wit h fe w counterexamples .  Fo r  th e man y sentence s 
we assum e tha t  th e differenc e m a y b e blurre d du e t o a  ceilin g 
effect .  Second ,  w e wil l  loo k a t  th e effec t  o f  workin g memor y 
on th e typ e o f  generate d counterexamples.  D o difference s i n 
workin g memor y c!̂ )acit y affec t  someho w th e sor t  o f 
counterexample s participant s com e u p with ? 

Ai l  firs t  yea r  psycholog y student s ha d fulfille d a  Dutc h 
versio n o f  th e O S P A N tes t  (L a Pointe ,  &  Engle ,  1990 ;  Dutc h 
version :  D e Ney s e t  al. ,  2002 )  fo r  measurin g workin g 
memory capacity .  A s such ,  w e ca n lin k th e numbe r  an d 
natur e o f  th e generate d answer s t o difference s i n workin g 
memory capacity . 

Results and Discussion The subjects are divided in three 
group s dependin g o n thei r  workin g memor y oqjacity .  Th e 
hig h participan t  grou p consist s o f  th e to p thir d (dis :  Min :  37 ; 
M a x:  5 4 -  alt :  Min :  39 ;  M a x :  54) .  Th e lo w grou p contain s 
participant s wit h score s o f  th e botto m thir d (dis :  Min :  18 ; 
M a x:  2 4 -  alt :  Min :  39 ;  M a x :  54) .  Tabl e 2  display s flie 
distributio n o f  th e relativ e proportio n o f  answers . 

Participant s wit h hig h workin g m e m o r y capacit y generat e 
mor e disabler s tha n participant s wit h a  lo w workin g m e m o r y 
capacit y (dis :  pi=.45 ;  ni=96 4 versu s p2=.55 ;  ni=964 , 
p<.0001) .  Thi s differenc e i s no t  significan t  fo r  alternatives . 

Tabl e 2 :  Proportio n o f  generate d counterexample s fo r  eac h categor y (mmiber s refe r  t o categorie s o f  Tabl e 1) .  Th e shade d regio m 
refe r  t o th e thre e type s categor y 1  equal s Typ e 1 ,  categor y 2  t o 7  correspond s t o Typ e 2 ,  categorie s 8  t o 1 0 ar e labele d Typ e 3 . 

Categor y 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Tota l  N 

Few 
82. 5 
5. 8 
3.9 
0.6 
-
3.3 
3.3 
. 
-
0.6 
154 

Low 
M a ny 
86. 4 
2. 9 
5. 7 
1.4 
-
2.5 
• 
1 
-
. 
279 

Disabler s 

Tota l 
85 
3.9 
5.1 
1 
-
2.8 
1.2 
0.7 
-
0.2 
433 

Few 
71. 7 
0. 9 
14. 6 
0.5 
-
5 
3. 7 
-
-
3. 7 
219 

Hig h 
M a ny 
80. 1 
4. 2 
8.7 
2. 9 
-
2. 6 
0. 6 
0.6 
-
0.3 
312 

Tota l 
76. 7 
2. 8 
11. 1 
1.9 
-
3. 6 
1.9 
0. 4 
-
1.7 
531 

Few 
79. 4 
6.1 
1.8 
-
-
5.5 
0.6 
4. 2 
-
2. 4 
165 

Low 
M a ny 
95. 2 
1 
-
3. 2 
-
0.3 
-
• 
• 
0.3 
375 

Alternative s 

Tota l 
90. 4 
2.6 
0.6 
2. 2 
-
1.9 
0.2 
1.3 
-
0. 9 
540 

Few 
76. 7 
2. 8 
4. 4 
1.1 
0.6 
8.9 
-
2. 8 
0. 6 
5 
180 

Hig h 
M a ny 
93 
1.5 
-
3.5 
-
-
-
0. 5 
0.3 
1.5 
371 

Tota l 
87. 7 
1.8 
0.5 
2. 7 
0.2 
2. 9 
-
1.3 
0. 4 
2. 5 
551 
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We wil l  n o w discus s th e effect s o f  workin g m e m o r y 
capacit y separatel y fo r  th e sentence s wit h fe w an d m a n y 
disablers . 

A firs t  importan t  resul t  i s  tha t  th e observatio n tha t 
participant s wit h hig h workin g m e m o r y capacit y generat e 
mor e disabler s tha n thos e wit h lo w workin g m e m o r y 
capacity ,  i s  onl y foun d o n th e sentence s wit h fe w disabler s 
(p,=.413 ;  n,=37 3 vs .  p2 = .587 ;  n,-373 ,  p<.0001) .  Thi s 
finding  ca n b e explaine d a s follows .  Fo r  sentence s wit h onl y 
fe w disablers ,  i t  i s  inevitabl y harde r  t o generat e 
counterexample s tha n fo r  sentence s wit h m a n y disablers .  I n 
general ,  fo r  sentence s wit h only  fe w disabler s mos t 
participant s quickl y ru n ou t  o f  inspiratio n (onl y i n 5 % o f  th e 
trail s  ther e wer e mor e tha n 3  disabler s given) .  Becaus e 
participant s wit h lo w workin g m e m o r y capacit y experienc e 
mor e difficult y i n generatin g disablers ,  w e ca n expec t  tha t 
thei r  searchin g proces s take s mor e tim e tha n tha t  o f 
participant s wit h hig h workin g m e m o r y capacity .  Fo r 
sentence s wit h man y disablers ,  w e assum e tha t  ther e i s a 
ceilin g effec t  A s participant s ca n choos e fix) m a  larg e poo l 
o f  possibl e counterexamples ,  th e difference s i n workin g 
m e m o ry capacit y o n th e generate d numbe r  o f 
counterexample s doe s no t  show . 

A secon d strikin g findin g i s dia t  participant s wit h a  lo w 
workin g m e m o r y see m t o restric t  themselve s t o a  singl e typ e 
of  counterexamples .  Participant s wit h a  hig h workin g 
m e m o ry cî )acit y generat e overal l  mor e 'real '  disablers ,  thi s 
grou p represent s a  large r  proportio n o f  th e generate d 
response s o f  th e participant s wit h lo w woricin g m e m o r y (pi = 
.85 ;  ni=43 3 vs .  pr = -77 ;  ni=531 ,  p<.0013) .  Thi s decreas e i n 
'real '  disabler s i s mirrore d b y a  significan t  increas e i n th e 
proportio n o f  disabler s o f  th e 'remote'  type .  Participant s wit h 
a hig h workin g m e m o r y scor e generat e mor e missin g 
enabler s (categor y 3 )  tha n participant s wit h lo w workin g 
m e m o ry capacit y (pi=.051 ,  ni=43 3 versu s pj=.lll ,  ni=531 , 
p<.0009) .  A s state d abov e w e assum e tha t  participant s star t 
thei r  searc h fo r  counterexample s b y checkin g situations , 
whic h ar e semanticall y relate d t o th e conten t  o f  th e premises . 
I n addition ,  reasoner s ca n chec k situation s tha t  ar e 
semanticall y mor e remotel y relate d t o th e premis e content . 
Thus ,  th e result s sugges t  tha t  participant s wit h a  hig h 
workin g m e m o r y capacit y ca n mor e easil y shif t  from  th e 
straightforwar d typ e o f  counterexan^le s t o th e mor e remot e 
type .  Participant s wit h a  lo w workin g m e m o r y capacit y ar e 
rathe r  conservativ e i n thei r  searc h fo r  counterexamples .  I t 
ca n b e argue d tha t  th e flexibilit y  t o chang e fh) m on e 
semanti c domai n t o anothe r  yield s a  substantia l  profi t  i n 
fmdin g counterexamples .  Base d o n ou r  result s w e ca n ad d 
tha t  woricin g m e m o r y capacit y i s a  crucia l  mediato r  o f  thi s 
flexibility . 

Th e significan t  effect s o n disabler s ar e parallele d b y non -
significan t  trend s fo r  alternatives .  Th e absenc e o f  an y 
significan t  woridn g m e m o r y effect s o n alternative s ca n b e 
explaine d wit h referenc e t o th e structura l  differenc e betwee n 
th e tw o type s o f  counterexamples .  W h e n yo u ar e aske d t o 
generat e a  disabler ,  yo u hav e t o fm d a  situatio n i n whic h th e 
effec t  doe s no t  occu r  i n presenc e o f  th e give n cause .  Th e 
presenc e o f  th e give n caus e constitute s a n importan t  elemen t 
o f  th e situatio n yo u hav e t o generate .  A s a  resul t  yo u hav e t o 

maintai n tw o differen t  propositions ,  th e caus e a s wel l  a s th e 
effect ,  i n memory .  Fo r  alternative s i t  i s  no t  necessar y t o 
maintai n th e give n caus e i n memory .  Y o u jus t  nee d t o loo k 
fo r  som e alternat e causes ,  an d maintai n th e effec t  i n 
memory.  Markovit s argue s tha t  fo r  youn g children ,  i t  i s 
harde r  t o searc h fo r  disabler s tha n t o searc h fo r  alternative s 
(Jeanveau-Brennan ,  &  Markovits ,  1999 ;  Markovits ,  2000) . 
We assum e tha t  hi s finding  ca n b e generalize d t o adults .  N o 
effec t  o f  workin g m e m o r y capacit y i s observe d o n 
alternative s becaus e th e generatio n o f  alternative s doe s no t 
challeng e workin g m e m o r y capacit y i n th e wa y tha t  th e 
generatio n o f  disabler s does . 

General Discussion 

Thi s articl e addresse d fou r  mai n issues .  Firs t  o f  all ,  w e 
applie d Elio' s (1998 )  taxonomi c syste m fo r  disabler s i n 
belief-revisio n t o dat a gathere d i n a  conditiona l  reasonin g 
jjerspective .  Th e describe d syste m wa s equall y vali d fo r 
categorizin g disablers ,  a s almos t  al l  th e answer s coul d 
readil y b e categorized .  Eli o (1998 )  pointe d ou t  tha t  belie f 
revisio n an d deductiv e reasonin g ar e complementar y fields 
of  research .  Thi s experimen t  prove s tha t  th e us e o f  he r 
taxonomi c syste m ca n b e generalize d t o th e domai n o f 
conditiona l  reasoning . 

Second ,  w e constructe d a  taxonomi c syste m fo r  generate d 
alternatives .  B y applyin g thi s categorizatio n syste m w e ca n 
distinguis h differen t  type s an d categorie s o f  alternatives . 
Althoug h som e categorie s ar e interrelated ,  onl y fe w answer s 
wer e subjec t  t o discussion .  Hence ,  w e conclud e tha t  th e 
taxonom y serve s it s purpos e well .  I n lin e o f  Elio' s (1998 ) 
proposa l  w e sugges t  tha t  thi s taxonomi c syste m ca n als o b e 
use d fo r  categorizin g th e alternative s generate d i n th e contex t 
of  belief-revision .  B y applyin g thi s syste m researcher s ar e 
abl e t o she d ligh t  o n th e typ e o f  knowledg e tha t  i s use d 
durin g th e proces s o f  belie f  revision ,  o r  i n term s o f  Eli o 
(1998) ,  o n th e belief-revisio n operator s tha t  peopl e us e fo r 
resolvin g everyda y contradictions . 

Recen t  researc h emphasize s th e importanc e o f  pragmati c 
and semanti c aspect s i n theorie s o n conditiona l  reasonin g 
(se e e.g. ,  Cha n &  Chua ,  1994 ;  Newstead ,  Ellis ,  Evans ,  & 
D o m i s ,  1997 ;  Quin n &  Markovits ,  1998) .  B y oudinin g tw o 
taxonomi c system s w e provid e researcher s wit h a n additiona l 
methodologica l  weapo n fo r  disclosin g h o w th e searc h fo r 
counterexanq>le s take s place .  Thes e taxonomi c system s ca n 
als o b e use d fo r  categorizin g counterexample s fo r  othe r  type s 
of  conditional s tha n causa l  ones . 

Third ,  w e use d th e categorizatio n o f  alternative s an d 
disabler s t o examin e th e sor t  o f  backgroun d knowledg e tha t 
i s advocate d durin g th e searc h fo r  alternative s o r  disablers . 
Thre e broa d type s o f  counterexample s wer e distingtiished . 
The first  typ e contain s th e 'real '  disabler s o r  alternatives . 
Thes e ar e description s o f  situation s tha t  ar e semanticall y 
clos e t o th e state d premises .  Th e secon d typ e o f  answer s i s o f 
a mor e 'remote '  type .  The y includ e answer s i n whic h th e 
norma l  conversationa l  implicature s ar e suspended . 
Participant s g o beyon d th e usua l  scheme' s (Cha n &  Chua , 
1994 )  tha t  th e premise s refe r  to ,  i n orde r  t o find  som e 
conditio n tha t  coul d no t  appl y (enabler ,  truthfiilnes s o f  th e 
speaker ,  . . . ) .  A  thir d categor y contain s answer s tha t  ar e 
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give n jus t  t o lengthe n th e lis t  o f  alternatives .  The y includ e 
answer s referring  t o som e magica l  interference ,  plai n luck ,  a 
non-litera l  readin g o r  jus t  invali d responses .  Fo r  a  possibl e 
rul e t o decid e t o star t  lookin g i n anothe r  pool ,  w e ca n refe r  t o 
th e stoppin g rul e propose d b y Johnson-Lair d (1994) ;  whe n i t 
get s to o har d t o generat e anothe r  imagine d situation , 
participant s sto p thei r  searc h (fo r  alternativ e stoppin g rules , 
see Elio ,  2002) . 

Fourth ,  w e looke d a t  th e effec t  o f  workin g memor y 
capacit y o n th e taxonomi c distributio n o f  th e generate d 
disabler s an d alternatives .  W e foun d tha t  reasoner s wit h hig h 
workin g memor y retriev e mor e disabler s an d ar e mor e 
flexible  i n thei r  search .  The y ten d t o retrieve  differen t  type s 
of  disabler s whil e reasoner s wit h lo w workin g memor y 
capacit y ar e mor e conservative .  Reasoner s wit h lo w workin g 
memory capacit y generate d mor e 'real '  disabler s the n 
reasoner s wit h hig h workin g memor y capacity .  Thi s resul t 
suggest s tha t  reasoner s wit h lo w workin g memor y capacit y 
star t  b y searchin g th e poo l  o f  semanticall y relate d disabler s 
and ar e conservativ e i n thei r  search .  I n contrast ,  reasoner s 
wit h hig h workin g memor y capacit y ar e mor e flexibl e i n 
redirecting  thei r  search . 

We lik e t o ad d tha t  askin g participant s t o generat e a s man y 
disabler s o r  alternative s a s possibl e coul d reflec t  a  son»ewha t 
differen t  cognitiv e proces s tha n th e proces s activ e durin g th e 
validatio n phas e o f  reasonin g (se e als o Markovits ,  Fleury , 
Quin n &  Venct ,  1998) . 

I n sum ,  participant s wit h a  hig h workin g memor y capacit y 
can retriev e mor e counterexample s an d ar e flexible  i n thei r 
searc h process .  Participant s wit h lo w workin g memor y 
generat e les s counterexample s an d restric t  themselve s t o 
counterexample s o f  th e first  type .  W e fm d tha t  considerin g 
qualitativ e aspect s o f  generate d counterexample s provid e 
valuabl e informatio n o n th e underlyin g cognitiv e searc h 
process .  I n thi s stud y w e describ e thre e differen t  type s o f 
counterexamples .  Furthermore ,  w e argu e tha t  workin g 
memory capacit y i s no t  onl y a  crucia l  mediato r  fo r 
maintainin g an d searchin g informatio n bu t  determine s als o a 
reasoner' s  flexibility  t o searc h differen t  semanti c domains . 
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Abstrac t 

This paper aims to study the representational nature of human 
object-locatio n memory .  T w o experiment s ar c reported , 
includin g bot h perfonnanc e dat a an d ey e movemen t  data .  Th e 
result s sho w tha t  multipl e allocentri c frame s o f  referenc e ar e 
use d t o encod e spatia l  relationships  amon g object s an d lat e 
conq>utatio n i n object-locatio n memor y retrieval  i n object -
cue d condition s i s ofte n inevitable .  Th e implication s o n 
developin g a  genera l  mode l  o f  huma n spatia l  cognitio n ar e 
discussed . 

Introduction 

O ne importan t  aspec t  o f  huma n spatia l  memor y ha s t o d o 
wit h rememberin g th e locatio n o f  object s relativ e t o eac h 
o&er .  Fo r  example ,  yo u migh t  recal l  tha t  th e boo k yo u rea d 
las t  nigh t  i s  o n you r  offic e desi c betwee n you r  compute r  an d 
th e des k lamp .  Thi s typ e o f  memor y fo r  spatia l  relationship s 
i s a n essentia l  componen t  o f  a  mor e genera l  typ e o f  memor y 
fo r  spatia l  layou t  an d i s obviousl y critica l  fo r  man y spatia l 
task s includin g locatin g an d navigatio n (se e Tversky ,  2000 , 
fo r  a  review) . 

I t  i s  no t  clear ,  however ,  h o w spatia l  relationship s amon g 
object s ar e encode d i n memory .  Whil e i t  seem s apparen t 
tha t  allocentri c frame s o f  referenc e (i.e. ,  location s define d 
relativ e t o externa l  objects )  rathe r  tha n egocentri c frame s o f 
referenc e (i.e. ,  location s relativ e t o th e observe r  self )  ar e 
ofte n use d t o describ e thes e spatia l  relationships ,  th e 
representationa l  an d computationa l  natur e o f  thi s descriptio n 
i s controversia l  (se e Hun t  &  Waller ,  1999 ;  Klatzky ,  1998) . 
For  example ,  ar e object-base d spatia l  relationship s encode d 
and store d directl y (earl y computation) ? O r  d o the y hav e t o 
b e inferre d m u c h late r  a t  th e retrieva l  stag e (lat e 
computation) ? W h a t  factor s determin e wh ic h 
representationa l  schem e i s used ? 

I n thi s pape r  w e repor t  tw o experiment s w e conducte d t o 
directl y addres s thes e issues .  Th e result s sho w tha t  multipl e 
allocentri c frames  o f  referenc e ar e use d t o encod e spatia l 
relationship s amon g object s an d lat e computatio n i n object -
locatio n memor y retrieva l  i n object-cue d condition s i s ofte n 
inevitable . 

Thi s pape r  consist s o f  thre e majo r  parts .  I n th e firs t 
section ,  di e experimenta l  paradig m i s briefl y introduced .  I n 
th e secon d section ,  th e experiment s ar e reported ,  includin g 
bot h performanc e dat a an d ey e movemen t  data .  I n th e final 
section ,  w e briefl y discus s ou r  ongoin g wor k o f  developin g 

a computationa l  mode l  o f  th e object-locatio n memor y an d 
it s implication s o n modelin g huma n spatia l  cognitio n i n 
general . 

The Experimental Paradigm 

We adopte d a n experimenta l  paradig m develope d b y Mihie r 
and colleague s i n th e 1990s ,  whic h w e cal l  th e Milne r 
paradig m (e.g. ,  Johnsrude ,  Owen ,  Crane ,  Milner ,  &  Evans , 
1999 ;  Milner ,  Johnsrude ,  &  Crane ,  1997 ;  O w e n ,  Milner , 
Petrides ,  &  Evans ,  1996) .  Thoug h thei r  focu s wa s o n 
neuroimagin g studie s o f  th e brai n foundation s o f  object -
locatio n memory ,  th e Milne r  paradig m offer s a n elegan t 
experimenta l  desig n tha t  allow s a  systemati c evaluatio n o f 
multipl e schem a fo r  representin g spatia l  relationships .  I n 
addition ,  th e availabilit y o f  neuroimagin g dat a provide s 
invaluabl e constraint s o n bot h understandin g behaviora l 
result s an d developin g computationa l  model s (e.g. ,  Wang , 
Johnson ,  &  Zhang ,  2001) . 

Ther e ar e tw o phase s i n th e Milne r  paradigm .  I n th e 
encodin g phas e (Figur e lA) ,  eigh t  drawing s (objects )  ar e 
individuall y presente d o n a  compute r  scree n t o subjects , 
wit h eac h drawin g accompanie d b y tw o landmark s (soli d 
squares) .  Subject s ar e aske d t o remembe r  th e location s o f 
drawings ,  relativ e t o th e landmarks .  I n th e retrieva l  phase , 
subject s ar e presente d som e cue s plu s tw o identica l 
drawings .  On e o f  th e tw o identica l  drawing s (target )  i s 
presente d i n it s origina l  location ,  an d th e odie r  on e (noise )  i s 
presente d i n a  differen t  locatio n (o r  mor e accurately ,  i t 
occupie s th e origina l  locatio n o f  anothe r  object) .  Subject s 
ar e require d t o perfor m a  forced-choic e recognitio n o f  th e 
target ,  relativ e t o th e cues .  Mihie r  an d colleague s originall y 
use d fou r  retrieva l  conditions : 

1.  I n th e fixed-landmark  conditio n (Figur e IC) ,  th e tw o 
landmark s wer e presente d a s cues ,  alon g wit h th e 
target-nois e pair .  Th e absolut e locatio n o f  landmark s 
and object s o n th e scree n wa s unchange d from  thei r 
origina l  encodin g positions . 

2.  I n th e shifted-landmar k conditio n (Figur e ID) ,  th e 
tw o landmark s wer e presente d a s cues ,  alon g wit h 
th e target-nois e pair .  Thoug h th e spatia l  relationship s 
a m o ng th e landmarks/drawing s remaine d 
unchanged ,  th e absolut e location s o f  th e 
landmarks/drawing s o n th e scree n wer e shifted . 

3.  I n th e fixed-objec t  conditio n (Figur e IE) ,  tw o 
encode d drawing s instea d th e tw o landmark s wer e 
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presente d a s cues ,  alon g wit h th e target-nois e pair . 
The absolut e location s o f  drawing s o n th e scree n 
wer e unchanged . 

4.  I n th e shifted-objec t  conditio n (Figur e IF) ,  tw o 
encode d drawing s instea d th e tw o landmark s wer e 
presente d a s cues ,  alon g wit h th e target-nois e pair . 
Thoug h th e spatia l  relationships  amon g th e drawing s 
remaine d unchanged ,  th e absolut e location s o f  th e 
drawing s o n th e scree n wer e shifted . 

One significan t  featur e o f  th e Mihie r  paradig m i s tha t  i t 
simultaneousl y involve s multipl e spatia l  representations , 
includin g screen-based ,  landmark-based ,  an d object-based . 
Whil e landmark-base d representation s ar e perceptuall y 
accessibl e i n th e encodin g phas e (becaus e a n objec t  wa s 
alway s presente d alon g wit h th e tw o landmark s i n th e 
encodin g phase) ,  object-base d representation s ar e no t 
(becaus e n o tw o object s ar e presente d a t  th e sam e tim e i n 
th e encodin g phase) .  Therefore ,  thi s fac t  alon e migh t 
sugges t  tha t  object-base d retrieva l  woul d b e harde r  tha n 
landmark-base d retrieval .  Systemati c alignmen t  o f  th e 
differen t  testin g condition s allowe d Milne r  an d colleague s 
t o us e a  subtractio n metho d t o determin e th e brai n area s tha t 
dominat e i n th e differen t  tes t  conditions . 

Behaviora l  dat a wa s onl y briefl y reporte d i n Johnsrud e e t 
al  (1999) .  I t  wa s foim d tha t  th e shifted-objec t  conditio n wa s 
harde r  (e.g. ,  longe r  R T s an d lowe r  accuracy )  tha n an y othe r 
conditions ,  whic h di d no t  diffe r  fro m eac h other . 
Neuroimagin g dat a suggeste d tha t  object-locatio n memor y 
i n genera l  involve d th e parahipocampa l  system ,  an d th e 
shifte d conditions ,  a s compare d t o th e respectiv e fixed -
conditions ,  activate d th e posterio r  inferotempora l  cortex . 
Bot h area s hav e bee n believe d t o subserv e importan t 
function s o f  spatia l  cognitio n (e.g. .  Burgess ,  Jeffery ,  & 
O'Keefe ,  1999) . 

Experiment 1 

I n Experimen t  1  w e adde d on e mor e testin g conditio n t o th e 
origina l  Mihie r  paradigm .  I n thi s additiona l  condition ,  calle d 
th e fixed-nocu e condition ,  n o cue s wer e presente d alon g 
wit h th e target-nois e pai r  i n th e retrieva l  phase .  Subject s ha d 
t o mak e th e forced-choic e base d solel y o n th e absolut e 
locatio n o f  object s o n th e screen .  Thi s conditio n wa s adde d 
t o explicitl y  tes t  th e effec t  o f  screen-base d spatia l 
representation s i n locatio n retrieval . 

Anothe r  purpos e o f  experimen t  1  wa s t o collec t  ey e 
movement  data .  Bot h perceptuall y encodin g an d cognitivel y 
computin g spatia l  relationship s invit e ey e movements .  Th e 
trac e o f  natura l  ey e movement s dxuin g di e tas k provide s a n 
indicatio n o f  th e deploymen t  o f  attentio n (e.g. ,  Corbett a e t 
al. ,  1998 )  an d m a y she d ligh t  o n th e underlyin g spatia l 
representation s an d operation s (e.g. ,  Colb y &  Goldberg , 
1999) . 

Subjects, Apparatus, and Materials 

21 subjects ,  8  female s an d 1 3 males ,  wit h norma l  o r 
corrected-to-norma l  vision ,  wer e pai d t o participat e i n th e 
experiment .  Fiv e set s o f  stimul i  (eac h consistin g o f  eigh t 
drawings )  wer e create d usin g digitize d blac k an d whit e 

representationa l  drawing s o f  c o m m o n objects ,  selecte d from 
th e databas e o f  (Snodgras s &  Vanderwart ,  1980) .  Th e 
drawings ,  100x10 0 pixel s i n size ,  wer e presente d agains t  a 
whit e backgroun d o n a  19* '  V G A monito r  wit h a  resolutio n 
of  1024x768 .  Th e monito r  wa s i n front  o f  th e subject s 
withi n 2  feet .  Subject s wer e aske d t o respon d b y clickin g 
wit h a  mous e whic h wa s withi n comfortabl e reach .  1 1 
subject s wor e a  head-moimte d I S C A N eye-tracke r  whil e 
the y wer e doin g th e experiment . 

Design and Procedure 

Each subjec t  performe d al l  S  experimenta l  conditions ,  eac h 
wit h a  differen t  stimulu s set .  Th e desig n i s illustrate d i n 
Figur e 1 . 

I n eac h encodin g trial ,  subject s wer e presente d on e 
drawin g an d tw o landmark s an d wer e instructe d t o 
remember  th e locatio n o f  th e drawin g relativ e t o th e 
landmarks .  Subject s clicke d th e drawin g t o g o o n t o th e nex t 
trial .  Ther e wer e 3 2 encodin g trial s i n eac h condition ,  wit h 
eac h drawin g presente d 4  times .  Th e presentatio n orde r  wa s 
randomized .  Durin g th e stud y subject s di d no t  kno w whic h 
testin g conditio n woul d follow . 

I n eac h retrieva l  trial ,  subject s wer e presente d th e cue s 
and th e target-nois e pai r  accordin g t o th e testin g condition . 
Subject s wer e instructe d t o choos e th e target ,  b y clicking ,  a s 
quickl y a s possibl e an d a s accuratel y a s possible .  A s soo n a s 
th e subject s clicked ,  th e nex t  tria l  wa s presented .  Eac h 
drawin g wa s teste d 4  times . 

Figur e 1 .  Th e desig n o f  Experimen t  1 .  A ,  a n encodin g 
trial ;  B ,  fixed-nocue  retrieval ;  C ,  fixed-landmark 
retrieval ;  D ,  shifted-landmar k retrieval ;  E ,  fixed-object 
retrieval ;  F ,  shifted-objec t  retrieval . 
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Result s 

Accurac y data .  Th e averag e accurac y wa s a t  leas t  9 3 % ,  an d 
ther e wa s n o differenc e a m o n g th e 5  testin g conditions . 

Figur e 2 .  R T dat a i n Experimen t  1 .  T h e erro r  bar s 
represen t  9 5 % confidenc e intervals . 

RT data. The reaction time data is shown in Figure 2. An 
A N O VA show s a  significan t  interactio n betwee n th e cu e 
typ e (landmar k v s object )  an d th e arra y tim e (fixe d v s 
shifted) .  I n addition ,  a  post-ho c compariso n show s tha t  th e 
shifted-objec t  conditio n take s significantl y longe r  tha n an y 
othe r  conditions ,  consisten t  wit h Johnsrud e e t  a l  (1999 ) 
results . 

Eye movement data. Eye movements are needed to search 
th e scen e an d measur e spatia l  relationships .  Th e numbe r  o f 
ey e fixations  i n eac h tria l  i s  counte d an d reporte d here .  Th e 
resul t  i s  show n i n Figur e 3 .  I t  i s  interestin g t o not e tha t  th e 
ey e fixatio n patto n i s remarkabl y simila r  t o th e R T pattern , 
indicatin g tha t  th e n u m b e r  o f  ey e fixations  i s a  goo d 
predicto r  o f  R T . 

AirayTyp M 

Figur e 3 .  T h e numbe r  o f  ey e fixations  i n Experimen t  1 . 

S u m m a ry &  Discussio n 

Experimen t  1  resulte d i n tw o majo r  findings  tha t  hav e no t 
bee n reporte d b y Milnc r  an d colleagues .  First ,  th e reactio n 
tim e i n th e fixed-nocuc  conditio n wa s no t  differen t  fro m tha t 
i n th e fixed-landmar k condition .  Sinc e a  screen-base d 
spatia l  representatio n ha d t o b e use d i n orde r  t o perfor m th e 
fixed-nocue  condition ,  thi s resul t  indicate s tha t  a  screen -
base d spatia l  representatio n migh t  b e implicitl y  encode d an d 
store d (becaus e subject s wer e specificall y instructe d t o pa y 
attentio n t o th e drawing' s locatio n relativ e t o th e 
landmarks) ,  an d b e adopte d t o perfor m th e fixed-landmark 
condition .  Thi s hypothesi s wa s furthe r  supporte d b y th e ey e 
m o v e m e nt  data .  Th e numbe r  o f  ey e fixations  i n bot h 
condition s wa s abou t  2 ,  th e minima l  fixations  neede d t o 
identif y th e targe t  i f  a  conservativ e check-both-target-and -
noise-before-clic k strateg y wa s used .  Th e ey e movemen t 
trace s als o indicate d tha t  subject s ofte n ignore d landmark s 
i n th e fixed-landmari c condition . 

Second ,  th e significan t  interactio n betwee n th e cu e typ e 
(landmar k v s object )  an d th e arra y typ e (fixe d v s shifted ) 
was surprising .  Th e reactio n tim e i n th e shifted-objec t 
conditio n wa s significantl y longe r  tha n tha t  i n an y othe r 
condition s (th e R T i n th e shifted-objec t  conditio n wa s abou t 
1800ms,  2100m8 ,  an d 2700m s longe r  tha n tha t  i n th e fixed -
object ,  shifted-landmark ,  an d fixed-landmark  conditions , 
respectively ,  se e als o Tabl e 1) ,  indicatin g som e additiona l 
operation s occurre d i n tha t  condition .  A n analysi s o f  th e 
computationa l  difference s amon g condition s shed s ligh t  o n 
what  thes e operation s coul d be .  a )  Landmar k cue s (soli d 
squares )  wer e m u c h mor e perceptuall y distinc t  tha n objec t 
cues .  I n bot h object-cue d conditions ,  a n additiona l  searc h 
operatio n wa s necessar y i n orde r  t o distinguis h th e target -
nois e pai r  fro m th e tw o objec t  cues ,  b )  Compare d t o th e 
fixed  conditions ,  bot h shifte d condition s require d explici t 
acces s o f  spatia l  relationships ,  eithe r  landmark-base d o r 
object-based .  Whil e landmark-base d spatia l  relationship s 
migh t  b e directl y encode d i n th e encodin g phas e an d late r 
directl y retrieve d i n th e retrieva l  phase ,  i t  seem s tha t  object -
base d spatia l  relationship s ha d t o b e derive d throug h lat e 
computatio n becaus e subject s neve r  sa w an y tw o object s a t 
th e sam e time . 

Ey e m o v e m e n t  data ,  however ,  indicate d tha t  thi s 
hypothesi s migh t  b e oversimplified .  I n th e encodin g phase , 
we quit e ofte n observe d tha t  subject s move d his/he r  eye s 
bac k an d fort h betwee n th e currentl y presente d objec t  an d 
th e locatio n o f  th e previousl y displaye d objec t  (i n th e 
previou s trial ,  whic h ha s alread y disappeared) ,  indicatin g 
some for m o f  object-base d spatia l  relationship s migh t  b e 
encode d directl y an d quit e early .  I n general ,  however ,  i t 
seems likel y tha t  shifted-objec t  condition s involve d quit e 
extensiv e lat e computatio n i n determinin g object-base d 
spatia l  relationships . 

We speculat e tha t  a  rac e mode l  ca n b e use d t o explai n th e 
data .  Specifically ,  whe n multipl e type s o f  representation s 
fo r  spatia l  relationship s ar e availabl e t o solv e th e tas k a t 
hand ,  the y compete .  Thoug h ofte n th e representatio n tha t 
afford s easies t  operation s dominates ,  sometime s the y 

922 



interfer e wit h eac h other .  A  decompositio n o f  th e 
representations/operation s fo r  eac h conditio n i s summarize d 
i n Tabl e 1 .  I t  seem s tha t  th e rac e mode l  explain s th e R T dat a 
reasonabl y well . 

Table 1; A representational decomposition 

RT 
i m s L 

Accessibl e representations/operation s 
Earl y 

computatio n 
Lat e 

computatio n 
Addn. 

ops 
Fixed -
nocu e 
Fixed -

landmar k 
Fixed -
objec t 

Shifted -
landmar k 
Shifted -
objcc t 

1874 

1723 

2599 

2324 

4402 

Screen-base d 

Screen-base d 
Landmark-base d 

Screen-base d 

Landmark-base d 

Object-base d Searc h 

Object-base d Searc h 

Experimen t  1  raise d tw o issues .  Th e firs t  on e i s th e rol e o f 
searc h i n th e object-cue d conditions .  Sinc e th e target-nois e 
pai r  an d th e objec t  cue s ar e visuall y indistinguishable ,  a 
non-spatia l  visua l  searc h componen t  i s  necessar y t o perfor m 
th e task .  Th e searc h componen t  wa s a  free  paramete r  i n th e 
abov e rac e mode l  tha t  coul d b e estimate d bu t  i t  obviousl y 
confounde d th e results .  I t  woul d b e usefu l  t o eliminat e thi s 
confound .  Th e secon d issu e als o ha s t o d o wit h th e object -
cue d conditions .  I n Experimen t  1 ,  th e tw o object s tha t  wer e 
chose n t o b e cue s i n eac h tria l  wer e randoml y selecte d from 
al l  possibl e object s (i.e. ,  thos e tha t  wer e no t  th e target-nois e 
pair) .  Thi s mad e th e tas k har d i n th e sens e tha t  al l  possibl e 
object-base d spatia l  relationship s (ther e wer e 7 '  o f  them! ) 
migh t  b e relevan t  i n th e retrieva l  phase .  Thi s wa s i n shar p 
contras t  wit h th e landmark-cue d conditions ,  whic h ha d onl y 
16 relevan t  spatia l  relationship s ( 8 fo r  eac h landmark) . 
Therefore ,  i t  migh t  b e th e pur e numbe r  o f  relevan t  spatia l 
relationship s bu t  no t  th e lat e computatio n o f  object-base d 
representation s tiiat  mad e th e object-cue d condition s mor e 
difficult .  W e designe d experimen t  2  t o explor e thes e tw o 
issues . 

Experiment 2 

Experimen t  2  adopte d th e sam e Milne r  paradigm ,  bu t 
differe d from  Experimen t  1  i n thre e aspects .  First ,  th e 
landmark s wer e change d fro m soli d blac k square s t o a 
white-fille d blac k square .  Second ,  i n th e object-cue d 
conditions ,  th e objec t  cue s wer e framed  i n a  blac k square d 
t o mak e the m visuall y salient .  Th e purpos e o f  th e chang e 
was t o eliminat e th e searc h componen t  i n retrieval .  Third , 
we adde d tw o mor e object-cue d conditions ,  whic h w e calle d 
consisten t  mappin g conditions .  I n thes e conditions ,  instea d 
of  selectin g tw o cu e object s a t  rando m fo r  ever y trial ,  th e 
tw o object s wer e selecte d a t  th e beginnin g o f  th e testin g 
sessio n an d consistentl y serve d a s th e objec t  cue s fo r  ever y 
tria l  i n tha t  session .  Thi s chang e greatl y reduce d th e relevan t 
spatia l  relationship s an d coul d b e viewe d a s a  middl e 

conditio n betwee n th e pur e object-cue d conditio n an d th e 
pur e landmark-base d condition . 

Thes e change s resulte d i n si x testin g conditions ,  a s show n 
i n Figur e 4 .  1 4 subject s wer e pai d t o participat e i n th e 
experiment . 
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Figur e 4 .  Th e desig n o f  Experimen t  2 .  A ,  fixed-
landmar k retrieval ;  B ,  shifted-landmar k retrieval ;  C , 
fixed-object  retrieval ;  D ,  shifted-objec t  retrieval ;  E , 
fixed-object  consisten t  mappin g retrieval ;  F ,  shifted -
objec t  consisten t  mappin g retrieval . 

Result s &  Discussio n 

Accurac y data .  Th e averag e accurac y wa s a t  leas t  8 8 % ,  an d 
ther e wa s n o differenc e amon g th e 6  testin g conditions . 

RT data. The reaction time data is shown in Figure 5. An 
A N O VA reveal s simila r  effect s t o Experimen t  1 ,  includin g 
th e significan t  interactio n betwee n cu e type s (objec t  v s 
landmark )  an d arra y type s (fixe d v s shifted) . 

Th e effect s o f  th e tw o manipulation s w e adopte d i n 
Experimen t  2  wer e evident .  First ,  combinin g th e result s 
from  bot h experiments ,  i t  i s  clea r  tha t  th e eliminatio n o f  th e 
searc h operation s (b y framing  th e objec t  cues )  di d decreas e 
reactio n tim e i n certai n object-cue d conditions .  However , 
thi s tim e savin g ha d a  surprisin g interactio n wit h th e arra y 
types .  Specifically ,  whil e th e tim e savin g i n th e fixed-object 
conditio n wa s no t  significan t  (2599m s i n Experimen t  1  v s 
2494ms i n Experimen t  2 )  th e savin g wa s significan t  i n th e 
shifred-objec t  conditio n (4402m s i n Experimen t  1  v s 
3548ms i n Experimen t  2) .  I t  i s  no t  s o obviou s h o w t o 
explai n thi s interaction .  Second ,  th e manipulatio n o f 
consisten t  mappin g i n object-cue d condition s als o reduce d 
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th e reactio n time .  H o w e v e r ,  again ,  a  reliabl e interactio n wit h 
a n a y type s w a s found .  W h i l e th e tim e reductio n w a s abou t 
4 5 0 ms i n th e fixed-object  condition s ( 2 4 9 4 m s v s 2 0 4 4 m s ) , 
th e reductio n w a s abou t  9 0 0 m s i n th e shifted-objec t 
condition s (3548ni s v s 2 6 4 0 m s ) .  Similarly ,  i t  i s no t  obviou s 
h o w thi s interactio n occu r re d w i thou t  a  detaile d 
computationa l  mode l . 

oUad oonsMan l  mappin o 

2700-

•  220 0 

1700-

A/r« y Typ« i 

Figiure 5. RT data (in ras) in Experiment 2. The enor 
bar s represen t  9 5 % confidenc e intervals . 

Eye movement data. Similar to Experiment 1, eye 
movement  dat a corresponde d quit e wel l  wit h th e reactio n 
tim e dat a (se e Figur e 6) .  Fewe r  number s o f  ey e fixations 
wer e observe d i n th e fixed  arra y condition s tha n i n th e 
shifte d arra y conditions .  I n addition ,  th e object-cue d 
condition s induce d mor e ey e fixation s tha n th e landmark -
cue d conditions .  I n particular ,  bot h th e eliminatio n o f  th e 
searc h componen t  an d consisten t  mappin g i n object-cue d 
condition s significantl y reduce d th e numbe r  o f  ey e 
fixation s (b y abou t  1  an d 1.5 ,  respectively) ,  indicatin g 
bot h manipulation s successfiill y  reduce d th e effort s o f 
objec t  recognitio n an d lat e computatio n o f  spatia l 
relationships . 

G e n e r a l  Discuss io n 

M e m o ry fo r  object-locatio n i s a n essentia l  aspec t  o f  huma n 
spatia l  memory .  However ,  th e underlyin g representationa l 
mechanism s an d computationa l  operation s ar e controversial . 
The empirica l  stud y reporte d her e adopte d an d extende d th e 
Milne r  paradig m an d produce d interestin g dat a towar d a 
bette r  understandin g o f  th e problem .  I n thi s section ,  w e 
woul d lik e t o discus s thre e issue s relate d t o th e implication s 
of  th e stud y an d th e futur e work . 

First ,  th e curren t  stud y support s th e argumen t  tha t 
memory fo r  spatia l  relationship s ca n tak e multipl e form s o f 
representations ,  eac h encode d i n a  differen t  fram e o f 
reference .  S o m e o f  thes e representation s m a y resul t  from  a n 
earl y computation ,  ofte n du e t o a  direc t  perceptua l 
experienc e i n th e earl y encodin g phase .  Thes e 
representation s ca n b e encode d implicitly ,  suc h a s th e 
screen-base d representations ,  o r  explicitly ,  suc h a s th e 
landmark-base d representation s an d som e object-base d 
representation s (e.g. ,  spatia l  relationship s betwee n object s 
presente d i n consecutiv e trials) .  However ,  mos t  o f  th e 
object-base d spatia l  relationship s hav e t o b e inferre d whe n 
necessar y throug h a  lat e computation ,  resultin g i n longe r 
reactio n tim e i n th e object-cue d conditions .  W h e n multipl e 
form s o f  representation s ar e simultaneousl y available ,  a  rac e 
model  seem s plausible .  Th e processe s supporte d b y eac h 
representatio n compet e wit h eac h other ,  an d typicall y th e 
one tha t  afford s fas t  respons e dominates .  Ey e movemen t 
result s suppor t  thi s hypothesi s 

Second ,  th e result s fro m th e curren t  stud y ar e als o 
consisten t  wit h th e neuropsychologica l  evidenc e tha t 
suggest s ther e exis t  multipl e spatia l  representationa l  system s 
i n th e brai n (e.g. .  Burges s e t  al. ,  1999 ;  W a n g e t  al. ,  2001) . 
The P E T imagin g result s from  Milne r  an d colleague s (1997 ) 
reveale d tha t  whe n object-locatio n m e m o r y i s retrieved , 
brai n activit y increase s i n th e parahippocampa l  system ,  a n 
are a tha t  i s generall y believe d t o subserv e allocentri c spatia l 
representations . 

Finally ,  whil e th e curren t  stud y generate d interestin g 
results ,  i t  i s  clea r  tha t  t o fiilly  understan d thes e result s a 
detaile d computationa l  mode l  i s necessary .  Question s abou t 
h o w multipl e form s o f  spatia l  relationship s ar e represente d 
and h o w the y interac t  ca n b e bette r  explore d onl y whe n a 
computationa l  mode l  i s developed .  Effort s ar e bein g take n 
t o develo p suc h a  mode l  i n th e Act- R cognitiv e architectur e 
(Anderso n &  Lebiere ,  1998) .  Th e long-ter m goa l  i s  t o 
develo p a  framework  tha t  ca n b e use d t o mode l  huma n 
spatia l  cognitio n i n general ,  includin g object-locatio n 
memory an d spatia l  layou t  memory . 
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Abstrac t 

The SHRUTl model demonstrates how a system of sim-
)le ,  neuron-lik e element s ca n encod e a  larg e bod y ofre -
asiona l  causa l  knowledg e an d provid e th e basi s  fo r  rapi d 

inference .  Her e w e sho w ho w a  representatio n o f  util -
it y  ca n b e int̂ rate d wit h th e existin g representatio n o f 
belief ,  suc h Aa t  th e resultin g architectur e ca n b e use d t o 
reaso n abou t  value s an d goal s an d thereb y contribut e t o 
decision-makin g an d planning . 

I n t roduc t i o n 

To understan d h o w th e brai n create s th e mind ,  on e coul d 
wor k mainl y from  th e to p down ,  characterizin g menta l 
processes ,  o r  from  th e botto m up ,  tryin g t o understan d 
th e capabilitie s o f  neuron s an d simpl e circuits .  I n devel -
opin g th e SHRUTl  mode l  w e hav e pursue d bot h thes e ap -
proache s simultaneousl y i n orde r  t o understan d h o w net -
work s o f  neuron s ca n perfor m comple x cognitiv e tasks . 
I n pas t  work ,  w e hav e demonstrate d h o w suc h network s 
ca n mak e predictiv e an d explanator y inference s wit h re -
spec t  t o a  larg e bod y o f  causa l  knowledge .  I n thi s paper , 
we sho w h o w th e SHRUTl  architectur e ca n b e extende d 
t o represen t  an d reaso n no t  onl y abou t  belief s bu t  als o 
abou t  utilities ,  value s an d goals .  Th e resultin g mode l 
use s a  singl e causa l  structur e t o see k explanations ,  mak e 
predictions ,  an d identif y expecte d utilitie s o f  worl d state s 
and actions . 

The SHRUTl architecture 

Firs t  w e presen t  th e basi c element s o f  th e SHRUTI  archi -
tecture .  Th e mode l  i s describe d i n considerabl y mor e 
detai l  i n [Shastri ,  1999 ,  Shastr i  an d Ajjanagadde ,  1993 , 
Shastr i  an d Wendelken ,  2000] .  SHRUTl  i s  a  neurall y 
plausibl e (connectionist )  mode l  tha t  demonstrate s h o w 
a networ k o f  neuron-lik e element s coul d encod e a  larg e 
bod y o f  structure d knowledg e an d perfor m a  variet y o f 
inference s withi n a  fe w hundre d milliseconds .  SHRUTl 
suggest s dia t  th e encodin g o f  relationa l  informatio n 
(frames ,  predicates ,  etc. )  i s  mediate d b y neura l  circuit s 
compose d o f  foca l  cluster s an d tha t  th e dynami c rep -
resentatio n an d communicatio n o f  relationa l  instance s 
iirvolve s th e transien t  propagatio n o f  rhythmi c activit y 
acros s thes e clusters .  A  role-entit y bindin g i s represente d 
i n thi s rtiythmic  activit y b y th e synchronou s firin g o f  ap -
propriat e cells . 

f t y p e h i e r a r c h y 

buy(Peiion,-,- ) 

foca l  cluste r 

eiuble r 
collecto r 

rol e nod e 
t o + « Mone y 

l o 7e:0biec t 

buy(buyer.lhmg.KllCT ) 

rul e mediato r 

p.y(ptyBj)<yM.|»yni«nl ) 

Figur e 1 :  Diagra m showin g cor e element s o f  th e 
S H R U Tl  model ,  includin g relationa l  foca l  clusters ,  a 
fact ,  a  rule ,  an d a  simpl e typ e hierarchy . 

A foca l  cluste r  i s a  collectio n o f  node s wit h varyin g 
functionalit y  al l  subservin g a  c o m m o n representation .  A 
relationa l  foca l  cluste r  consist s o f  a  positiv e (+ )  an d a 
negativ e (- )  collecto r  node ,  a n enable r  (? )  node ,  an d rol e 
nodes .  Th e activit y o f  th e positiv e (negative )  collecto r 
nod e reflect s th e amoun t  o f  evidenc e collecte d i n sup -
por t  o f  belie f  (disbelief )  i n th e give n relation .  Activit y 
of  th e enable r  (? )  nod e reflect s th e strengt h wit h whic h 
informatio n abou t  th e relatio n i s bein g sought .  A  lin k 
from  collecto r  t o enable r  ensure s tha t  th e syste m auto -
maticall y seek s explanatio n fo r  wha t  i t  believes .  Rol e 
binding s ar e represente d b y synchronou s firing  o f  rela -
tiona l  rol e node s wit h node s i n a  connectionis t  typ e hi -
erarchy .  A  relationa l  cluste r  wit h activ e rol e binding s 
represent s a  relationa l  instance .  Rule s ar e encode d wit h 
link s tha t  enabl e th e propagatio n o f  rtiythmic  activit y 
from  on e relationa l  foca l  cluste r  t o th e next .  Specif -
ically ,  a  rul e i s  forme d b y linkin g th e anteceden t  col -
lecto r  t o th e consequen t  collector ,  th e consequen t  en -
able r  t o th e anteceden t  enabler ,  an d matchin g rol e node s 
i n bot h directions ,  throug h a n intervenin g foca l  cluste r 
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terme d th e rul e mediator .  Typ e restrictio n an d instanti -
atio n o f  unboun d variable s ar e handle d vi a connection s 
betwee n th e rul e mediato r  structur e an d th e typ e hierar -
chy .  Long-ter m fact s ar e encode d i n SHRUTl  a s tempo -
ra l  patter n matchin g circuits .  Episodi c fact s (E-facts )  ar e 
tune d t o particula r  relationa l  instance s an d represen t  spe -
cifi c  knowledg e o r  memories ,  whil e taxo n fact s (T-facts ) 
ar e typicall y responsiv e t o a  rang e o f  relationa l  activa -
tion s an d represen t  mor e genera l  statistica l  knowledg e 
abou t  th e world . 

Probabilistic reasoning 

Previous work has shown that the inferential behavior 
of  SHRUTI  doe s not ,  i n mos t  cases ,  stra y fa r  from a 
probabilisti c  idea l  [Wendelke n an d Shastri ,  2000] .  Wit h 
appropriat e assignmen t  o f  lin k weights ,  a  simpl e 
rul e structur e ca n b e show n t o comput e probabili -
tie s correctl y i n bot h th e forwar d an d backwar d di -
rection .  A  se t  o f  evidenc e combinatio n function s al -
low s fo r  flexibl e combinatio n o f  evidenc e from  multi -
pl e sources ,  whil e maintainin g a  relativel y simpl e con -
nectionis t  structur e i n whic h eac h anteceden t  c o m m u -
nicate s wit h th e consequen t  vi a a  singl e weighte d lin k 
[Shastr i  an d Wendelken ,  1999] .  Explainin g awa y occur s 
vi a inhibitor y interconnection s betwee n antecedents ,  s o 
felse  pattern s o f  circula r  reasonin g ar e no t  introduced . 

Inferenc e i n SHRUTi  i s essentiall y  a n anytim e algo -
rithm.  Unlik e i n a  belie f  net ,  response s t o a  quer y ar e 
generate d almos t  inunediately ,  base d o n th e prio r  infor -
matio n store d fo r  th e querie d relation .  A s inferenc e i s  al -
lowe d t o progress ,  eari y estimate s ar e repeatedl y refine d 
as mor e an d mor e evidenc e i s brough t  i n from  furthe r  u p 
or  d o w n th e causa l  chain .  I n a  neura l  system ,  th e dept h t o 
whic h thi s searc h fo r  evidenc e occur s woul d b e limited , 
suc h tha t  onl y evidenc e withi n a  certai n distanc e (alon g 
any casua l  chain )  woul d b e considered .  Presumably ,  thi s 
dept h coul d b e modulate d b y attentio n o r  othe r  factors . 
Importantly ,  thi s i s a  mode l  whic h scale s u p naturall y t o 
larg e domain s withou t  performanc e los s (wit h referenc e 
t o a  paralle l  networ k o f  node s an d links) . 

I/KA ) P(B|oiilyA ) POIA) 

I/P(B ) 

Figur e 2 :  A n illustratio n o f  th e lin k weight s fo r  a  simpl e 
rul e (role s no t  shown) .  I f  B  i s believe d tru e (+: B activ e 
wit h valu e 1.0 )  the n activit y  a t  + :  A  wil l  equa l  P (A—^B ) 

R e p r e s e n t i n g utilit y  i n S H R U TI 

SHRUTI' s representatio n o f  utilit y 
[vo n N e u m a n n an d Morgenstem ,  1947 ]  i s analo -
gou s t o it s representatio n o f  belief .  Thi s consist s 
primaril y o f  a  se t  o f  utilit y  node s associate d wit h eac h 
relationa l  foca l  cluster ,  rewar d fact s denotin g rewar d an d 
punishment ,  valu e fact s denotin g learne d utilit y  values , 
probabilisticall y weighte d utility-carryin g connection s 
betwee n relations ,  an d variou s modulator y mechanism s 
tha t  affec t  utilit y  flow  differentl y i n differen t  situations . 
Thu s belie f  an d utilit y  i n SHRUTI  ar e tightl y integrated , 
sharin g m u c h o f  th e sam e structure ,  an d ar e no t  separat e 
module s i n an y conventiona l  sense . 

Utility nodes 

Recal l  tha t  th e representatio n o f  belief s i n SHRUTI  i s bui h 
aroun d relationa l  foca l  clusters ,  whic h contai n severa l 
differen t  type s o f  node s includin g positiv e an d negativ e 
collectors ,  a n enabler ,  an d rol e nodes .  Alongsid e thes e 
node s representin g belief ,  ther e ar e additiona l  node s rep -
resentin g associate d utility .  Thu s ther e i s a  utilit y  nod e 
tie d t o eac h o f  th e tw o collectors ,  wit h activatio n rang e 
[-1,1] .  Thes e node s ar e denote d b y $ + an d $- ;  positiv e 
activit y o f  $ + ($- )  indicate s tha t  positiv e utilit y  valu e i s 
associate d wit h th e trut h (falsity )  o f  th e relation ,  whil e 
negativ e activatio n valu e o f  $ + ($- )  indicate s tha t  nega -
tiv e utilit y  i s  associate d wit h th e trut h (falsity )  o f  th e re -
lation .  Link s from  eac h utilit y  nod e t o th e enable r  nod e 
ensur e tha t  wheneve r  somethin g i s marke d a s havin g util -
ity ,  i t  i s automaticall y investigate d b y th e system . 

Activatio n o f  a  relationa l  utilit y  nod e ca n indicat e tha t 
rewar d i s currentl y bein g experienced ,  o r  tha t  i t  i s  ex -
pected .  I n eithe r  case ,  i t  reflect s no t  onl y rewar d tha t 
i s directl y associate d wit h it s relatio n (as ,  fo r  example , 
satisfyin g a  swee t  toot h i s associate d wit h eatin g cake) , 
but  als o source s o f  rewar d tha t  ar e mor e distantl y relate d 
(suc h a s potentia l  weigh t  gain) .  I n thi s respect ,  th e util -
it y  nod e i s comparabl e t o th e valu e fiincio n o f  traditiona l 
reinforcemen t  learning ;  however ,  utilit y  nod e activit y i s 
transien t  an d canno t  b y itsel f  represen t  an y permanen t 
learne d valu e associate d wit h a  relatio n instanc e (ho w 
thi s informatio n i s maintaine d wil l  b e describe d shortly) . 
Instead ,  activit y a t  a  relationa l  utilit y  nod e reflect s th e 
combinatio n o f  mor e permanen t  representation s o f  valu e 
wit h th e transien t  factor s tha t  m a k e u p curren t  context . 

Reward facts 

S o me relation s hav e rewar d fact s (R-facts )  tie d t o them , 
designatin g certai n relationa l  instance s a s goals .  Re -
war d fact s represen t  th e sourc e o f  rewar d an d punish -
ment  i n th e system .  Activatio n o f  a  positiv e rewar d fac t 
indicate s th e attainmen t  (rea l  o r  imagined )  o f  som e re -
ward ,  whil e activatio n o f  a  negativ e rewar d fac t  indicate s 
th e sufferin g (rea l  o r  imagined )  o f  som e punishment . 
Lik e episodi c fact s i n th e belie f  system ,  rewar d fact s 
ar e tempora l  patter n matchin g circuit s tha t  respon d onl y 
w h en th e specifie d se t  o f  role-filler s ar e active .  I n thi s 
case ,  activatio n o f  a  relationa l  collecto r  alon g wit h syn -
chronou s activatio n o f  rol e node s an d appropriat e typ e 
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nod e rol e filler s lead s t o activatio n o f  a n associate d fac t 
node ,  whic h i n tur n lead s t o activatio n o f  tha t  relation' s 
appropriat e utilit y  node .  M a n y differen t  rewar d fact s ca n 
be linke d t o a  singl e relation ;  fo r  example ,  a  relatio n lik e 
eat{x )  migh t  hav e associate d wit h i t  positiv e rewar d fact s 
suc h a s ea t  (Cake )  a s wel l  a s negativ e rewar d (punish -
ment )  fact s suc h a s ea t  (Dirt) . 

eat(Dirt ) 

+e:Cak c 

+«:Dir t 

Figur e 3 :  T w o rewar d fact s fo r  th e relatio n eat(x ) 

Research with rats and brain-stimulus reward suggests 
tha t  bot h idiosyncrati c an d c o m m o n currenc y represen -
tations  o f  utilit y  exis t  i n th e brai n [Shizgal ,  1998] .  Th e 
representatio n o f  utilit y  a s activatio n value s o f  relationa l 
utilit y  node s i s a  c o m m o n currenc y representatio n whic h 
allow s th e activit y o f  on e nod e t o b e directl y compare d t o 
th e activit y o f  anothe r  i n orde r  t o guid e decision-making . 
Thi s i s vita l  i n orde r  t o allo w successfu l  decisio n mak -
in g tha t  take s int o accoun t  disparat e source s o f  rewar d 
an d punishment .  Mo r e domain-specifi c  representation s 
o f  utilit y  mus t  als o exist ,  sinc e th e relativ e weightin g o f 
utilitie s fro m differen t  source s ca n vary .  Th e utilit y  o f 
eating ,  fo r  example ,  i s greati y influence d b y degre e o f 
hunger ,  whil e th e utilit y  o f  pla y i s not .  Rewar d fact s rep -
resen t  th e connectio n betwee n th e c o m m o n currenc y an d 
th e mor e domain-specifi c  representation s o f  utility .  I n 
orde r  t o mode l  th e latter ,  w e allo w tha t  th e weight s o n 
rewar d fact s migh t  var y dependin g o n som e interna l  stat e 
of  th e agent . 

Value facts 

Whil e relationa l  utilit y  node s represen t  valu e estimate s 
i n th e curren t  context ,  an d rewar d fact s represen t  basi c 
goals ,  th e tas k o f  storin g learne d valu e estimate s rest s 
wit h th e valu e facts ,  o r  V-facts .  Valu e fact s ar e simi -
la r  i n for m t o rewar d facts ,  bu t  instea d o f  directl y rep -
resentin g reward ,  the y represen t  predicte d futur e reward . 
For  bot h valu e fact s an d rewar d facts ,  utilit y  value s ar e 
store d a s lin k weight s (specifically ,  a s th e weigh t  o n th e 
lin k leadin g fro m th e fac t  nod e t o th e associate d rela -
tiona l  utilit y  node) .  Th e valu e fac t  associate d wit h a  re -
latio n play s a  simila r  rol e t o th e valu e fiinctio n i n tra -
ditiona l  reinforcemen t  learning ,  an d th e updat e fiuictio n 
fo r  a  valu e fact ,  dependin g a s i t  doe s o n loca l  rewar d 
an d maximizatio n (o r  som e othe r  combination )  o f  util -
it y  value s o f  possibl e consequents ,  closel y resemble s th e 
Bellma n equatio n [Belhnan ,  1957] .  Note ,  however ,  tha t 
valu e update s i n SHRUTI  depen d onl y o n activit y o f  a 

fe w connecte d predicates ,  an d no t  o n th e entir e syste m 
state .  Becaus e o f  th e similarit y i n th e Bellma n equatio n 
and SHRUTl' s value-updatin g algorithm ,  th e latte r  ha s 
bee n terme d Causa l  Heuristi c Dynami c Programmin g 
( C H O P)  [Thompso n an d Cohen ,  1999] .  Lik e taxo n fact s 
i n th e belie f  system ,  valu e fact s hol d a  statistica l  sum -
mar y o f  pas t  activity .  The y to o ar e associative ,  meanin g 
tha t  matchin g o f  relationa l  activit y t o th e fac t  i s stronge r 
wit h mor e rol e matches ,  bu t  i s no t  necessaril y  blocke d 
by a  singl e rol e mismatch ;  thi s help s wit h generalizatio n 
of  valu e t o multipl e relate d instances . 

A typica l  relatio n ha s man y valu e fact s associate d wit h 
it ,  som e ver y specifi c  an d som e quit e general .  I n thi s 
way,  particularl y importan t  o r  salien t  item s ar e explic -
itl y  encoded ,  wherea s nove l  o r  les s importan t  item s ca n 
fal l  bac k o n mor e genera l  represenutions .  Fo r  th e hy -
pothetica l  agen t  fo r  whic h eatin g cak e i s a  paramoun t 
goal ,  find{Cake )  shoul d b e a  highly-rewardin g valu e 
fact .  Eatin g othe r  thing s m a y stil l  b e beneficial ,  s o th e 
mor e genera l  find{Food )  m a y als o appea r  a s a  weake r 
valu e fact ;  findin g anythin g i s mor e ofte n goo d tha n bad , 
so eve n th e mos t  genera l  valu e fac t  find{Thing )  migh t 
appea r  i n th e agent' s interna l  representation .  W h e n th e 
agen t  wit h thes e valu e fact s happen s upo n a  dolla r  bill , 
i t  wil l  immediatel y perceiv e thi s a s a  positiv e situatio n 
accordin g t o th e valu e o f  th e find{Thing )  valu e fact .  I f 
finding  m o n e y turn s ou t  t o b e significanti y mor e reward -
in g tha n finding  tha t  average-valu e rando m thing ,  the n 
thi s shoul d b e learne d an d explicitl y  represente d a s a  ne w 
valu e fact . 

Communication of utilities 

Link s connec t  utilit y  node s o f  differen t  relation s i n th e 
same w a y tha t  the y connec t  belie f  nodes .  Thes e link s 
ru n paralle l  t o th e belie f  syste m connections ,  bu t  i n th e 
consequen t  t o anteceden t  (backward )  direction .  Figur e 4 
provides  a  simpl e illustratio n o f  thes e connections :  fo r 
th e rul e A  A B = > C ,  ther e ar e utilit y  connection s fro m 
th e utilit y  node s o f  C ,  throug h th e rul e mediator ,  bac k t o 
thos e o f  A  an d B .  Weight s o n thes e connection s ar e sim -
ila r  t o th e weight s o n th e collector-collecto r  links .  Thei r 
purpos e i s t o intix)duc e probabilit y  int o th e calculation s 
of  value ,  suc h tha t  th e valu e estimat e a t  som e anteceden t 
relatio n i s base d o n bot h th e valu e o f  it s  consequen t  (ac -
tivit y a t  it s  utilit y  node )  an d th e probabilit y  tha t  i t  wil l 
be reache d (weigh t  o n th e connectin g link) .  Fo r  th e rul e 
A ^  C ,  wher e th e utilit y  nod e o f  C  ($:C )  ha s a  valu e 
of  a ,  th e utilit y  nod e o f  A  ( S A )  shoul d obtai n th e valu e 
axP{C\A) . 

Thi s structur e ha s th e effec t  tha t  assertio n o f  a  par -
ticula r  goal ,  vi a activatio n o f  a  utilit y  node ,  lead s i n 
th e simples t  cas e t o assertio n o f  it s potentia l  cause s a s 
subgoals ,  vi a spreadin g activatio n backward s alon g th e 
causa l  chain .  Belie f  i n som e relation ,  represente d a s ac -
tivatio n o f  a  collecto r  node ,  lead s t o interna l  rewar d o r 
punishmen t  (activatio n o f  a  rewar d fact )  o r  recognitio n 
Uia t  suc h rewar d o r  punishmen t  i s likel y (activatio n o f  a 
valu e fact )  i f  ther e i s a n intac t  causa l  chai n leadin g fiom 
tha t  relatio n t o som e goa l  relation . 
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Figure 4: A diagram showing structure of utility connec-
tion s fo r  a  two-anteceden t  rule . 

Utilit y  modu la t io n 

Th e mode l  o f  utilit y  propagatio n describe d s o fa r  i s  per -
fectl y adequat e fo r  simpl e cause-effec t  relationship s o r 
chain s o f  these .  However ,  wit h multiple-anteceden t  o r 
multiple-consequen t  rules ,  o r  wit h multipl e rule s involv -
in g a  c o m m o n relation ,  additiona l  mechanism s mus t  b e 
introduced .  Conside r  first  a  rul e wit h tw o antecedents , 
suc h a s find{x )  Aedible{x )  = > eat{x) .  Th e utilit y  o f  find-
in g something ,  whic h i s derive d from  th e utilit y  o f  eat -
in g something ,  depend s directl y o n whethe r  o r  no t  tha t 
thin g i s edible .  Thus ,  ther e shoul d b e a n interactio n be -
twee n th e tw o antecedent s suc h tha t  i f  edible{x )  i s false , 
the n th e propagatio n o f  utilit y  from  eat{x )  t o find{x )  i s 
at  leas t  partiall y  blocked .  Th e revers e hold s tru e a s wel l 
-  utilit y  o f  a  thin g bein g edibl e depend s no t  onl y o n th e 
utilit y  o f  eatin g it ,  bu t  als o o n whethe r  o r  no t  i t  ha s bee n 
found . 

Th e interactio n describe d her e i s appropriat e fo r  th e 
an(/-combination ,  bu t  differen t  interaction s shoul d occu r 
when differen t  relation s hol d betwee n th e antecedent s 
and th e consequent .  Fo r  example ,  w h e n antecedent s ar e 
combine d wit h a n o r  fiinction ,  the n belie f  i n th e trut h o f 
on e shoul d ten d t o discoun t  th e propagatio n o f  utilit y  t o 
th e others .  I n thi s case ,  w h e n on e caus e i s established , 
the n redundan t  cause s ar e n o longe r  particularl y usefiil . 
For  th e av g (weighte d average )  fiinction,  eac h anteceden t 
contribute s independentl y t o th e total ,  an d s o belie f  i n th e 
trut h o f  on e anteceden t  shoul d hav e n o impac t  o n th e per -
ceive d utilit y  o f  another . 

I n general ,  th e utilit y  valu e a t  a n anteceden t  relatio n 
shoul d reflec t  th e valu e o f  an y associate d consequent s 
time s th e exten t  t o whic h trut h o f  th e anteceden t  affect s 
trut h o f  th e consequent .  Fo r  a  rul e wit h antecedent s 
A an d B \  throug h B „  an d consequen t  C ,  thi s migh t  b e 
state d a s "Wha t  differenc e doe s A  make ,  i n th e contex t 
B\  .. .  B„ ,  fo r  th e attainmen t  o f  C" ,  o r  i n term s o f  prob -
abilities ,  P{C\A,B \  =  b \  B „  =  b„ )  -  P{C\-'A,B i  = 
b\  B „  =  b„) . 

I f  th e abov e expressio n i s expande d fo r  eac h differen t 
combinatio n fiinction,  a n interestin g resul t  i s  obtained , 
namely ,  tha t  i t  i s  possibl e t o comput e i t  exactl y fo r  eac h 
differen t  combinatio n fiinction  usin g onl y th e existin g 
weigh t  o n th e utilit y  lin k alon g wit h a  singl e additiona l 
weigh t  from  eac h associate d antecedent .  Thi s relativ e 

simplicit y o f  th e resultin g connectionis t  structur e i s im -
portant ,  sinc e i t  lend s plausibilit y  t o th e notio n tha t  suc h 
a mechanis m coul d b e learne d i n th e brain .  Result s fo r 
thre e combinatio n functions ,  and ,  or ,  an d avg ,  ar e show n 
below .  Th e connectionis t  structur e tha t  compute s thes e 
fiinctions  i s show n i n figure  4 . 

ECF $:Ay$:C 

and 
or  fVA-nUî -bifVB, ) 
avg Wa 

Action focal clusters are given special treatment 
withi n thi s framework .  Sinc e th e agen t  ha s contro l  ove r 
whethe r  o r  no t  a n actio n i s performed ,  activit y o f  a n ac -
tio n collecto r  doc s no t  modulat e th e utilit y  value s flow-
in g t o an y siblin g antecedents .  Also ,  whil e activit y o f  a n 
action' s utilit y  nod e indicate s tha t  th e actio n i s beneficia l 
or  harmful ,  activit y o f  it s  enable r  simpl y indicate s tha t 
th e actio n i s potentiall y  relevant . 

Distribution and recombination 

Jus t  lik e beliefs ,  utilitie s from  differen t  source s mus t  b e 
combined .  I n general ,  th e sam e approac h i s use d her e 
as wit h calculatio n o f  belie f  -  a  rang e o f  simpl e evidenc e 
combinatio n fiinctions  ar e availabl e an d ca n b e inserte d 
int o th e connectionis t  structur e a s appropriate .  Becaus e 
m a ny reward s ar e generall y bette r  tha n one ,  combina -
tio n function s selecte d shoul d generall y hav e th e prop -
ert y tha t  a  combine d utilit y  valu e i s greate r  tha n an y o f 
th e individua l  utilities ;  summatio n an d o r  ar e tw o likel y 
candidates .  However ,  usin g suc h a  combinatio n functio n 
lead s t o a  difricul t  proble m w h e n w e allo w multipl e path s 
t o exis t  betwee n tw o relations .  Conside r  th e scenario ,  il -
lustrate d i n figure  S  wher e exploratio n ca n lea d t o finding 
fiiiit  o r  finding  game ,  an d tha t  eithe r  o f  thes e consequent s 
ca n lea d t o th e goa l  relatio n o f  bein g abl e t o eat .  Util -
it y  associate d wit h eatin g i s propagate d i n fiiU  t o bot h 
findFrui t  an d f i n d G a m e (assumin g a n or-combinatio n 
and tha t  neithe r  i s currentl y  true) ,  an d from  eac h i t  i s 
furthe r  propagate d bac k t o explore .  N o w i f  explor e ha s 
th e sor t  o f  combinatio n fiinction  describe d above ,  i t  ca n 
obtai n a  loca l  utilit y  valu e greate r  tha n tha t  originatin g 
at  th e goa l  eat .  Thi s i s clearl y a n unacceptabl e situa -
tion ,  an d i t  come s from  th e fac t  tha t  locall y ther e i s n o 
informatio n t o distinguis h betwee n utilit y  arrivin g from 
differen t  source s (whic h shoul d b e adde d together )  an d 
utilit y  value s tha t  originat e from  th e sam e sourc e (whic h 
shoul d not) . 

O ne solutio n t o thi s proble m migh t  b e t o disallo w mul -
tipl e path s betwee n relations .  Indeed ,  thi s i s th e solu -
tio n adopte d fo r  belie f  net s t o solv e essentiall y  th e sam e 
problem .  However ,  connection s betwee n relation s ar e 
assume d t o b e learne d from  experienc e base d onl y o n 
loca l  information ;  i t  i s  diflScul t  t o imagin e an y plausibl e 
mechanis m b y whic h learnin g o f  multipl e path s coul d b e 
inhibite d w h e n thes e provid e th e bes t  fit  fo r  experience . 
Anothe r  solutio n woul d b e t o reduc e th e amoun t  o f  util -
it y  distribute d alon g eac h pat h accordin g t o th e numbe r 
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Figur e 5 :  A  propose d solutio n t o th e proble m o f  utilit y 
combination . 

of  suc h paths ;  i n thi s cas e tha t  woul d mea n tha t  onl y hal f 
o f  utilit y  a t  th e ea t  relatio n i s propagate d t o findFrui t 
an d f indGame .  Bu t  thi s clearl y lead s t o a n underestima -
tio n o f  utilit y  alon g each .  Finally ,  w e migh t  abando n th e 
us e o f  summatio n an d simila r  combinatio n function s fo r 
utilit y  an d instea d us e somethin g lik e max .  Thi s solve s 
th e proble m a t  han d bu t  als o make s i t  impossibl e t o pro -
ductivel y combin e multipl e source s o f  utility .  Th e "corn -
m o m currency "  representatio n o f  utilit y  become s some -
what  modified ;  utilitie s ca n b e directl y compare d withi n 
thi s framewor k bu t  ca n n o longe r  b e directl y combined . 
Instead ,  rewar d combination s mus t  b e explicitl y  repre -
sente d i n orde r  t o b e used .  Thi s i s illustrate d i n figure  5 , 
wher e th e basi c goal s ea t  an d res t  ar e supplemente d b y a 
combinatio n goa l  eat&rest . 

Simulation example 

Th e operatio n o f  th e networ k i s illustrate d here .  Th e 
scree n captur e from  th e Shruti-Agen t  Simulato r  i n Fig -
ur e 6  show s a  simpl e networ k representin g th e caveman' s 
di lemm a o f  whethe r  t o hun t  o r  gather .  Successfu l  hunt -
in g yield s th e greates t  rewar d (represente d b y th e rewar d 
fac t  eat(Game)) .  Gathering ,  o n th e othe r  hand ,  i s mor e 
reliable ,  bu t  onl y productiv e durin g th e righ t  season .  W e 
examin e th e propagatio n o f  belief s an d utilitie s aroun d 
thi s simpl e networ k i n detail .  First ,  suppos e tha t  th e 
cavema n agen t  i s hungry ,  an d henc e rewar d fact s relate d 
t o eatin g ar e full y  active .  Eatin g g a m e o r  eatin g frui t  ar e 
th e curren t  activ e goal s o f  th e system .  Activit y from  th e 
rewar d fact s flows  t o multipl e bank s o f  th e ea t  relatio n 
an d from  ther e bac k t o kill(Game )  an d find{Fruit) .  Th e 
agen t  ha s realize d tha t  eithe r  killin g g a m e o r  finding  frui t 
woul d b e usefu l  eventualities .  Alongsid e th e propagatio n 
o f  utility ,  a  queryin g belie f  stat e i s als o bein g transmitte d 
from  relatio n t o relation ;  thi s i s represente d i n th e activit y 
of  th e enable r  nodes .  Sinc e neithe r  eventualit y i s  though t 
t o b e tru e o f  th e curren t  worl d state ,  ther e i s n o compet -
itiv e modulatio n o f  utilit y  values ;  thus ,  kill{Game )  ha s 
th e ful l  0. 8 valu e from  th e eat{Game )  rewar d fac t  whil e 
find{Fruit )  ha s th e ful l  0. 6 from  eat{Fruit) . 

Utilit y  valu e propagate s furthe r  bac k t o th e hun t  re -
lation ,  thi s tim e modifie d b y th e uncertaint y o f  hunting . 
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Figur e 6 :  A  capture d m o m e n t  from  th e simulatio n o f 
th e cavema n scenario .  Activit y of-rinSeaso n block s th e 
propagatio n o f  utilit y  t o $:gather ,  resultin g i n a  highe r 
valuatio n o f  th e hun t  action . 

suc h tha t  hunt(Game )  ha s associate d wit h i t  a  utilit y  o f 
0.4 .  I n orde r  fo r  gatherin g frui t  t o b e perceive d a s use -
ful ,  th e agen t  mus t  hav e som e knowledg e tha t  th e frui t  i s 
i n season .  Suppos e first  tha t  th e quer y inSeason{Fruit ) 
i s  answere d i n th e negative ,  eithe r  a s a  resul t  o f  im -
mediat e knowledg e o f  th e agen t  o r  o f  fiirthe r  reasonin g 
alon g path s no t  illustrate d here .  Then ,  accordin g t o th e 
equatio n fo r  distributio n o f  utilit y  value s aroun d a n and -
combinatio n give n above ,  an d b y mean s o f  a  simpl e in -
hibitor y mechanism ,  th e flow  o f  utilit y  t o th e gathe r  rela -
tio n i s blocked .  Simlarly ,  I f  inSeaso n i s uncertain ,  utilit y 
propagatio n t o gathe r  wil l  b e partiall y  blocked .  I n ei -
the r  case ,  th e hun t  action ,  wit h a  highe r  utility ,  wil l  b e 
favored .  Thi s i s th e situatio n illustrate d i n figure  6  an d 
indicate d b y a  numera l  on e i n figure  7 .  I f  o n th e othe r 
han d th e agen t  i s reasonabl y certai n tha t  frui t  i s  i n sea -
son ,  the n sufficien t  utilit y  wil l  propagat e from  th e fin d 
relatio n an d gathe r  wil l  obtai n a  highe r  utilit y  valu e tha n 
hunt ,  maricin g i t  a s th e preferre d action . 

Figur e 8  illustrate s a  large r  domai n wherei n th e possi -
bilit y  o f  movin g t o a  locatio n wher e foo d ca n b e foun d 
i s included ,  a s i s th e possiblilit y  o f  bein g injure d whil e 
hunting .  W h e n th e assumptio n i s mad e tha t  skille d i s 
true ,  (i.e .  cavema n i s a  skille d hunter) ,  utilit y  an d belie f 
propagat e i n thi s networ k suc h tha t  moveTo{RiverBank ) 
(i.e .  g o t o wher e th e gam e is )  i s marke d a s a  usefu l  ac -
tion . 

Conclusion 

We hav e demonstrate d tha t  SHRUTI ,  a  neurall y plausibl e 
model  o f  knowledg e representatio n an d reasoning ,  ca n 
be enhance d t o dea l  effectivel y wit h utilities ,  values ,  an d 
goals .  Th e resultin g connectionis t  machiner y i s suffi -
cien t  t o guid e a n agen t  throug h a  wid e rang e o f  decision -
makin g tasks ,  suc h a s thos e illustrate d i n th e previou s 
examples .  However ,  ther e i s a  clas s o f  decisio n prob -
lem s fo r  whic h th e mode l  presente d her e i s inadequate . 

930 



»«! ) 

c«K2) 

I  i  1 1 1 1 n  M n  n 

!ili;iliii!ililiiiiiliii|il t 

I I I  L i 
m Gunc:? v 

Fnut:? v 

F igur e 7 :  A  stylize d trac e o f  n o d e activation s dur in g ex -
ecutio n o f  th e c a v e m a n scenario . 
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Figur e 8 :  A n expande d versio n o f  th e cavema n scenario . 

I n orde r  t o dea l  effectivel y wit h comple x decisio n tasks , 
a measur e o f  higher-leve l  contro l  mus t  b e introduced . 
Extension s t o th e mode l  describe d her e tha t  enabl e 
i t  t o perfor m comple x decision-makin g an d plannin g 
ar e describe d elsewher e [Wendelke n an d Shastri ,  2002 , 
Garagnan i  e t  al. ,  2002] . 
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Abstrac t 

In this paper we present a methodology for improving the 
reliabilit y  o f  observer s i n magnitud e estimatio n task s b y usin g 
th e compute r  t o augmen t  th e cognitiv e component s o f  th e 
task . 

Psychophysical scaling is the study of how to accurately 
measur e perception .  Mor e specifically ,  th e goa l  i s t o find 
methodologie s dia t  allo w peopl e t o accuratel y communicat e 
th e magnitude s o f  specifi c  dimension s o f  consciou s 
experience ,  suc h a s brightness ,  loudness ,  temperature ,  an d 
heaviness .  Psychophysica l  scalin g ca n als o b e use d fo r 
measurin g th e magnitud e o f  subjectiv e experience s suc h a s 
leve l  o f  happines s (e.g. .  Wes t  &  Ward ,  1988) .  Th e goa l  o f 
psychophysica l  scalin g i s t o find  th e mathematica l  function s 
tha t  m a p th e magnitude s o f  externa l  stimulu s dimension s t o 
th e consciou s perceptio n o f  magnitude .  Thi s enterpris e i s 
extremel y usefii l  fo r  bot h scientifi c  an d applie d research . 

Numerou s differen t  scalin g technique s exist .  However , 
our  focu s i s o n magnitud e estimation ,  whic h i s on e o f  th e 
most  commonl y use d psychophysica l  methods .  Magnitud e 
estimatio n ( M E )  wa s invente d b y Steven s (1956 )  an d 
involve s exposin g subject s t o a  se t  o f  stimul i  an d askin g 
the m t o matc h th e magnitud e o f  a  particula r  dimensio n o f 
eac h stimulu s t o th e magnitud e o f  a  number .  Thi s i s repeate d 
fo r  multipl e trial s t o provid e multipl e response s fo r  eac h 
stimulu s value .  T o avoi d th e influenc e o f  outliers ,  th e 
media n o r  th e geometri c mea n o f  th e response s fo r  eac h 
stimulu s valu e i s calculated .  Numerou s studie s hav e show n 
tha t  plottin g thes e value s agains t  th e stimulu s value s 
produce s ftmctions  tha t  ar e closel y approximate d b y powe r 
functions .  Thi s i s know n as ,  th e Powe r  Law ,  or ,  Stevens ' 
Law. 

The for m o f  th e powe r  la w is , 

R=KS", 

where R is the observer's response, S is the stimulus 
magnitude ,  B  i s th e exponen t  value ,  an d K  i s a  constant . 
Loggin g bot h side s o f  th e equatio n produces , 

Log(R)=B Log(S)+Log(K), 

which is a straight line with B estimated by the slope and K 
by th e intercept .  Th e exponent ,  B ,  ca n b e interprete d a s a 
metri c fo r  stimulu s compression .  Thi s reflect s th e fac t  tha t 
peopl e us e a  powe r  functio n o r  somethin g closel y 

approximatin g a  powe r  functio n t o compres s stimuli ,  jus t  a s 
audi o an d vide o files  ca n b e compresse d t o sav e o n 
bandwidth .  I n fact ,  audi o an d vide o compressio n g o 
unnotice d t o th e exten t  tha t  th e compressio n fimctio n map s 
ont o th e huma n compressio n functio n fo r  th e sam e stimuli . 
Generall y speaking ,  i n M E th e goa l  i s  t o pu t  a s fe w 
restriction s o n th e observer' s choic e o f  number s a s possible . 
Ofte n fre e M E (e.g. ,  se e Zwislock i  &  Goodman ,  1980 )  i s 
used ,  i n whic h observer s ar e instructe d t o matc h th e 
perceive d magnitud e o f  th e stimulu s t o whateve r  nimibe r 
seems mos t  natural .  Thi s i s quit e differen t  fi-om  th e c o m m o n 
psychologica l  practic e o f  in^osin g scale s o n people .  Th e 
reason s fo r  thi s ar e bot h theoretica l  an d practical .  Fro m a 
mathematica l  standpoint ,  i f  an y tw o stimul i  ar e se t  equa l  t o 
any tw o response s the n yo u hav e determine d wha t  th e 
exponen t  valu e mus t  be .  Thus ,  i f  a n observe r  use s th e lowes t 
valu e o n a  scal e t o matc h th e lowes t  perceive d magnitud e 
and th e highes t  valu e t o matc h th e highes t  perceive d 
magnitude ,  th e powe r  functio n exponen t  ha s bee n fixed .  T o 
get  aroun d thi s on e coul d assig n a  valu e t o a  middl e valu e o n 
th e scal e an d no t  impos e a  to p en d o r  botto m end ,  bu t  thi s 
has bee n show n t o produc e confiisio n an d poo r  result s 
(Stevens ,  1975) .  However ,  th e fac t  tha t  peoples ' 
background s caus e the m t o us e differen t  range s o f  number s 
i n thei r  response s i s no t  a  proble m a s thes e difference s ar e 
capture d b y th e K  constan t  (sinc e respons e rang e i s usuall y 
not  o f  interest ,  K  value s ar e usuall y no t  reported) . 

ME ca n b e considere d a  specia l  cas e o f  cros s moda l 
matchin g ( C M M ) .  I n cros s moda l  matching ,  th e observe r 
adjust s th e magnitud e o f  on e stimulu s dimensio n t o matc h 
th e magnitud e o f  anothe r  stimulu s dimensio n (e.g. ,  adjustin g 
th e brightnes s o f  a  ligh t  t o matc h th e loudnes s o f  a  tone) . 
Lik e M E ,  C M M result s als o produc e powe r  functions . 
Furthermore ,  M E an d C M M result s ar e consisten t  i n tha t 
the y ca n b e use d t o predic t  eac h othe r  (e.g. ,  th e M E 
exponent s fo r  brightnes s an d loudnes s ca n b e use d t o predic t 
th e exponen t  relatin g brightnes s an d loudnes s i n a  C M M 
experiment) .  Also ,  bot h th e powe r  function s an d th e specifi c 
exponen t  value s foun d throug h M E ar e consisten t  wid i  rati o 
scalin g experiments ,  i n whic h magnitud e scale s ar e derive d 
by askin g observer s t o se t  o r  repor t  ratio s betwee n stimuli . 
Thes e approache s t o scalin g ar e know n a s direc t  scalin g 
technique s (Stevens ,  1971) . 

Problems 

M E form s th e foundatio n fo r  a  potentiall y  accurat e an d 
consisten t  wa y o f  measurin g perceive d magnitude .  However , 
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M E,  a s wel l  a s th e othe r  method s wit h whic h i t  i s consistent , 
hav e bee n foun d t o b e limite d i n term s o f  accuracy . 
Althoug h a  considerabl e amoun t  o f  evidenc e indicate s tha t 
subject s d o obe y th e powe r  la w (se e Stevens ,  1975 ;  an d 
Bolanowsk i  &  Gescheider ,  198 5 fo r  reviews) ,  th e specifi c 
exponen t  value s tha t  Steven s foun d coul d no t  b e reliabl y 
replicate d wit h th e leve l  o f  accurac y on e woul d expec t  fo r 
measurin g sensor y processe s i n normal ,  health y individuals . 
Exponen t  value s var y considerabl y acros s individual s i n th e 
same experimen t  (e.g. ,  A l go m &  Marks ,  1984 ;  Luc e &  M o , 
1965 ;  Mark s &  J .  C .  Stevens ,  1965 ;  Rul e &  Markley ,  1971 ; 
Wanschur a &  Dawson ,  1974 ;  Logue ,  1976 )  an d ca n als o 
var y acros s tim e withi n individual s (Logue ,  1976 ;  Marks , 
1991 ;  Teghtsoonia n &  Teghtsoonian ,  1983) .  Steven s als o 
foun d stron g individua l  differences ,  whic h h e attribute d t o 
variou s respons e biases .  Stevens '  solutio n wa s t o trea t 
respons e bia s a s a  rando m facto r  an d t o averag e acros s 
individual s t o ge t  th e tru e exponen t  valu e (Stevens ,  1971) . 
However ,  Mark s (1974 )  reviewe d th e literatur e an d foun d 
tha t  i n additio n t o individua l  differences ,  th e averag e valu e 
of  th e exponen t  varie s significantl y acros s M E experiment s 
don e i n differen t  labs .  Thes e result s sugges t  tha t  th e 
distributio n o f  individua l  respons e biase s differ s fro m la b t o 
lab ,  indicatin g tha t  the y canno t  b e treate d a s random . 
Indeed ,  i t  i s  wel l  know n tha t  som e lab s ge t  systematicall y 
highe r  o r  lowe r  exponen t  value s tha n others ,  suggestin g tha t 
respons e bia s ca n b e influence d b y mino r  procedura l 
differences . 

I n additio n t o limitation s o n accuracy ,  M E result s ar e no t 
consisten t  wit h partitio n scalin g (als o calle d interva l  scaling ) 
result s fo r  protheti c continua ,  althoug h the y ar e consisten t 
fo r  metatheti c continu a (accordin g t o Stevens ,  metatheti c 
continu a ar e mor e qualitativ e i n nature ,  e.g. ,  pitc h o r  hue ; 
whil e protheti c continu a ar e mor e quantitativ e i n nature , 
e.g. ,  loudnes s o r  brightness ;  se e Stevens ,  197 1 fo r  a  mor e 
detaile d discussion) .  Partitio n scalin g include s a  variet y o f 
technique s tha t  requir e observer s t o partitio n th e stimulu s 
continuum .  Categor y scalin g (e.g. ,  1  t o 5  scales ;  1  t o 7 
scales ;  scale s partitione d b y wor d label s suc h a s good ,  bad , 
ver y bad )  i s a  for m o f  partitio n scaling ,  an d i s b y fa r  th e 
most  commonl y use d scalin g technique .  Th e proble m i s tha t 
partitionin g technique s ten d t o produc e powe r  fimction s wit h 
lowe r  exponent s tha n direc t  scalin g technique s (Stevens , 
1971) .  Stevens '  argumen t  fo r  acceptin g th e result s o f  direc t 
scalin g technique s rathe r  tha n partitio n scalin g technique s 
was tha t  partitio n scalin g i s les s direc t  becaus e i t  require s th e 
extr a ste p o f  partitionin g th e stimulu s range ,  an d tha t  th e 
discrepanc y ca n b e attribute d t o biase s introduce d b y th e 
partitionin g tas k (se e Stevens ,  1971) .  However ,  lik e direc t 
scaling ,  partitio n scalin g als o produce s excessiv e variabilit y 
(Marks ,  1974) . 

Becaus e o f  thes e problems ,  psychophysica l  scalin g stil l 
has issue s concernin g reliabilit y  an d validity .  I n term s o f  th e 
power  law ,  th e validit y proble m ca n b e state d a s th e proble m 
of  which ,  i f  any ,  medio d wil l  produc e th e "true "  exponent . 
The reliabilit y  proble m i s tha t  w e d o no t  hav e a 
methodolog y tha t  w e ca n us e t o mak e reliabl e statement s 
abou t  individua l  difference s o r  inter-la b difference s i n 
exponen t  values .  I n ou r  opinion ,  th e reliabilit y  proble m 
need s t o b e solve d befor e tacklin g th e validit y problem .  Ou r 

wor k attempt s t o addres s this .  Th e reliabilit y  proble m ca n b e 
broke n d o w n int o a  theoretica l  an d a  practica l  problem .  T h e 
theoretica l  proble m i s tha t  i f  bia s differ s from  individua l  t o 
individua l  an d withi n individual s acros s time ,  w e canno t  ge t 
reliabl e measurement s withou t  bein g abl e t o s o m e h o w 
predic t  o r  contro l  th e bias .  Th e practica l  proble m i s tha t 
eve n i f  w e solv e th e theoretica l  problem ,  t o b e usefii l  w e 
nee d a  syste m tha t  doe s no t  requir e hug e number s o f 
response s from  individual s w h o hav e limite d amount s o f 
tim e an d limite d attentio n spans .  W e hav e focuse d ou r 
effort s o n th e reliabilit y  issu e an d attempte d t o solv e bot h o f 
thes e problem s b y cognitivel y augmentin g ou r  h u m a n 
observer s throug h th e us e o f  computerize d support . 

Bias 

Th e proces s o f  magnitud e matchin g ca n b e represente d i n 
th e followin g wa y (Marks ,  1991) , 

M(S) = R 

where S is the stimulus magnitude, R is the response 
magnitude ,  an d M i s th e functio n relatin g them .  Th e M 
functio n ca n the n b e decompose d int o a n initial , 
perceptuall y base d function ,  P ,  tha t  i s  th e sam e (o r  highl y 
similar )  acros s healthy ,  norma l  individuals ;  followe d b y a 
function ,  C ,  representin g cognitivel y impose d constraint s 
tha t  accoun t  fo r  th e excessiv e variability : 

M(S) = C(P(S)) 

Since most psychophysicists study perception, the 
emphasi s ha s bee n o n gettin g ri d o f  C  s o a s t o revea l  P . 
Considerabl e effor t  ha s bee n expende d i n thi s enterprise . 
Approache s take n includ e tryin g t o identif y th e source s o f  C 
t o avoi d o r  contro l  fo r  the m (se e Poulton ,  198 9 fo r  a 
review) ;  tryin g t o minimiz e C  b y encouragin g observer s t o 
respon d naturally ,  withou t  thinkin g abou t  i t  to o m u c h (e.g. , 
Stevens ,  1975 ;  Zwislock i  &  Goodman ,  1980) ;  tryin g t o 
measur e C  an d the n partia l  i t  ou t  (e.g. ,  Berglund ,  1991) ; 
tryin g t o stabiliz e C  acros s scalin g task s t o ge t  rid  o f  intra -
observe r  variabilit y  (e.g. ,  J .  C .  Steven s &  Marks ,  1980) ;  an d 
avoidin g C  b y developin g method s tha t  allo w th e scal e t o b e 
derive d from  judgment s o f  "greate r  than "  o r  "les s than "  fo r 
paire d stimul i  set s (e.g. ,  Schneider ,  1980 ,  1988) .  However , 
succes s i n thes e endeavor s ha s bee n limite d an d a  consensu s 
as t o th e bes t  metho d i s lacking . 

Our  approac h t o dealin g wit h C  wa s quit e different .  A s 
cognitiv e scientists ,  w e viewe d th e variabilit y  o f  C  a s th e 
inevitabl e consequenc e o f  th e sor t  o f  proble m presente d t o 
th e observers ,  i.e. ,  creat e an d maintai n a  consisten t  mappin g 
from  P  t o R .  Th e proble m o f  creatin g a  mappin g m a y o r  m a y 
not  b e difficul t  bu t  i t  i s definitel y ope n ended ,  wat h ver y fe w 
constraint s o n th e solution .  Also ,  th e proble m o f  maintainin g 
th e mappin g onc e i t  ha s bee n create d coul d ta x th e limit s o f 
workin g memory .  I n fact ,  Petro v an d Anderso n (2000 )  an d 
Petro v (2001 )  wer e abl e t o mode l  a  numbe r  o f  differen t  bia s 
effect s associate d wit h variou s factor s usin g th e A C T - R 
(Anderso n &  Lebiere ,  1988 )  architectur e t o mode l  th e 
memory processe s involved .  Base d o n thi s view ,  ou r 
approac h ha s bee n t o attemp t  t o eliminat e thes e effect s b y 
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providin g computerize d suppor t  fo r  establishin g an d 
maintainin g th e scale . 

Constrained Scaling 

Constraine d scalin g i s a  for m o f  magnitud e estimatio n (i.e. , 
observer s repor t  number s t o matc h stimulu s values) .  Th e 
goa l  o f  constraine d scalin g i s t o calibrat e observer s t o th e 
same C  functio n befor e scalin g th e stimulu s dimensio n o f 
interest ,  simila r  t o th e wa y tha t  physica l  measurin g 
instrument s ar e calibrate d befor e us e (Ward ,  1991) . 
Constraine d scalin g (West ,  Ward ,  &  Khosla ,  2000 )  i s base d 
on fou r  claim s abou t  C ;  (1 )  tha t  C  i s cognitivel y penetrable , 
(2 )  tha t  C  i s heavil y influence d b y a d ho c decision s mad e 
earl y i n th e scalin g process ,  (3 )  tha t  th e C  proces s make s 
heav y demand s o n workin g memor y whic h lead s t o 
instabilit y  acros s th e task ,  an d (4 )  tha t  C  i s independen t  o f 
th e perceptua l  modalit y bein g judge d (i.e. ,  i f  th e perceptua l 
modalit y  i s change d i t  doe s no t  directl y caus e a  chang e i n C , 
althoug h a n interruptio n i n th e proces s coul d disrup t  an d 
indirectl y alte r  C ) .  Provide d thes e assumption s ar e true ,  i t 
should  b e possibl e t o trai n observer s t o us e a  predetermine d 
C function ,  an d t o suppor t  th e maintenanc e o f  i t  i n memor y 
by refreshin g i t  throug h a  computerize d feedbac k system . 

Constraine d scalin g involve s tw o phases ,  a  learnin g phas e 
and a  tes t  phase .  I n th e learnin g phase ,  feedbac k i s use d t o 
trai n observer s t o respon d t o a  standardize d se t  o f  stimulu s 
magnitude s accordin g t o a  predetermine d respons e scale . 
Thi s i s don e acros s severa l  trial s b y presentin g learnin g se t 
stimul i  an d havin g th e observe r  rat e th e perceive d 
magnitud e b y enterin g a n R  value .  O n th e interfac e w e hav e 
bee n usin g thi s ca n b e don e b y enterin g a  valu e i n a  tex t  bo x 
or  b y usin g a  speciall y designe d scrol l  ba r  tha t  allow s th e 
observe r  t o m o v e th e slide r  b y unit s o f  10 ,  1 ,  0.1 ,  an d 0.01 . 
Th e scrol l  ba r  run s fi-om 0  t o 10 0 (althoug h th e observer s 
ar e iiwtructe d tha t  the y m a y ente r  R  value s abov e 100) .  Afte r 
thi s th e observe r  click s a  butto n marked ,  "OK, "  an d thei r  R 
valu e i s replace d wit h th e correc t  R  value .  Th e poin t  o f  thi s 
i s t o buil d C  fiinction s tha t  ar e th e sam e acros s observer s 
and t o giv e the m th e practic e the y nee d t o becom e femiliar 
wit h it .  Provide d tha t  P  i s highl y simila r  acros s observers , 
trainin g th e observer s s o tha t  the y al l  correspon d t o th e sam e 
functio n relatin g S  an d R ,  implie s the y hav e th e sam e C 
function ,  althoug h i t  i s  possibl e tha t  th e detail s o f  h o w the y 
cognitivel y implemen t  an d maintai n th e C  functio n m a y 
differ . 

Th e choic e o f  th e scal e t o b e learne d shoul d b e base d o n 
leamabilit y  an d th e mathematica l  desirabilit y  o f  th e scale . 
Simila r  t o Wes t  e t  a l  (2000) ,  w e use d a  powe r  functio n wit h 
an exponen t  simila r  t o wha t  woul d b e foun d usin g M E (i.e. , 
we accept ,  t o som e extent ,  Stevens '  argumen t  tha t  free  M E 
produce s scale s tha t  peopl e fin d mor e natura l  t o use )  an d K 
was se t  s o tha t  th e scal e rang e wa s approximatel y from 1  t o 
10 0 (a s w e believ e thi s i s a  rang e tha t  peopl e ar e familia r 
with) . 

Researc h ha s show n that ,  wit h feedbac k o n eac h trial , 
peopl e ca n lear n thes e scale s quit e accuratel y (Kin g & 
Lockhead ,  1983 ;  K o h &  Meyer ,  1991 ;  Koh ,  1993 ;  Wes t  & 
Ward ,  (1994) ;  Marks ,  Galanter ,  &  Baird ,  1995) .  However , 
we hav e foun d tha t  onc e th e feedbac k i s take n away ,  peopl e 
star t  t o drif t  of f  o f  th e learne d scale .  Therefore ,  durin g th e 

tes t  phas e th e learne d scal e i s presente d o n ever y secon d 
tria l  followe d b y feedback ,  s o tha t  th e for m o f  th e scal e i s 
constantl y refreshe d i n memory .  O n th e alternat e trials ,  tes t 
stimuli ,  differen t  from  th e learne d stimuli ,  ar e presente d 
withou t  feedback .  Th e observer s ar c instructe d t o us e th e 
learne d scal e t o respon d t o th e tes t  stimul i  a s wel l  a s th e 
learne d stimuli .  The y ar e als o tol d tha t  th e respons e rang e o f 
th e tes t  stimul i  m a y b e greate r  o r  les s tha n th e respons e 
rang e o f  th e tes t  stimuli . 

Thi s genera l  approac h wa s use d i n Wes t  e t  a l  (2000 )  an d 
th e result s wer e compare d t o othe r  psychophysica l  methods . 
I n tha t  study ,  th e learne d scal e stimul i  wer e 100 0 H z tone s 
betwee n 3 2 d B an d 9 9 dB ,  space d a t  1  df i  intervals .  Th e 
learne d scal e response s wer e number s from 1  t o 10 0 relate d 
t o th e stimulu s magnitude s b y a  powe r  functio n wit h a n 
exponen t  o f  0.60 0 (take n from  th e Internationa l 
Organizatio n fo r  Standardization ,  1959) .  Th e tes t  stimul i 
wer e 6 5 H z tone s an d ligh t  brightness .  Th e results ,  a  ful l 
discussio n o f  th e psychophysica l  meanin g o f  th e results ,  an d 
a compariso n t o othe r  method s i s presente d i n Wes t  e t  a l 
(2000) .  Her e w e wil l  jus t  poin t  ou t  tha t  constraine d scalin g 
produce d ver y lo w level s o f  inter-observe r  variabilit y 
compare d t o M E an d C M M.  Furthermore ,  th e onl y metho d 
tha t  w e coul d fin d tha t  produce d simila r  lo w level s o f  inter -
observe r  variabilit y  wa s conjoin t  measuremen t  a s applie d t o 
combine d pair s o f  tone s (Schneider ,  1988) .  However ,  thi s 
methodolog y exploit s th e fac t  that ,  unde r  th e right 
conditions ,  loudnes s i s additiv e fo r  tw o ton e combinations , 
whic h limit s it s applicatio n t o auditor y stimuli .  I t  als o 
require s a  larg e numbe r  o f  trials . 

Scaling Video Frame Rates 

Th e result s from  Wes t  e t  a l  (2000 )  clearl y demonstrate d tha t 
trainin g observer s an d usin g externa l  mean s t o constantl y 
refres h thei r  memor y produce s highl y reliabl e scalin g 
results .  Thi s indicate s tha t  arbitrar y decision s abou t  ho w t o 
structur e a  scal e an d insufficien t  resource s fo r  maintainin g 
th e scal e i n memor y ar e th e primar y sourc e o f  inter-observe r 
variabilit y  i n direc t  scaling .  However ,  i t  wa s stil l  unclea r 
h o w observer s us e th e feedbac k t o maintai n a  representatio n 
of  th e scale .  W e speculate d tha t  observer s memorize d a 
limite d numbe r  o f  perceive d magnitude/respons e pair s an d 
interpolat e t o ge t  response s in-betwee n (se e War d &  West , 
1988 ,  fo r  a n exampl e o f  peopl e usin g thi s strateg y i n a 
simila r  typ e o f  task) .  I f  thi s i s th e cas e the n constraine d 
scalin g shoul d wor k i f  th e observer s ar e onl y supplie d wit h 
feedbac k o n a  limite d numbe r  o f  S/ R pair s instea d o f  man y 
pair s coverin g th e whol e rang e (a s i n Wes t  e t  a l  2000) . 

We applie d thi s methodolog y i n a  stud y designe d t o loo k 
at  th e effec t  o f  conten t  typ e o n th e perceptio n o f  frame  rat e 
i n vide o clips .  Specifically ,  w e wer e intereste d i n whethe r  o r 
not  spee d o f  movemen t  i n th e cli p alter s th e perceptio n o f 
frame  rate .  T o d o thi s w e bega n wit h a  pilo t  stud y usin g 
magnitud e matching .  Magnitud e matchin g i s a  versio n o f 
M E i n whic h tw o differen t  stimul i  ar e alternatel y presente d 
i n th e sam e scalin g tas k (J .  C .  Steven s &  Marks ,  1980) .  I n 
thi s cas e w e use d a  fas t  pace d vide o cli p an d a  slo w pace d 
vide o clip .  Th e results ,  average d acros s observers ,  indicate d 
tha t  th e exponen t  fo r  frame  rat e wa s approximatel y 0.90 .  N o 
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Figur e 1 .  Psychophysica l  function s fo r  fou r  representativ e observers .  T h e to p r o w show s tw o observer s w h o obeye d th e 
powe r  la w an d th e botto m r o w show s tw o observer s w h o deviate d from  i t 

significan t  effect s fo r  conten t  wer e foim d (Boring ,  West ,  & 
Dillon ,  2000) . 

For  th e constraine d scalin g experimen t  w e use d onl y fiv e 
stimulu s level s fo r  trainin g (2 ,  3 ,  6 ,  10 ,  an d 1 5 frames  pe r 
second) .  Observer s wer e taught ,  usin g feedback ,  t o respon d 
t o thes e frame  rat e level s accordin g t o a  powe r  functio n wit h 
an exponen t  o f  0.90 .  T h e observer s wer e give n 5 0 trial s t o 
lear n th e scal e an d th e stimul i  wer e presente d randomly .  T h e 
conten t  o f  th e vide o cli p w a s moderat e i n spee d (med iu m 
spee d hi p ho p dancing) . 

Durin g th e tes t  phase ,  th e observer s wer e instructe d tha t 
th e sam e hip-ho p clip s wou l d b e presente d wit h feedbac k o n 
ever y secon d trial ,  an d tha t  o n th e alternativ e trial s a 
differen t  vide o cli p woul d b e presented .  T h e Observer s wer e 
tol d t o respon d t o th e othe r  cli p usin g th e sam e scal e the y 
learne d fo r  th e hip-ho p clip ,  bu t  tha t  th e frame  rat e level s 
woul d no t  necessaril y b e th e sam e an d tha t  ther e woul d b e 
mor e tha n fiv e version s o f  th e n e w clip .  Thi s w a s actuall y 
not  true ;  th e tes t  stimul i  wer e generate d usin g th e sam e 
frame  rat e level s a s th e learnin g stimuli .  However ,  th e 
observer s di d no t  k n o w thi s a s th e stimul i  wer e space d les s 
tha n on e J N D (jus t  noticeabl e difference )  apart .  W e mislea d 

ou r  observer s s o tha t  the y wou l d b e ope n t o respondin g wit h 
th e whol e rang e o f  responses .  T h e observer s al l  conq)lete d 
tw o tes t  phas e sessions ,  on e usin g a  fas t  conten t  cli p 
(childre n ruiming )  an d on e usin g a  slo w conten t  cli p ( a cli p 
from  th e Frase r  s h o w o f  Frase r  talking) .  T h e orde r  o f  th e 
session s w a s counterbalance d an d anothe r  5 0 trial s o f 
trainin g wer e presente d in-between .  Al l  stimul i  wer e 
presente d i n rando m order . 

Results 

As i n Wes t  e t  a l  (2000) ,  w e foun d tha t  constraine d scalin g 
di d no t  produc e outliers ,  s o w e use d mea n respons e value s 
fo r  scalin g th e response s instea d o f  medians .  Fro m a  visua l 
inspectio n o f  th e graphe d function s from  th e tes t  phas e trial s 
i t  wa s clea r  tha t  fou r  observer s produce d function s wit h 
relativel y larg e nonlinea r  trend s (se e Figur e 1) .  Thi s i s 
actuall y no t  uncommo n i n M E (Luce ,  &  M o ,  1965) .  Th e 
norma l  procedur e woul d b e t o thro w the m ou t  o r  t o averag e 
acros s them ,  alon g wit h th e function s o f  th e othe r  observers . 
However ,  sinc e w e ar e intereste d i n individua l  differences , 
we not e tha t  thes e fou r  wer e les s abl e tha n th e othe r 
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observer s t o exploi t  th e externa l  scalin g aid s offere d b y 
constraine d scaling .  Thi s indicate s tha t  individua l 
difference s i n strategy ,  cognitiv e ability ,  and/o r  effor t  stil l 
pla y a  role .  Sinc e thes e deviation s wer e no t  unusuall y larg e 
by M E standard s w e analyze d th e dat a bot h wit h the m i n an d 
wit h the m out .  Th e remainin g si x observer s produce d 
function s tha t  coul d reasonabl y b e treate d a s linea r  (se e 
Figur e 1) . 

West  e t  a l  reviewe d 1 4 studie s tha t  provide d individua l 
observe r  result s fo r  M E an d C M M,  an d calculate d th e 
standar d deviatio n divide d b y th e mea n fo r  th e individua l 
exponen t  value s fi-om  eac h study .  A s a  basi s fo r  compariso n 
we too k thes e value s an d calculate d th e mean ,  whic h wa s 
0.333 ,  th e standar d deviation ,  whic h wa s 0.080 ,  an d th e O.O S 
confidenc e interval ,  whic h wa s plu s o r  minu s 0.042 .  Eve n 
wit h th e fou r  linearl y devian t  observer s included ,  th e mea n 
of  th e individua l  exponen t  value s divide d b y th e standar d 
deviatio n wa s 0.19 0 fo r  th e Frase r  cli p an d 0.15 0 fo r  th e 
childre n nmnin g clip ,  significantl y lowe r  tha n wha t  woul d 
be expecte d wit h M E o r  C M M.  Withou t  th e fou r  deviant s 
included ,  th e mea n divide d b y th e standar d deviatio n wa s 
0.076  fo r  th e Frase r  cli p an d 0.04 7 fo r  th e childre n runnin g 
clip .  Thes e value s wer e simila r  t o th e mea n divide d b y 
standar d deviatio n value s foun d b y Wes t  e t  a l  (2000 )  usin g 
constraine d scalin g (dies e value s wer e 0.04S ,  0.066 ,  an d 
0.152) . 

Also ,  becaus e o f  th e lo w variabilit y  w e wer e abl e t o detec t 
a smal l  bu t  significan t  differenc e i n exponen t  value s bot h 
wit h ( P <  0.01 )  an d withou t  ( P =  0.01 )  th e fou r  linearl y 
devian t  observers ,  indicatin g tha t  th e exponen t  value s fo r  th e 
slowe r  vide o wer e highe r  tha n th e exponen t  value s fo r  th e 
faste r  video .  Thi s fmdin g illustrate s th e advantag e o f  havin g 
mor e precis e way s o f  measurin g perceive d magnitude s 
(note ,  sinc e th e purpos e o f  thi s pape r  i s t o examin e th e 
cognitiv e aspect s o f  scaling ,  w e wil l  no t  discus s w h y thi s 
differenc e migh t  exist) . 

Discussion 

Thes e findings  replicat e th e Wes t  e t  a l  (2000 )  fmdin g tha t 
augmentin g th e cognitiv e abilitie s o f  th e observe r  ca n 
significantl y reduc e inter-observe r  variabilit y  and ,  mor e 
generally ,  support s th e fou r  theoretica l  assumption s behin d 
constraine d scalin g (se e above) .  Th e result s als o suppor t  th e 
hypothesi s tha t  peopl e ca n maintai n scale s i n memor y b y 
memorizin g a  limite d numbe r  o f  S/ R pairs .  B y providin g 
suppor t  t o remembe r  five  S/ R pair s w e significantl y reduce d 
inter-observe r  variabilit y  t o a  leve l  comparabl e t o tha t  foun d 
i n Wes t  e t  a l  (2000) ,  w h o provide d feedbac k fo r  a  larg e 
number  o f  responses .  Othe r  strategie s m a y als o b e possibl e 
but ,  a t  th e ver y least ,  thi s resul t  show s tha t  providin g suppor t 
fo r  rememberin g a  smal l  numbe r  o f  S/ R pair s ca n provid e a 
significan t  advantage . 

I n term s o f  strategy ,  examinin g th e actua l  response s tha t 
th e observer s mad e reveale d tha t  the y too k a  categor y 
scalin g approach .  T w o observer s use d th e five  R  value s the y 
had learne d almos t  exclusively .  Th e othe r  observer s adde d 
onl y a  fe w n e w R  value s an d som e stoppe d usin g on e o r  tw o 
of  th e learne d R  values .  Th e n e w R  value s als o tende d t o b e 
use d a s categories ,  tha t  is ,  the y wer e use d repeatedly .  Thi s 
was quit e differen t  fi-om  th e Wes t  e t  a l  (2000 )  observer s w h o 

responde d wit h a  wid e rang e o f  R  values .  Fro m thi s i t  woul d 
appea r  tha t  observer s prefe r  t o continu e usin g a  respons e 
strateg y tha t  resemble s th e on e the y wer e traine d on .  Thi s 
may b e du e t o observer s inferrin g tha t  th e numbe r  o f  tes t 
stimul i  wil l  b e simila r  t o th e numbe r  o f  learnin g stimuli ,  o r  i t 
may b e tha t  teachin g the m t o respon d i n a  particula r  wa y 
create s cognitiv e structure s tha t  ar e no t  amenabl e fo r  doin g 
th e tas k i n othe r  ways . 

Th e fac t  tha t  observer s wer e abl e t o respon d accuratel y 
usin g a  categor y scalin g strategy ,  o n a  scal e tha t  wa s 
determine d usin g M E ,  suggest s tha t  trainin g an d providin g 
feedbac k t o observer s eliminate s th e factor s tha t  caus e 
categor y scalin g t o produc e differen t  result s fro m M E .  Thi s 
resul t  i s  quit e promisin g a s i t  suggest s tha t  providin g 
externa l  suppor t  fo r  th e scalin g proces s ca n wip e ou t 
methodologicall y induce d biases . 

Conclusions 

Thes e result s provid e compellin g evidenc e tha t  cognitivel y 
augmentin g observer s ca n substantiall y  increas e th e 
reliabilit y  o f  psychophysica l  scaling ,  whic h i s particularl y 
importan t  fo r  measurin g an d studyin g individua l  difference s 
and smal l  grou p difference s (a s i n thi s study) .  W e als o 
believ e tha t  thi s approac h wil l  eventuall y provid e a  mean s 
fo r  assessin g th e validit y o f  th e scale s a s well .  Thi s i s base d 
th e assumptio n tha t  th e furthe r  a  learne d scal e i s fi-om  th e 
natura l  scale ,  th e mor e cognitiv e resource s wil l  b e require d 
t o maintai n th e mappin g (C )  from P  t o R  (fo r  som e evidenc e 
of  thi s se e Marks ,  Galanter ,  &  Baird ,  1995 ;  Wes t  e t  al , 
2000) .  T o improv e furthe r  w e nee d t o bette r  understan d th e 
strategie s availabl e t o observers ,  an d h o w t o mor e 
effectivel y interven e t o suppor t  th e scalin g process . 
Eventually ,  w e hop e tha t  thi s approac h wil l  lea d t o 
psychophysica l  measuremen t  technique s tha t  hav e th e sam e 
unambiguou s statu s a s physica l  measurin g techniques . 
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Abstrac t 

The effec t  o f  a  respons e deadlin e o n categorica l 
decision s wa s investigated .  Tim e availabl e fo r  respons e 
was manipulate d i n th e tes t  phase ,  alon g wit h stimulu s 
difficulty .  Effect s o f  thes e manipulation s wer e observe d 
i n respons e accuracy ,  an d i n th e mean ,  standar d 
deviatio n an d ske w o f  th e reactio n times .  Th e effect s 
observe d demonstrat e tha t  participant s responded  t o th e 
deadlin e i n a n adaptiv e manne r  -  reducin g thei r  reactio n 
tim e t o long-latenc y decision s whils t  leavin g shor t 
latenc y decision s relatively  unaffected .  A  simpl e 
connectionis t  mode l  o f  categorica l  decision s (Will s & 
McLaren ,  1997 )  i s show n t o accoun t  fo r  thi s behavior . 

Introduction 

Categorizatio n i s  a  basi c an d essentia l  cognitiv e 
function .  Ou r  abilit y  t o engag e i t  ha s bee n wel l  studied , 
an d a  numbe r  o f  differen t  theorie s o f  th e underlyin g 
processe s hav e bee n propose d (e.g .  Ashb y &  Gott , 
1988 ;  Cluck ,  1991 ;  Nosofsky ,  1986 ;  Nosofsky ,  Palmer i 
& McKinley ,  1994) .  A t  first ,  attempt s t o quantitativel y 
fi t  model s o f  categorizatio n t o empirica l  dat a 
concentrate d o n categorizatio n accuracy .  However ,  i n 
recen t  years ,  model s whic h hav e th e potentia l  t o predic t 
reactio n tim e distribution s i n categorizatio n hav e bee n 
develope d an d evaluate d (e.g .  Ashby ,  2000 ;  Maddox , 
Ashb y &  Gottlob ,  1998 ;  Lamberts ,  2000 ;  Nosofsk y & 
Palmeri ,  1997 ;  Will s &  McLaren .  1997) . 

Thi s pape r  focuse s o n th e effect s o f  imposin g a 
respons e deadlin e o n a )  participants '  respons e accurac y 
and b )  th e natur e o f  thei r  reactio n tim e distributions .  I t 
has bee n k n o w n fo r  som e tim e tha t  categorica l 
decision s m a d e unde r  tim e pressur e m a y b e differen t  t o 
thos e m a d e withou t  tim e pressur e (eg .  Smit h &  Kemle r 
Nelson ,  1984) .  M o r e recently ,  thi s avenu e o f  researc h 
has bee n develope d b y investigatio n o f  th e effect s o f 
tim e pressur e wit h mor e comple x stimul i  (e.g . 
Lamberts ,  1995 ;  Palmer i  &  Blalock ,  2000 )  couple d 
wit h forma l  modelin g o f  th e result s foun d (e.g . 
Lamberu ,  1995) . 

I t  i s  wort h considerin g Lambert' s (1995 )  stud y i n a 
littl e mor e detai l  a s i t  provide s on e motivatio n fo r  th e 
curren t  work .  A t  on e level ,  th e result s foun d ar e 
intuitive .  I n thes e experiments ,  Lambert s employe d a 
sinqjl e deadlin e procedure .  Participant s firs t  learned ,  i n 
th e absenc e o f  tim e pressure ,  t o categoriz e artificia l 
stimul i  (schemati c faces )  int o tw o categories .  Followin g 
thi s training ,  participant s ha d t o categoriz e tes t  stimul i 
befor e a  give n deadlin e (e.g .  160(hn s fro m stimulu s 

onset) .  Failur e t o respon d i n tim e resulte d i n a n erro r 
tone ,  followe d b y th e presentatio n o f  th e nex t  stimulus . 
Participant s wer e informe d abou t  th e tim e availabl e fo r 
response ,  whic h change d a t  regula r  intervals .  I n on e 
experiment ,  th e deadline s employe d wer e 600ms , 
1100ms,  1600m s an d n o deadline .  Participant s wer e 
les s accurat e a t  shorte r  deadlines .  Interestingly ,  th e 
effec t  wa s stimulu s specific ,  wit h som e stimul i  bein g 
considerabl y mor e affecte d b y tim e pressur e tha n 
others .  Lambert s propose d a  particula r  forma l  mode l  o f 
thi s effec t  (th e "Extende d Generalize d Contex t  Model " 
or  E G C M,  Lamberts ,  1995 )  an d showe d tha t  i t  provide d 
a goo d fi t  t o th e accurac y data . 

Time pressure and reaction time 

Lamberts '  experiment s revea l  anothe r  result .  I n hi s 
experiments ,  categorizatio n i n th e absenc e o f  a  respons e 
deadlin e take s approximatel y 1500m s (Lamberts ,  1995 , 
experimen t  2) .  A s th e stringenc y o f  th e deadlin e 
increases ,  s o th e m e a n reactio n time s decrease ,  wit h 
categorizatio n unde r  a  600m s deadlin e takin g abou t 
450ms.  I n othe r  words ,  categorica l  decision s appea r  t o 
tak e considerabl y les s tim e whe n ther e i s tim e pressur e 
tha n w h e n ther e i s not .  Thi s is ,  o f  course ,  intuitivel y 
obvious .  Th e interest ,  fro m th e perspectiv e o f  th e 
curren t  paper ,  i s  tha t  ther e see m t o b e a t  leas t  thre e 
distinc t  reason s w h y i t  migh t  happen .  W h e n considerin g 
th e following ,  i t  i s  importan t  t o remembe r  tha t  th e 
description s relat e t o observe d reactio n tim e 
distribution s -  the y ar e no t  statement s abou t  underlyin g 
process : 

Non-selective adaptation: The participant reacts to the 
impositio n o f  th e deadlin e i n a  manne r  tha t  decrease s al l 
reactio n time s i n th e distributio n b y a  fixed  amount .  A s 
a consequence ,  mea n o f  th e distributio n wil l  drop ,  bu t 
th e standar d deviatio n an d ske w wil l  b e unaffected . 
Selective ,  linea r  adaptation :  Th e participan t  react s t o 
th e impositio n o f  th e deadlin e i n a  manne r  v ^ c h 
decrease s al l  reactio n time s i n th e distributio n b y a 

fixed  facto r  (i.e .  RTaadii w =  f  x  RTo o dudUne) -  A s a  result , 
th e mea n an d standar d deviatio n o f  th e distributio n wil l 
drop ,  bu t  th e ske w wil l  b e unaffected . 
Selective ,  non-linea r  adaptation :  Th e participan t  react s 
t o th e impositio n o f  th e deadlin e i n a  wa y tha t  canno t  b e 
characterize d a s non-selective ,  o r  selective ,  non-linear , 
by th e definition s above .  Change s i n th e mean ,  standar d 
deviation ,  an d ske w o f  th e distributio n m a y al l  b e 
observed . 
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Demons t ra t i n g adaptatio n t o a  deadlin e 

I t  therefor e seem s clea r  tha t  t o distinguis h betwee n 
thes e explanations ,  on e mus t  estimat e change s i n th e 
mean,  standar d deviatio n an d ske w o f  th e reactio n tim e 
distributio n produce d b y impositio n o f  a  deadline . 
Whils t  th e experimen t  reporte d i n thi s pape r  i s b y n o 
means th e firs t  t o investigat e th e effect s o f  a  deadlin e 
on categorizatio n accurac y an d reactio n time ,  previou s 
wor k ha s ha d a t  leas t  on e o f  th e tw o followin g 
limitations : 

Missing data artifact 
I n a  numbe r  o f  studie s (e.g .  Lamberts ,  1995 ;  Lambert s 
& Brockdorlf ,  1997 ;  Palmer i  &  Blalock ,  2000 )  i t  i s 
possibl e tha t  th e change s observe d ar e a n artifac t  o f  th e 
dat a collectio n procedure .  I n a  respons e deadlin e 
procedure ,  longer-than-deadlin e response s typicall y 
resu h i n a  "tim e out "  erro r  an d henc e n o dat a abou t 
reactio n tim e i s availabl e fo r  tha t  trial .  A s a  direc t 
consequence ,  mea n respons e tim e i s lowe r  tha n i t  woul d 
hav e bee n withou t  a  deadline .  Th e sam e proble m 
applie s t o studie s tha t  compar e tw o differen t  deadlines . 
I n experiment s wher e percentag e o f  time-out s i s 
reporte d b y condition ,  the y ca n bee n see n t o increas e a s 
th e respons e deadlin e become s mor e stringent . 

O ne solutio n t o thi s proble m i s t o us e a  "respons e 
signal "  procedur e (e.g .  Lamberts ,  1998 )  wher e 
participant s ar e instructe d t o respon d a s soo n a s 
possibl e afte r  the y ge t  a  signa l  t o d o so .  Anothe r 
solutio n (se e e.g .  va n Zandt ,  Coloniu s &  Proctor ,  2000 ) 
i s t o provid e a  "to o slow "  signa l  afte r  th e respons e ha s 
bee n made . 

A thir d possibilit y  i s  t o us e th e standar d respons e 
deadlin e procedure ,  bu t  onl y evaluat e response s tha t  fal l 
belo w a  certai n percentil e o f  th e reactio n tim e 
distributio n (wit h time-out s bein g considere d a s th e 
slowes t  trials) .  Th e larges t  numbe r  o f  time-out s mad e a t 
any leve l  o f  tim e pressure ,  b y an y participant ,  t o an y o f 
th e tes t  stimuli ,  determine s thi s percentile .  Fo r  al l 
condition s an d stimuli ,  onl y response s tha t  fal l  belo w 
tha t  fixe d percentil e ar e considered .  I t  i s  therefor e 
importan t  t o kee p th e percentag e o f  time-out s lo w s o a 
reasonabl e amoun t  o f  dat a i s stil l  availabl e fo r  analysis . 
I t  i s thi s fina l  possibilit y  tha t  i s employe d i n th e curren t 
study . 

Insufficient information 
The thre e possibilitie s fo r  adaptatio n outline d abov e ca n 
onl y b e distinguishe d i f  on e ha s estimate s fo r  th e mean , 
standar d deviation ,  an d ske w o f  th e reactio n tim e 
distributions .  Recently ,  man y studie s o f  categorizatio n 
hav e begu n t o repor t  reactio n tim e distribution s i n detai l 
(e.g .  Maddo x &  Ashby ,  1996) .  However ,  categorizatio n 
studie s tha t  emplo y tim e pressur e a s a  manipulatio n 
ten d t o concentrat e o n categorizatio n accuracy ,  an d m a y 

als o repor t  mea n reactio n times .  Dat a fro m differen t 
tasks ,  suc h a s perceptua l  matching ,  sho w tha t  th e mean , 
standar d deviation ,  an d positiv e ske w al l  reduc e i n 
respons e t o increasin g tim e pressur e (va n Zand t  e t  al. , 
2000) . 

Give n th e absenc e o f  appropriat e information ,  i t  wa s 
decide d t o perfor m a  shor t  empirica l  stud y tha t  woul d 
hav e th e potentia l  t o discriminat e betwee n th e thre e 
type s o f  ad^tatio n t o a  respons e deadlin e whic h hav e 
bee n outlined .  Thi s i s followe d b y a  demonstratio n tha t 
a particula r  mode l  o f  categorica l  decision s (Will s  & 
McLaren ,  1997 )  ca n mimi c th e result s found . 
Implication s o f  bot h th e empirica l  an d th e theoretica l 
investigation s fo r  categorizatio n researc h ar e the n 
discussed . 

Experiment 

The curren t  experimen t  ha d tw o phases .  I n th e trainin g 
phase ,  participant s wer e presente d wit h novel ,  abstrac t 
stimul i  paire d wit h eithe r  th e categor y labe l  "A "  o r  th e 
categor y labe l  "B" .  I n th e tes t  phas e tha t  followed , 
participant s ha d t o decid e th e categor y membershi p ( A 
or  B )  o f  unlabelle d stimul i  eithe r  withou t  tim e pressure , 
wit h a  2S00m s tim e limi t  fo r  eac h decisio n o r  wit h a 
1000ms tim e limi t  fo r  eac h decisio n ( a between -
participant s manipulation) . 

Whils t  thes e deadline s m a y appea r  relativel y la x 
con:q>are d t o th e reactio n time s observe d i n som e 
classificatio n tasks ,  previou s wor k (e.g .  Will s  & 
McLaren ,  1997 )  indicate s the y represen t  a  fairl y  hig h 
leve l  o f  tim e pressur e fo r  participant s wit h relativel y 
littl e experienc e o f  th e comple x stimul i  employed . 

Method 

Participants and apparatus 
Th e participant s wer e 4 4 adults ,  mainl y undergraduat e 
students .  Th e experimen t  wa s i n tw o different ,  quie t 
cubicle s o n tw o Acor n R I S C P C computers ,  wit h 14 " 
colo r  monitors .  Participant s sa t  1  mete r  fro m th e screen . 

Stimuli 
Eac h stimulu s wa s a  collectio n o f  twelv e differen t  smal l 
picture s (hereafte r  "elements" )  i n a  4.5c m b y 3.5c m 
rectangl e outline ,  arrange d o n a n invisibl e four-by-thre e 
gri d (se e Figur e 1  fo r  a n exampl e stimulus) .  Ever y 
stimulu s containe d twelv e element s drav m fro m th e 
poo l  o f  thirty-si x element s w e hav e use d i n previou s 
experiment s (se e Jones ,  Will s  &  McLaren ,  1998 ,  p.37) . 
At  th e beginnin g o f  th e experiment ,  an d separatel y fo r 
eac h participant ,  1 2 element s fro m th e poo l  wer e 
randoml y designate d a s categor y A  elements ,  an d a 
differen t  1 2 a s categor y B  elements .  Th e remainin g 1 2 
element s wer e no t  use d fo r  tha t  participant . 
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Figur e 1 :  A n exampl e stimulu s 

Training stimuli 
Sixt y trainin g stimul i  (thirt y from  eac h category )  wer e 
create d fo r  eac h participant .  Eac h trainin g stimulu s wa s 
constructe d b y startin g wit h al l  1 2 element s 
characteristi c o f  a  particula r  categor y (e.g .  categor y A 
element s fo r  a  categor y A  trainin g stimulus) .  Then , 
eac h elemen t  i n th e trainin g stimulu s underwen t  a  1 0 % 
chanc e o f  bein g replace d b y a n elemen t  chose n from  th e 
othe r  se t  (e.g .  replace d b y a  categor y B  elemen t  i n th e 
cas e o f  a  categor y A  trainin g stimulus) .  Choic e o f 
replacemen t  element s wa s rando m withi n th e constrain t 
tha t  n o elemen t  coul d occu r  mor e tha n onc e i n an y 
give n stimulus .  Th e positio n o f  element s withi n a 
stimulu s wa s randoml y determine d fo r  eac h stimulu s 
presented ,  wit h th e constrain t  tha t  exactl y on e elemen t 
occurre d a t  eac h locatio n i n th e four-by-thre e grid . 

Thi s metho d o f  stimulu s constructio n produce s 
trainin g example s whic h ar e compose d predominatel y 
of  element s characteristi c o f  a  particula r  categor y bu t 
whic h als o exhibi t  considerabl e variability . 
Tes t  stimul i 
Tes t  stimul i  wer e designe d t o var y i n difficult y o f 
categorization .  Give n th e natur e o f  th e trainin g stimuli , 
th e correc t  respons e t o a  tes t  stimulu s i s t o categoriz e i t 
as a n "A "  i f  i t  contain s mor e A  element s tha n B 
elements ,  an d a s a  "B "  otherwise .  A  numbe r  o f  previou s 
experiment s hav e demonstrate d tha t  a s th e differenc e 
betwee n th e numbe r  o f  A  element s an d th e numbe r  o f  B 
element s increase s i n a  stimulu s o f  thi s type ,  th e 
probabilit y  o f  a  correc t  classificatio n als o increase s 
(Jone s e t  al ,  1998 ;  Will s  &  McLaren ,  1997) .  Tes t 
stimul i  i n thi s experimen t  ar e therefor e describe d i n 
term s o f  thei r  differenc e score s (th e absolut e valu e o f 
th e numbe r  o f  A  element s minu s th e numbe r  o f  B 
elements) . 

Al l  stimul i  containe d twelv e elements ,  s o ther e ar e 
seve n possibl e differenc e score s an d henc e seve n level s 
of  difficulty .  Th e seve n difference s score s ar e 12 ,  10 ,  8 , 
6,  4 ,  2  an d 0 ,  whic h ar e denote d a s havin g a  difficult y 
leve l  o f  1,2,3,4,5, 6 an d 7  respectively .  Twent y 
example s a t  eac h o f  th e first  si x level s o f  difficult y wer e 
create d fo r  eac h participant .  Th e specifi c element s use d 
t o creat e eac h tes t  stimulu s wer e chose n randoml y 
withi n th e constrain t  provide d b y th e differenc e score , 
and th e constrain t  tha t  stimul i  i n whic h categor y A 
element s wer e mor e numerou s tha t  categor y B  element s 
shoul d occu r  wit h th e sam e frequency  a s stimul i  i n 
whic h categor y B  element s wer e mor e numerou s tha n 
categor y A  elements .  A s i n th e constructio n o f  th e 

trainin g stimuli ,  th e positio n o f  element s withi n a  tes t 
stimulu s wa s randoml y determined ,  an d n o elemen t  wa s 
allowe d t o occu r  mor e tha n onc e i n an y give n stimulus . 

Te n example s o f  stimul i  wit h a  zer o diflfcrenc e 
(difficult y leve l  7 )  wer e als o generate d fo r  eac h 
participant .  However ,  a s ther e i s n o correc t  answe r  fo r 
suc h stimuli ,  performanc e o n the m i s no t  analyze d i n 
thi s paper . 

Procedure 
Participant s wer e allocate d t o on e o f  thre e group s tha t 
differe d onl y i n th e tim e allowe d fo r  decisio n i n th e tes t 
phase .  Thes e group s ar e referre d t o hereafte r  a s th e 
1000ms,  2500m s an d No-deadlin e groups .  Sixtee n 
participant s wer e allocate d t o th e 1000m s group , 
sixtee n t o th e 2500m s group ,  an d twelv e t o th e no -
deadlin e group . 

The sixt y trainin g stimul i  wer e presente d sequentiall y 
and i n a  rando m order .  Eac h exampl e wa s presente d fo r 
five  second s i n th e cente r  o f  th e monito r  accompanie d 
by th e appropriat e categor y labe l  (presente d a s a  larg e 
capita l  A  o r  B  i n a n outlin e rectangl e immediatel y t o 
th e righ t  o f  th e stimulus) .  Th e stimulu s an d th e categor y 
labe l  wer e the n replace d wit h mid-gra y rectangle s tha t 
staye d o n th e scree n fo r  tw o second s an d wer e followe d 
by th e nex t  example .  Participant s wer e no t  require d t o 
respon d i n an y w a y i n thi s first  phas e o f  th e experimen t 
but  wer e aske d t o concentrat e o n th e example s show n 
as the y woul d late r  b e aske d t o classif y new ,  unlabelle d 
examples .  Thi s trainin g procedur e ha s prove d effectiv e 
fo r  stimul i  o f  thi s typ e i n a  numbe r  o f  othe r  experiment s 
(Jone s e t  al ,  1998 ;  Will s  &  McLaren ,  1997) . 

The trainin g phas e wa s followe d immediatel y b y th e 
tes t  phase .  Ther e wer e 13 0 stimul i  i n thi s phas e (se e 
"Stimuli "  section )  which ,  again ,  wer e presente d 
sequentiall y  an d i n a  rando m order .  Participant s 
classifie d eac h stimulu s a s a n "A "  o r  a  "B "  b y pressin g 
eithe r  th e "X "  o r  "> "  ke y o n th e compute r  keyboard . 
The allocatio n o f  key s t o response s wa s counter -
balance d acros s participants . 

I n th e 1000m s an d 2500m s conditions ,  participant s 
wer e tol d tha t  the y onl y ha d 1  secon d o r  2. 5 second s t o 
make eac h decision .  I f  the y di d no t  respon d withi n thi s 
tim e interval ,  th e stimulu s wa s replace d b y th e phras e 
" T I M E O U T ! "  i n 2 c m hig h letters .  Afte r  a  five  secon d 
count-dow n an d a  two-secon d pause ,  th e nex t  stimulu s 
was presented .  Thi s time-ou t  procedur e wa s designe d t o 
be a s salien t  a s possibl e i n orde r  t o kee p th e tota l 
number  o f  time-out s low . 

Results 

Accurac y an d mea n reactio n tim e dat a from  th e no -
deadlin e conditio n hav e bee n reporte d previousl y (Will s 
& McLaren ,  1997) .  Al l  othe r  dat a ar e novel . 

I n th e 2500m s condition ,  2 .87 % o f  trial s wer e timed -
out .  Th e figure  wa s 4 .84 % i n th e 1000m s condition . 
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Whils t  bot h rate s ar e relatively  low ,  ther e wer e 
significantl y m o r e time-out s i n th e 1 0 0 0 m s condition , 
t(30 )  =  2.41 ,  p  <  0.05 .  Al l  participant s i n thi s 
experimen t  m a d e a t  leas t  sixtee n response s befor e th e 
deadlin e a t  eac h leve l  o f  stimulu s difficulty .  Therefor e 
th e fou r  slowes t  response s m a d e b y eac h participan t  a t 
eac h leve l  o f  stimulu s difficult y w e r e disregarde d i n th e 
followin g analyse s (se e Introductio n fo r  a n explanatio n 
o f  thi s procedure) .  T ime-ou t  trial s we r e counte d a s th e 
slowes t  possibl e responses .  Fo r  th e remainin g data ,  th e 
accuracy ,  an d th e m e a n ,  standar d deviatio n an d s k e w , 
fo r  eac h leve l  o f  stimulu s difficult y an d fo r  eac h 
participan t  w e r e calculated . 

Thi s dat a se t  w a s subjecte d t o a  serie s o f  m i x e d - m o d e l 
A N O V A s,  wi t h o n e within-participant s variabl e 
(Difficulty ,  6  levels )  an d on e between-participant s 
variabl e (Deadline ,  3  levels) .  A  significanc e leve l  o f  .0 5 
w as se t  fo r  al l  analyses .  Figure s 2  an d 3  s u m m a r i z e th e 
dat a se t  b y providin g across-participan t  averages . 

4 1 )  =  6.45 .  T h e s e t w o factor s di d no t  interac t 
significantly ,  F ( 1 0 ,  2 0 5 )  <  1 .  M e a n reactio n t im e 
increase d wit h stimulu s difficulty ,  F ( 5 ,  2 0 5 )  =  20.19 , 
an d decrease d wit h t im e pressure ,  F ( 2 ,  4 1 )  =  12.92 .  T h e 
effec t  o f  stimulu s difficult y w a s les s p ronounce d wit h 
increasin g t im e pressure ,  a s evidence d b y a  significan t 
interactio n term ,  F ( 1 0 ,  2 0 5 )  =  9.32 . 

T h e standar d deviatio n o f  reactio n time s increase d 
wit h stimulu s difficulty ,  F ( 5 ,  2 0 5 )  =  5.77 ,  an d 
decrease d wit h increasin g tim e pressure ,  F ( 2 ,  4 1 )  = 
17.36 .  T h e effec t  o f  stimulu s difficult y w a s les s 
p ronounce d wit h increasin g tim e pressure ,  a s evidence d 
b y a  significan t  interactio n term ,  F ( 1 0 ,  2 0 5 )  =  8.45 . 

T h e s k e w o f  reactio n t ime s decrease d wit h increasin g 
t im e pressure ,  F ( 2 ,  4 1 )  =  19.52 .  H o w e v e r ,  stimulu s 
difficult y ha d n o significan t  effect ,  F ( 5 ,  2 0 5 )  =  1.31 , 
an d th e interactio n ter m w a s non-significan t  also ,  F ( 1 0 , 
2 0 5 )  <  1 .  T h e no-deadlin e conditio n s h o w s significantl y 
positiv e s k e w ,  /(ll ) 
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Figur e 2 :  Accuracy ,  mea n reactio n time ,  an d standar d deviatio n o f  reactio n tim e a s a 
functio n o f  stimulu s difficult y (arbitrar y units )  an d respons e deadlin e (milliseconds) . 

Fille d marker s indicat e empirica l  data .  Line s indicat e modelin g results . 

Figure 3 also averages across stimulus difficulty 
becaus e (a s wil l  b e see n i n a  moment )  ther e wa s n o 
significan t  effec t  o f  stimulu s difficult y o n skew . 

Respons e accurac y wa s adversel y affecte d b y bot h 
stimulu s difficulty ,  F(5 ,  205 )  =  48.1 ,  an d deadlin e F(2 , 

= 5.06 ,  whils t  th e 1000m s 
conditio n show s significantl y 
negativ e skew ,  t(l5 )  =  2.76 . 
The 2500m s conditio n 
showe d n o significan t  skew , 
<(15 )  =  0.98 . 

M o d e l i n g 

Will s  &  McLaren' s winner -
take-al l  ( W T A )  model ,  lik e 
many proces s model s o f 
categorization ,  assimie s tha t 
th e evidenc e a  presente d 
stimulu s i s th e member  o f  a 
particula r  categor y i s 
represente d b y a  singl e 
n u m b er  o r  magn i tud e term .  I n 
thi s simulation ,  th e magnitud e 
ter m fo r  categor y x  (denote d 
Vt )  i s M X  c ,  wher e c  i s th e 
number  o f  categor y x 
element s th e presente d 
stimulu s contains ,  an d M i s a 
fre e parameter .  Suc h a 
relationshi p sufficientl y 
describe s th e ou^u t  o f  a 
feature-based ,  single-layer , 
delta-rul e networ k taugh t  t o 
classif y th e stimul i  (se e Will s 
& McLaren ,  199 7 fo r  mor e 
details) . 

The mode l  i s illustrate d i n 
Figiu- e 4 .  A  singl e uni t 

represent s eac h category .  Th e magnitud e term s fo r  eac h 
categor y ar e passe d t o thes e unit s a s inpu t  activation . 
The outpu t  activit y o f  eac h uni t  i s a  functio n o f  th e tota l 
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Figur e 3 :  S k e w o f  reactio n time s a s a  functio n o f 
respons e deadlin e (milliseconds) . 

inpu t  i t  receives .  Specifically ,  th e outpu t  activatio n o f 
uni t  i  o n updat e c  i s determine d b y 

Ou-i+^ \ 
"'• '  1 + £«,,+£ > 

(wher e n ,  c  >  0 ) 
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ni_ c i s th e tota l  inpu t  t o uni t  i  o n updat e c  an d E  an d D 
ar e constant s representin g th e rat e o f  excitatio n an d 
deca y withi n th e uni t 

I n additio n t o th e magnitude-ter m inputs ,  eac h uni t 
has a  fixe d excitator y connectio n t o itsel f  an d fixed 
inhibitor y connection s t o othe r  units .  Thes e connection s 
caus e th e unit s t o "compete "  wit h on e anothe r  unti l  onl y 
one ha s non-zer o activation .  Grossber g (1976) ,  an d 
m a ny other s since ,  hav e employe d similar ,  neurally -
inspire d decision-makin g systems . 

Th e tota l  inpu t  t o a  uni t  i  o n iq)dat e c  i s give n b y 

where rt,, is the noisy input produced by the 
magnitud e ter m v< .  Th e nois e i n thes e particula r 
simulation s ha d a  rang e o f  + N t o -N ,  an d a  rectangula r 
distribution .  Superimpose d o n thi s nois e i s  th e 
constram t  tha t  r̂- e canno t  excee d on e o r  fal l  belo w zero . 

The first  uni t  t o produc e a n activatio n greate r  tha n S  i s 
assume d t o caus e th e executio n o f  it s correspondin g 
response .  Th e numbe r  o f  cycle s th e uni t  take s t o excee d 
S represent s decisio n latency ,  wit h eac h cycl e 
representin g exactl y T  seconds . 

The mode l  en:q)loye d include s a  numbe r  o f 
sin l̂ifications ,  includin g th e assumptio n tha t  nois e i s 
rectangula r  an d tha t  non-decisiona l  component s o f  th e 
categorizatio n proces s tak e a  fixed  T, „  seconds . 
Neithe r  simplificatio n i s centra l  t o th e operatio n o f  th e 
model  -  simila r  prediction s ca n b e derive d fro m a  nKxle l 
wit h a  variabl e Trt ,  an d Gaussia n noise .  Howeve r  thes e 
simplification s hav e th e advantag e o f  considerabl y 
speedin g th e searc h o f  paramete r  space . 

The mode l  describe d abov e ha s seve n parameter s -  N , 
E.  D .  M ,  S .  T  an d T^ .  Th e basi s o f  th e model' s 
prediction s i s tha t  tim e pressur e reduce s th e valu e o f  S , 
so 5  wa s assigne d a  differen t  valu e fo r  eac h o f  th e thre e 
between-participan t  condition s o f  th e experiment .  I n al l 
previou s application s o f  th e model ,  i t  ha s bee n assume d 

tha t  E  •  2 D ,  an d thi s assumptio n i s continue d i n th e 
curren t  simulation .  T  i s no t  a  paramete r  o f  th e mode l  i n 
any importan t  sense ,  a s it s onl y purpos e i s t o conver t 
fi"om  on e arbitrar y uni t  o f  tim e (cycles )  t o anothe r 
(seconds) .  Hence ,  mode l  fitting  involve s th e 
manipulatio n o f  seve n fre e parameters ,  fro m whic h 
prediction s fo r  5 7 dat a point s ar e t o b e derived . 

Model  fitting  proceede d vi a a  grid-searc h procedure . 
The rang e an d step s o f  th e parameter s wer e N  (0.1-»3 , 
ste p 0.1) ,  E  (0.01->0.05 ,  ste p 0.0 1 an d 0.05-»0.5 ,  ste p 
0.05) ,  A/(0.01-^0.08 ,  ste p 0.01) ,  an d 5  (0.3->0.7 .  ste p 
0.05 )  fo r  eac h o f  th e thre e S  parameters ,  wit h th e 
constrain t  tha t  S  di d no t  increas e a s respons e deadlin e 
decreased .  10,00 0 decision s wer e simulate d fo r  eac h 
permutatio n o f  parameter s an d fo r  eac h stimulu s 
difficult y level .  Th e cycles-to-decisio n i n eac h se t  o f 
10,00 0 decision s wer e the n plac e i n ran k order ,  an d th e 
2,00 0 slowes t  decision s discarde d (i n orde r  t o mimi c 
th e dat a deletio n performe d o n th e en îrica l  data) . 

Thi s collectio n o f  simulate d decision s wa s the n 
employe d t o produc e a  se t  o f  prediction s fo r  eac h o f  th e 
permutation s o f  th e parameter s N ,  E ,  M an d th e thre e S 
parameters ,  Snd .  S2S0 0 an d Siooo -  Th e relationshi p 
betwee n cycles-to-decisio n an d second s wa s the n 
estimate d fo r  eac h se t  o f  decision s vi a linea r  regressio n 

Fixed Inhibttorv link 

Fixe d •xclutor y lin k 

Inpu t  activatio n 

Figure 4: The winner-take-all model 

of the 18 empirical mean reaction times to the 18 mean 
cycles-to-decision .  T h e gradien t  o f  th e lin e give s th e 
conversio n facto r  7 "  whils t  th e intercep t  provide s th e 
valu e fo r  f ^ . 

O n c e T  an d T ™ wer e determine d fo r  a  se t  o f 
predictions ,  the y wer e emp loye d t o conver t  eac h o f  th e 
180,00 0 simulate d decisio n latencie s int o seconds . 
Calculation s o f  m e a n reactio n time ,  reactio n tim e 
standar d deviatio n an d reactio n tim e s k e w fo r  eac h 
stimulu s difficult y leve l  i n eac h o f  th e thre e condition s 
wer e the n performe d usin g standar d formulae . 

Scale d roo t  m e a n squar e deviation s ( S R M S D )  wer e 
use d t o asses s closenes s o f  fit.  Scalin g w a s performe d 
b y multiplyin g eac h empirica l  dat a poin t  an d eac h 
predictio n b y a  facto r  s .  S R M S D w a s calculate d 
separatel y fo r  accuracy ,  m e a n R T ,  R T standar d 
deviation ,  an d R T s k e w predictions .  T h e scalin g factor s 
emp loye d wer e 2 ,  0.5 ,  1  an d 1  respectively .  Tota l 
S R M SD w a s take n t o b e th e s u m o f  thes e fou r 
S R M S D s.  T h e se t  o f  parameter s providin g th e bes t 
overal l  fit  wer e a s follow s N :  2.6 ,  E :  0.03 ,  A/ ;  0.04 , 
S W 0.55 ,  S2,oo :  0.50 ,  S,ooo :  0.40 ,  T ^ :  0.033 .  Thi s i s fte 
fit  s h o w n i n Figure s 2  an d 3 .  O n e cycl e o f  th e m o d e l 
w as estimate d b y  linea r  regressio n t o b e 0.01 4 o f  a 
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second .  Cycles-to-decisio n predicte d ove r  9 5 % o f  th e 
varianc e o f  mea n reacrio n time s i n thi s regressio n (r ^  -
0.953) .  Th e S R M SD fo r  accurac y prediction s wa s 
0.061 ,  fo r  mea n reactio n tim e i t  wa s 0.047 ,  fo r  reactio n 
tim e standar d deviatio n i t  wa s 0.06 2 an d fo r  reactio n 
tim e ske w i t  wa s 0.063 . 

Discussion 

Impositio n o f  a  respons e deadlin e decrease d th e mean , 
standar d deviatio n an d ske w o f  reactio n time s i n a 
categorizatio n task .  Fro m thi s informatio n abou t  th e 
distribution ,  on e ca n conclud e tha t  thes e participant s 
adapte d t o th e respons e deadlin e i n a  selective ,  non -
linea r  manne r  (a s define d i n th e Introduction) .  Thi s i s a 
resul t  which ,  i f  foun d t o b e general ,  woul d nee d t o b e 
accommodate d b y forma l  model s o f  categorica l 
decisions .  Th e fac t  tha t  on e o f  th e reactio n tim e 
distribution s t o b e fi t  i s  negativel y skewe d migh t  b e 
considere d a s a  particula r  sourc e o f  concern ,  a s 
categorizatio n hav e almos t  uniforml y bee n fi t  t o 
distribution s wit h som e degre e o f  positiv e ske w i n th e 
past . 

I n th e spac e available ,  i t  wa s no t  possibl e t o evaluat e 
whethe r  al l  curren t  model s o f  categorica l  decisio n hav e 
th e potentia l  t o accommodat e th e result s found .  Instead , 
i t  wa s demonstrate d tha t  on e particula r  mode l  o f 
categorica l  decision s (Will s  &  McLaren ,  1997 )  ca n 
mimi c th e patter n o f  result s foimd .  Will s  &  McLaren' s 
model  i s (i n approximat e terms )  a  connectionis t 
in l̂ementatio n o f  a  random-wal k proces s (e.g .  Laming , 
1968) .  A s such ,  it s follow s th e sam e basi c principle s a s 
a variet y o f  othe r  account s o f  categorica l  decision , 
includin g stochasti c form s o f  decision-boun d theor y 
(Ashby ,  2000) ,  extension s o f  E G C M tha t  ca n mode l 
reactio n time s (Lamberts ,  2000) ,  an d Nosofsk y & 
Palmeri' s  (1997 )  exemplar-base d rando m wal k model .  I t 
therefor e seem s likel y tha t  man y contemporar y model s 
of  categorizatio n ar e capabl e o f  accountin g fo r  th e sor t 
of  adaptatio n t o a  respons e deadlin e observe d i n thi s 
study . 
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Abstrac t 

This paper proposes a new model of causal meaning, the 
Vecto r  Model ,  whic h formalize s a  mode l  o f  causatio n 
base d o n Talmy' s notion s o f  forc e dynamic s (Wolff , 
Song,  &  Driscoll ,  2002) .  I n th e Vecto r  Model ,  th e 
concept s o f  C A U S E,  E N A B L E an d P R E V E NT ar e 
distinguishe d from  on e anothe r  i n term s o f  forc e vectors , 
thei r  resultan t  an d th e relationshi p o f  eac h forc e vecto r  t o 
a targe t  vector .  Th e prediction s o f  th e mode l  wer e teste d 
i n tw o experiment s i n whic h participant s sa w realisti c 
3D-animation s o f  a n inflatabl e boa t  movin g throug h a 
pool  o f  water .  Th e boat' s movement s wer e completel y 
detemine d b y th e force  vector s entere d int o a  physic s 
simulator .  Participants '  linguisti c description s o f  th e 
animation s wer e closel y matche d b y thos e predicte d b y 
th e mode l  give n th e sam e forc e vector s a s thos e use d t o 
produc e th e animations .  Ou r  mode l  ma y hav e 
in̂ >lication s fo r  th e semantic s o f  causa l  verb s a s wel l  a s 
th e perceptio n o f  causa l  events . 

Introduction 

Thi s researc h investigate s people' s notion s o f  causatio n 
as reflecte d i n thei r  us e o f  causa l  verbs .  W e approac h 
thi s proble m b y formulatin g a  mode l  o f  causa l  meanin g 
dia t  define s causa l  concept s i n term s o f  relationship s 
betwee n forc e vectors ,  tiieir  resultan t  an d a  targe t 
positio n vector . 

We begi n b y notin g tw o ke y problem s fo r  model s o f 
causa l  meaning .  First ,  suc h model s mus t  b e abl e t o 
distinguis h th e concep t  o f  C A U S E fro m th e concep t  o f 
E N A B L E.  W e say ,  fo r  example ,  th e wav e (an d no t  th e 
keel )  cause d th e sailboa t  t o rock ,  whil e th e kee l  (an d 
not  th e wave )  enable d th e sailboa t  t o rock .  Th e precis e 
w ay i n whic h thes e tw o notion s diffe r  ha s bee n difficul t 
t o specify .  Contributin g t o thi s difficult y  i s th e fac t  tha t 
th e tw o concept s canno t  b e distinguishe d i n term s o f 
necessit y o r  sufficienc y (Chen g &  Novick ,  1991 ; 
Goldvar g &  Johnson-Laird ,  2001) .  I n th e abov e 
example ,  neithe r  th e wav e no r  th e kee l  alon e i s 
sufficient ,  bu t  bot h m a y b e necessar y fo r  th e boat' s 
rockin g t o occur .  Severa l  solution s t o thi s challeng e 
hav e bee n proposed ,  bu t  mos t  hav e no t  escape d 
criticis m (se e Chen g &  Novick ,  1991 ;  Goldvar g & 
Johnson-Laird ,  2001 ;  Wolff ,  Song ,  &  Driscoll ,  2002) . 

A secon d ke y proble m fo r  model s o f  causa l  meanin g 
concern s h o w th e concep t  o f  C A U S E i s represente d i n 
expression s tha t  refe r  t o specifi c  instance s o f  causation . 
M a ny model s o f  causatio n defin e causatio n i n term s o f 
probabilitie s (e.g. ,  Cheng ,  1997 ;  Chen g &  Novick , 
1991 ;  Glymour ,  2001) .  Suc h model s ar e wel l  suite d fo r 
explainin g th e meanin g o f  generi c statement s o f 
causation ,  tha t  is ,  statement s abou t  wha t  i s typicall y th e 
cas e i n multipl e occurrence s o f  a  particula r  event ,  a s i n 
Heavy snowmcl t  cause s river s t o flood.  Wha t  thes e theorie s 
do no t  handl e wel l  ar e expression s tha t  refe r  t o a  singl e 
instanc e o f  causation ,  a s i n Th e heav y snowmel t  cause d th e 
Colorad o t o flood.  Sentence s describin g singl e instance s 
expres s wha t  i s defmitel y tru e o f  a  particula r  event ,  no t 
what  i s  typicall y tru e o f  many .  Moreover ,  suc h 
sentence s ar e incompatibl e wit h th e non-occurrenc e o f 
th e resul t  (e.g. ,  flooding) ,  bu t  i f  causatio n i s inherentl y 
probabilistic ,  suc h non-occurrence s carmo t  b e strictl y 
rule d ou t  (Goldvar g &  Johnson-Laird ,  2001) . 

I n som e theorie s o f  causation ,  th e concep t  o f 
C A U SE i s define d i n suc h a  wa y tha t  i t  ca n b e use d i n 
description s o f  singula r  causation .  Fo r  example , 
accordin g t o Michott e (1963) ,  causatio n i s  inferre d 
from  th e perceptio n o f  a  transfe r  o f  motio n from  on e 
bal l  t o another-a n "ampliatio n o f  motion "  (p .  143) .  A 
relate d proposa l  i s  tha t  C A U S E i s inherentl y base d o n 
th e ide a o f  forc e an d tha t  th e occurrenc e o f  C A U S E 
involve s a  mechanis m b y whic h thi s forc e i s transmitte d 
(Ah n &  Kalish ,  2000 ;  Shultz ,  1982) .  Whil e thes e 
theorie s specif y propertie s tha t  coul d b e predicate d o f  a 
singl e even t  (an d ar e highl y relate d t o th e proposa l  w e 
make i n thi s paper) ,  the y d o no t  provid e u s wit h a  clea r 
solutio n t o th e ̂ rs t  proble m o f  causa l  meaning :  h o w th e 
notio n o f  C A U S E migh t  b e distinguishe d from  th e 
notio n o f  E N A B L E . '  Bot h C A U S E an d E N A B L E 
presumabl y involv e th e transferenc e o f  force . 

I n thi s paper ,  w e propos e a  mode l  o f  causa l  meanin g 
tha t  addresse s thes e tw o problems .  Thi s mode l 
represent s a  formalizatio n o f  th e Forc e Dynami c Mode l 
describe d i n Wolff ,  Son g an d Driscol l  (2002 ;  als o 
Wolf f  &  Song ,  2001) .  I n th e nex t  section ,  w e describ e 

'  Counterfactua l  theorie s o f  causatio n fiic e relate d problem s 
(se e Spcllma n &  Mandel ,  1999 ) 
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th e Forc e Dynami c Mode l  a s wel l  a s som e o f  th e 
empirica l  evidenc e i n suppor t  o f  it .  W e the n tur n t o a 
descriptio n o f  it s  formalization . 

The Force Dynamic Model of Causation 

A theor y o f  forc e dynamic s wa s firs t  propose d b y 
Talm y (1988) ,  an d ha s bee n elaborate d b y severa l  othe r 
researcher s (JackendofF ,  1991 ;  Kemmer  &  Verhagen , 
1994 ;  Pinker ,  1989 ;  Robertso n &  Glenberg ,  1998 ; 
Siskind ,  2000 ;  Verhage n &  Kemmer ,  1997) .  Fro m a 
forc e dynami c perspective ,  th e concep t  o f  C A U S E i s 
one member  o f  a  famil y o f  concept s tha t  includ e th e 
concept s o f  E N A B L E an d P R E V E N T,  amon g others . 
Wit h eac h o f  thes e concepts ,  ther e ar e tw o ke y players : 
an affecto r  an d a  patient. ^  Difference s amon g th e 
concept s ar e capture d i n term s o f  variou s pattern s o f 
tendency ,  relativ e strength ,  rest ,  an d motion . 

The Forc e Dynami c Mode l  specifie d i n Wolff ,  Son g 
and Driscol l  (2002 )  combine s tw o o f  Talmy' s (1988 ) 
cor e dimension s (Tendenc y & .  Result )  wit h a  dimensio n 
suggeste d b y Jackendof f  (1991) } 

Table 1: The Force Dynamic Model's representations 
of  CAUSE,  ENABLE,  &  PREVENT 

CAUSE 
ENABLE 
PREVENT 

Patien t  Tendenc y Affector-Patien t  Occuirenc e 
fo r  Resul t  Oppositio n o f  Resul t 

N 
Y 
Y 

Y 
N 
Y 

Y 
Y 
N 

As show n i n Tabl e 1 ,  thi s mode l  specifie s tha t  th e 
concept s o f  C A U S E,  E N A B L E ,  an d P R E V E NT ca n b e 
capture d i n term s o f  1 )  th e tendenc y o f  th e patien t  fo r 
th e result ,  2 )  th e presenc e o f  oppositio n betwee n th e 
affecto r  an d patient ,  an d 3 )  th e occurrenc e o f  th e result . 
I n causin g situation s (se e la) ,  fo r  example ,  th e tendenc y 
of  th e patient ,  th e boat ,  i s  no t  fo r  th e result ,  heeling .  Bu t 
becaus e th e tendenc y i s  oppose d b y th e affector ,  th e 
result ,  i.e. ,  heeling ,  occurs . 

(1) a. The blast caused the boat to heel. 
b.  Vitami n B  enable s th e bod y t o diges t  food . 
c.  Th e rai n prevente d th e ta r  from  bonding . 

In enabling situations, as in (lb), the tendency of the 
patient ,  th e body ,  i s  fo r  th e result ,  t o diges t  food .  Thi s 
tendenc y i s no t  oppose d b y vitami n B .  Rather ,  vitami n 
B assist s i n th e realizatio n o f  thi s tendency ,  whic h lead s 
t o th e occurrenc e o f  a  result .  I n situation s involvin g 
preventing ,  a s i n (Ic) ,  th e tendenc y o f  th e patient ,  th e 
tar ,  i s  toward s th e occurrenc e o f  th e result ,  bonding ,  bu t 

^  W e us e th e mor e familia r  term s affecto r  an d patien t  instea d 
of  antagonis t  an d agonis t  a s originall y use d i n Talm y (1988) . 
'  I n Talm y (1988 )  nearl y al l  interaction s involv e oppositio n 
whil e i n Jackendof f  (1991 )  thi s paramete r  i s  allowe d t o vary . 

thi s tendenc y i s  oppose d an d blocke d b y th e affector , 
and a s a  consequence ,  th e resul t  doe s no t  occur . 

Evidenc e i n suppor t  o f  th e Forc e Dynami c M o d e l 
As indicate d i n Tabl e I ,  th e Forc e Dynami c Mode l 
predict s tha t  eac h concep t  share s on e featur e i n 
c o m m on wit h eac h othe r  concept :  E N A B L E an d 
P R E V E NT bot h involv e patient s wit h a  tendenc y fo r 
th e result ;  C A U S E an d P R E V E NT bot h involv e 
opposition ;  an d C A U S E an d E N A B L E bot h lea d t o 
results .  Th e mode l  implies ,  then ,  tha t  th e thre e concept s 
shoul d b e equall y simila r  i n meaning .  Therefore ,  i f  w e 
wer e t o plo t  thes e concept s i n a  similarit y spac e i n 
term s o f  th e verb s tha t  encod e them ,  the y shoul d resid e 
roughl y equall y distan t  fro m on e another .  I n fact ,  thi s i s 
exactl y wha t  w e foun d whe n w e aske d peopl e t o sor t  4 8 
sentence s from  th e Britis h Nationa l  Coipu s tha t 
containe d 2 3 periphrasti c causativ e verb s (i.e .  verb s tha t 
patter n syntacticall y an d semanticall y lik e th e ver b 
cause ,  e.g. ,  make ,  enabl e an d prevent )  an d submitte d 
thei r  sort s t o a  multidimensiona l  scalin g program ^ 
(Wolffetal.,2002) . 

1 

Preven t  ^ ^ 

,  'WfSâ CoTEC T 

HOLD 

•  1 

1 1 

CAUSE 

AU-OVf0 LE T 

Enabl e 

1 1 
Figur e 1 :  M D S solutio n o f  periphrasti c causativ e verb s 

As Figure 1 shows, the periphrastic causative verbs 
i n Englis h fal l  int o thre e categories :  a  C A U S E categor y 
tha t  include s th e verb s cause ,  force ,  get ,  make ,  se t  an d 
stimulate ,  a n E N A B L E categor y tha t  include s th e verb s 
allow ,  enable ,  help ,  leave ,  let ,  an d permit ,  an d a 
P R E V E NT categor y tha t  include s th e verb s block , 
hinder ,  hold ,  impede ,  keep ,  prevent ,  protect ,  restrain , 
stop .  Importantly ,  th e cluster s associate d wit h thes e 
thre e concept s resid e roughl y equall y distan t  from  on e 
another ,  jus t  a s predicte d b y th e Forc e Dynami c Model . 
We hav e replicate d thes e result s fo r  specifi c an d 
generi c statement s o f  causation .  Thes e results ,  alon g 
wit h severa l  ratin g studies ,  lea d u s t o believ e tha t  th e 
Forc e Dynami c Mode l  capture s th e primar y semanti c 
dimension s underlyin g th e periphrasti c causativ e verbs , 
and th e ver b caus e i n particular . 

*  Multidimensiona l  scalin g i s a  procedur e tha t  locate s item s i n 
spac e s o tha t  thei r  distance s i n tha t  spac e reflec t  a s closel y a s 
possibl e thei r  measure d inter-ite m (dis)similarities . 
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T h e Vec to r  M o d e l  o f  Causat io n 

I n th e Vecto r  Model ,  th e notion s o f  tendency , 
oppositio n (here ,  concordance) ,  an d resul t  ar e 
represente d a s forc e vectors ,  thei r  resultan t  an d th e 
relationshi p o f  eac h forc e vecto r  t o a  targe t  positio n 
vector .  Th e mode l  i s describe d belo w fo r  physica l 
interaction s i n whic h th e patien t  ha s n o initia l  velocity . 
However ,  i t  i s  assume d tha t  i t  coul d b e extende d t o 
situation s i n whic h th e patien t  doe s hav e a n initia l 
velocit y (and ,  hence ,  m o m e n t u m ) .  I t  i s  als o assume d 
tha t  th e mode l  coul d b e extende d t o cove r  non-physica l 
kind s o f  causatio n (e.g. ,  social ,  psychological) . 

I n ou r  description ,  al l  vector s ar e type d i n boldfac e 
font ;  P » T denote s th e do t  produc t  o f  th e vector s P  an d 
T;  ||P| |  denote s th e magnitud e o f  P . 

I n th e cas e o f  physica l  causation ,  A  represent s a 
vecto r  tha t  specifie s th e forc e exerte d o n th e patien t  b y 
th e afFector ;  P ,  an y forc e produce d b y th e patien t  t o 
m o ve itself ,  o r  i n th e absenc e o f  suc h a  force ,  it s weigh t 
(e.g. ,  forc e pullin g i t  towar d th e earth )  and/o r  resistanc e 
t o motio n du e t o fiictional  forces ;  O ,  th e vecto r 
representin g th e summatio n o f  th e remainin g othe r 
force s actin g o n th e patien t  ̂  an d R ,  th e resultan t  forc e 
actin g o n di e patien t  base d o n th e vecto r  additio n o f  A , 
P an d O .  A n exanq)l e configuratio n i s show n i n Figur e 
2. 

A (affecto r  vector ) 

Targe t  locatio n 

o < ^ -(resultant ) 

Patien t  entit y 

0 (other forces) 

P (patien t  vector ) 

Figur e 2 :  Force s associate d wit h th e afFector ,  A , 
patient ,  P ,  an d othe r  forces ,  O ,  combin e t o produc e 
a resultan t  force ,  R ,  i n th e directio n o f  a  target . 

The target's location is specified in terms of a 
positio n vector ,  T .  W h e n th e targe t  an d patien t  ar e 
points ,  T  simpl y begin s a t  th e patien t  an d end s a t  th e 
target ,  a s s h o w n i n Figur e 3 . 

Targe t 
o o 

Patien t 

Figur e 3 :  T h e target' s locatio n i s specifie d b y 
a positio n vecto r  T . 

In the more general case in which the target is 
represented  b y a n area ,  th e target' s locatio n wou l d b e 
specifie d b y a  se t  o f  rea l  1 -  o r  2-dimensiona l  positio n 

^  Th e contributio n o f  othe r  forces ,  O ,  migh t  includ e force s 
^ o s c entitie s coul d serv e a s affector s o r  patient s i n othe r 
interactions ,  a s wel l  a s force s tha t  migh t  b e use d t o 
distinguis h betwee n periphrasti c causativ e verb s withi n a 
subcategor y (e.g. ,  hel p vs .  enabl e vs .  allo w vs .  let) . 

vectors ,  suc h tha t  ever y vecto r  from  th e patient' s 
positio n t o a  poin t  tha t  coul d b e considere d a  par t  o f  th e 
targe t  woul d b e a n elemen t  o f  tha t  set. ' 

For  thi s particula r  versio n o f  th e Vecto r  Mode l ,  w e 
assum e tha t  al l  o f  th e force s ar e constan t  wit h respec t  t o 
tim e an d spac e (i.e. ,  a/at[Z(x,y,t) ]  -  a/ax[Z(x,y,t) ]  -
5/ay[Z(x,y,t) ]  =  0  wher e Z  i s an y forc e i n thi s mode l ) , 
th e patien t  ha s n o initia l  velocity ,  an d {|P| |  an d IIT H >  0 . 

T h e mai n dimension s o f  th e Vecto r  M o d e l  ar e 
defme d i n Tabl e 2  fo r  patient s an d target s tha t  ca n b e 
construe d a s points ,  an d wher e ||A| |  >  0 . 

Table 2: Dimensions underlying the Vector Model 

Dimensio n Forma l  Definitio n 
Tendenc y (o f  patien t  Angl e betwee n P  an d T  =  0 ° 
fo r  th e target ) 
Concordanc e Angl e betwee n A  an d P  =  0 ° 
(o f  affecto r  &  patient ) 
Resul t  Angl e betwee n R  an d T  =  0 ° 

Rationale for the definitions Tendency - If the patient 
has a  tendenc y fo r  th e target ,  the n th e directio n o f  it s 
forc e vecto r  wil l  coincid e wit h th e directio n o f  th e 
positio n vecto r  T .  Thus ,  th e angl e betwee n th e vecto r  P 
an d T  wil l  b e 0° .  A  tes t  fo r  thi s possibilit y ca n state d 
wit h respec t  t o th e do t  produc t  o f  P  an d T .  Specifically , 
w h en th e patien t  ha s a  tendenc y fo r  th e target ,  P « T = 

||P||*||T|| \  an d w h e n i t  doe s not ,  P » T <  ||P|ri|T|| . 
Concordanc e -  Concordanc e concern s th e similarit y 

o f  th e forc e vector s associate d wit h th e affecto r  an d th e 
patient .  I f  th e affecto r  an d patien t  exer t  force s (o n th e 
patient )  i n th e sam e direction ,  the n the y ar e considere d 
t o b e i n concordance .  I n a  simila r  feshion  t o tendency , 
concordanc e ca n b e define d wit h respec t  t o th e do t 
product ,  bu t  thi s tim e betwee n P  an d A .  Specifically , 
w h en th e afFecto r  an d patien t  ar e i n concordance ,  P » A 
= ||P|n|A|| ,  an d w h e n the y ar e not ,  P » A <  ||P||*||A||. ' 

Resul t  -  A s wit h tendenc y an d concordance , 
occurrenc e o f  a  resul t  ca n b e define d i n term s o f  th e 
similarit y betwee n tw o vectors ,  bu t  thi s tim e betwee n R 
an d T .  W h e n th e angl e betwee n R  an d T  i s 0" ,  th e 
resul t  wil l  occur ,  assumin g al l  o f  th e force s actin g o n 

*  I n th e mor e genera l  cas e i n whic h th e targe t  i s  othe r  tha n a 
point ,  w e expec t  th e definitio n o f  concordanc e mus t  b e 
change d t o includ e a  certai n leve l  o f  angula r  toleranc e tha t 
woul d b e based ,  i n part ,  upo n th e relativ e siz e o f  th e targe t 
and it s proximit y t o th e patient . 
^  B y definitio n o f  th e do t  product ,  P « T =  ||F||*||T||*cos(e) , 
wher e B  i s th e angl e betwee n vector s P  an d T .  I n th e cas e 
wher e 6  i s  0° ,  th e equatio n become s P » T =  ||P|r||A||*cos(0'') , 
whic h reduce s t o P « T =  ||P|ri|T|| . 
'  W h e n concordanc e i s define d i n term s o f  th e do t  product ,  i t 
allow s fo r  a  specia l  typ e o f  concordanc e i n whic h ||A| |  =  0 . 
W h en ||A| |  =  0 ,  th e equalit y P » A =  ||P|ri|A| |  woul d hold . 
vAac h m a y b e representativ e o f  th e kind s o f  situation s 
referre d t o b y th e verb s let ,  allow ,  m A permit . 
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th e patien t  ar e constan t  wit h respec t  t o tim e an d ipace , 
as specifie d formall y above .  I n term s o f  th e do t  product , 
th e resul t  wil l  occu r  i f  R » T -  ||R|ri|T| |  an d wil l  no t 

occu r  i f  R.T<||R|r||T|| . 
As witf i  th e Forc e Dynami c Model ,  C A U S E, 

E N A B L E,  an d P R E V E N TT ar e define d wit h respec t  t o 
value s alon g thre e dimensions ,  specifie d i n Tabl e 3 ,  an d 
shar e on e featur e wit h eac h othe r  concept .  Thus ,  bot h 
model s predic t  tha t  th e thre e concept s shoul d b e equall y 
simila r  t o on e another . 

Table 3: The Vector Model's representations of 
CAUSE,  ENABLE,  &  PREVENT 

CAUSE 
ENABLE 
PREVENT 

Tendenc y o f  Concordanc e 
Patien t  ofAffecto r 

fo r  Targe t  &  Patien t 

Resul t 

N 
Y 
Y 

Y 
Y 
N 

Testin g th e Vecto r  M o d e l  o f  Causat io n 

Beyon d similarity ,  th e Vecto r  Mode l  make s prediction s 
abou t  th e vecto r  configuration s underlyin g verb s o f 
causation .  Thes e prediction s wer e teste d i n tw o 
experiments .  Participant s viewe d 3 D animation s o f  a n 
inflatabl e boat ,  th e patient ,  movin g acros s a  shallo w 
poo l  i n relationshi p t o a  half-submerge d cone ,  th e targe t 
(se e Figur e 4) .  Eac h animatio n ha d tw o mai n parts .  I n 
th e first,  th e boa t  move d fi-om  th e sid e o f  th e poo l  t o th e 
center .  Thi s par t  wa s include d t o establis h th e boat' s 
tendency .  I n th e secon d part ,  a  ban k o f  fan s (i.e. ,  th e 
affector )  starte d blowing .  Thus ,  i n th e secon d par t  o f 
ever y animation ,  th e forc e produce d b y th e boa t  itsel f 
was combine d wit h th e forc e exerte d o n th e boa t  b y th e 
fan s t o giv e ris e t o a  resultan t  forc e tha t  determine d th e 
boat' s directio n an d speed . 

Afte r  watchin g a n animation ,  participant s chos e 
among severa l  possibl e linguisti c descriptions .  W e 
predicted ,  pe r  di e Vecto r  Mode l  (an d it s compute r 
inqjlementation) ,  tha t  participant s woul d choos e a 
descriptio n containin g di e ver b caus e whe n th e boa t 
starte d movin g awa y fi-om  th e con e (Tendenc y =  N ) , 
but  wa s move d t o th e con e (Resul t  =  Y )  b y th e fan s 
blowin g b  a  directio n differen t  fi'om  th e directio n o f 
th e boa t  (Concordanc e =  N ) .  W e predicte d tha t 
participant s woul d choos e a  descriptio n containin g th e 
ver b hel p ( a typ e o f  E N A B L E verb ,  se e Figur e 1) ,  whe n 
th e boa t  move d toward s th e con e (Tendenc y =  Y )  an d 
ultimatel y reache d i t  (Resul t  =  Y )  whe n th e fan s ble w 
i n th e sam e directio n a s th e boat' s directio n o f  motio n 
(Concordanc e =  Y ) .  W e als o predicte d tha t  participant s 
woul d choos e a  descriptio n containin g th e ver b preven t 
when th e boa t  starte d toward s th e con e (Tendenc y =  Y ) 
but  di d no t  hi t  i t  (Resul t  =  N )  becaus e th e fan s ble w i t 
bac k o r  awa y fi-om  th e con e (Concordanc e =  N ) . 
Finally ,  w e predicte d tha t  whe n non e o f  th e abov e 

configuration s wer e instantiated ,  participant s woul d 
choos e "non e o f  th e above. "  Thes e prediction s wer e 
teste d fo r  one -  an d two-dimensiona l  interaction s i n 
Experiment s 1  an d 2 ,  respectively . 

»4V> 
1 i i  .  . i  _  .:.. . 

Figur e 4 :  Sampl e frame from  a n animatio n use d i n 
Experimen t  2  tha t  instantiate d a  "cause "  interactio n 

Experiment 1 

Method 

Participant s Th e participant s wer e 1 8 Universit y o f 
Memph i s undergraduates . 

Material s Eigh t  3 D animation s wer e mad e from  a n 
animatio n packag e calle d Discree t  3d s m a x 4 .  Th e 
directio n an d spee d o f  th e boa t  wa s calculate d b y a 
physic s simulato r  calle d Havo k Reactor .  I n eac h 
animatio n th e boa t  wa s initiall y  locate d fou r  boat -
length s awa y from  th e cente r  o f  th e pool .  I n th e firs t 
hal f  o f  th e animation ,  th e boa t  move d toward s th e 
center ,  ostensibl y unde r  it s o w n power .  Onc e th e boa t 
reache d th e center ,  th e fan s starte d blowing .  Th e 
animatio n ende d whe n th e boa t  hi t  th e con e o r  neare d 
th e sid e o f  th e poo l  (~ 4 second s total) . 

The to p o f  Tabl e 4  show s th e directio n an d relativ e 
magnitude s o f  th e forc e vector s associate d wit h th e 
affecto r  an d patien t  tha t  wer e entere d int o th e physic s 
simulator .  Th e affector .  A ,  an d patient ,  P ,  vector s wer e 
eithe r  i n th e directio n o f  th e targe t  o r  i n th e opposit e 
direction .  Th e magnitud e o f  th e othe r  force s vector ,  O , 
was se t  t o 0 .  I n hal f  o f  th e interactions ,  th e affecto r 
vecto r  wa s 1. 7 time s stronge r  tha n th e patien t 
(configuration s 1-4) ,  whil e i n th e remainin g interaction s 
th e strength s wer e reverse d (configuration s 5-8) . 

Procedur e Th e animation s wer e presente d i n rando m 
orde r  o n Wmdows-base d computers .  Afte r  eac h 
animation ,  participant s chos e a  sentenc e tha t  bes t 
describe d th e occurrence .  Al l  o f  th e sentence s wer e th e 
same ("Th e fan s th e boa t  t o [from ]  hit[ting ]  th e 
cone" )  excep t  fo r  th e verb ,  whic h wa s eithe r  caused , 
helpe d o r  prevented .  Anothe r  optio n wa s "non e o f  th e 
above. "  Participant s indicate d thei r  answer s b y clickin g 
a radi o butto n nex t  t o thei r  choice . 
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Tabl e 4 .  T h e vector s confiRuration s use d i n Experimen t  1 ,  alon e wit h associate d prediction s an d result s 

Configuratio n 

A n e c t o r ( ^ * ) 
Patien t  (—• ) 
Target(T ) 
Prediction s 

1 

T 4 — 

Hel p 

2 

Cause 

3 

Preven t 

4 

No vert ) 

5 

T A 

Hel p 

6 

< ^ 
T • 

No ver b 

7 

^  < — 

No vert ) 

8 

T - ^ 

No vert ) 

Result s 
Cause 
Hel p 
Preven t 
No ver b 

11 % 
89 % 

94 % 
6% 

100% 
100% 

6% 
94 % 

-
-

6% 
-
-

94 % 

-
11% 
6% 

83% 

-
-

6% 
94 % 

Result s an d Discussio n 

The prediction s o f  th e Vecto r  Mode l  wer e full y  born e 
out  b y th e results .  Th e botto m o f  Tabl e 4  show s th e 
percentag e o f  time s peopl e chos e eac h o f  th e fou r 
possibl e option s fo r  eac h o f  th e vecto r  configurations . 
Participant s chos e cause—a s oppose d t o th e othe r 
possibl e options—fo r  th e animatio n i n whic h th e boa t 
first  move d awa y from  th e con e bu t  wa s late r  pushe d 
baci c agains t  i t  b y th e fan s (configuratio n 2) ,  a  N-N- Y 
typ e o f  occurrenc e i n term s o f  tendency ,  concordanc e 
and resul t  (se c Tabl e 3) ,  x (̂3 ,  N=\% )  =  62 ,  p  <  .001 . 
Participant s chos e hel p whe n th e directio n o f  th e boa t 
and di e fan s wa s th e sam e (1 ,  5) ,  a  Y-Y- Y typ e o f 
occurrence ,  x\3 ,  A^18 )  =  116 ,  ; > <  .001 .  Participant s 
chos e preven t  whe n th e boa t  move d toward s th e con e 
but  wa s the n kep t  fro m hittin g i t  b y th e fian s (3) ,  a  Y-N -
N occurrence ,  x (̂3 ,  A^18 )  =  72 ,  p  <  .001 .  Finally , 
participant s chos e "non e o f  th e above "  whe n th e vecto r 
configuration s di d no t  ma p ont o an y on e o f  th e thre e 
mai n kind s o f  configurations ,  x (̂3 ,  N=19 )  =  237 ,  p  < 
.001 .  Importantly ,  participant s di d no t  choos e preven t 
wheneve r  th e boa t  misse d th e con e (4 ,  6 ,  8) .  Instead , 
preven t  wa s restricte d t o thos e situation s i n whic h th e 
boat  ha d a n initia l  tendenc y fo r  th e targe t  (3) .  Likewise , 
participant s di d no t  choos e caus e o r  enabl e whe n th e 
boat  simpl y hi t  th e con e (7) ,  bu t  onl y whe n th e vecto r 
configuration s matche d thos e define d b y th e model . 
Thus ,  th e Vecto r  Mode l  i s  capabl e o f  no t  onl y 
specifyin g distinc t  type s o f  causa l  concepts ,  bu t  als o 
distinguishin g betwee n causatio n an d non-causation . 

The result s strongl y suppor t  th e Vecto r  Model ,  bu t 
onl y i n th e cas e o f  interaction s occurrin g withi n a  singl e 
dimension .  I n Experimen t  2  w e examin e th e abilit y o f 
th e mode l  t o handl e two-dimensiona l  interactions . 

Experiment 2 

Method 

Participants .  Th e participant s wer e 1 8 Universit y o f 
Memphis undergraduates . 

Materials .  Te n 3 D animation s wer e mad e i n th e 
same wa y a s i n Experimen t  1  excep t  tha t  th e affecto r 
and patien t  forc e vector s wer e oriente d i n severa l 
direction s othe r  tha n directl y toward s o r  awa y fro m th e 
target ,  an d th e magnitude s o f  th e affecto r  an d patien t 
vector s wer e alway s th e same .  Th e te n vecto r 
combination s a t  th e to p o f  Tabl e 5  depic t  five 
combination s i n whic h th e patien t  vecto r  i s  oriente d 
away from  th e targe t  b y 45 °  (1-5 )  an d five 
combination s i n whic h th e patien t  vecto r  i s  oriente d 
toward s th e targe t  (6-10) .  Th e affecto r  vecto r  wa s 
oriente d from  180 °  t o 360 °  a t  45 °  intervals . 

Procedur e Th e procedur e wa s a s i n Experimen t  1 . 

Results 

The prediction s o f  th e Vecto r  Mode l  wer e supporte d 
onc e again .  Th e botto m o f  Tabl e 5  show s th e 
percentag e o f  time s peopl e chos e eac h o f  th e fou r 
possibl e option s fo r  eac h o f  th e vecto r  configurations . 
Participant s chos e caus e fo r  th e animatio n i n whic h th e 

Tabl e 5 .  Th e vector s configuration s use d i n Experimen t  2 ,  alon g wit h associate d prediction s an d result s 

COnfiguratto n 

Affecto r  (-*• ) 
Patien t  (—• ) 
Targe t  C O 
Predictton s 

Result s 
Cause 
Hel p 
Preven t 
No ver b 

1 

No vert ) 

100% 

2 

> 
Cause 

89 % 
11 % 

3 

No vert ) 

17 % 
83 % 

4 

No vert ) 

100 % 

5 6 

No vert )  Hel p 

11 % 
83 % 

11 % 
89% 6 % 

7 

Preven t 

9 4 % 
6% 

8 

Preven t 

9 4 % 
6% 

9 

89% 
11% 

10 

T - 4 

Preven t 

89% 
11% 
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boat  wa s no t  heade d fo r  th e con e bu t  hi t  i t  becaus e o f 
th e fan s (2 .  a  N-N- Y occurrence) .  x'(3 .  A^ I  8 )  -  53 .  p  < 
.001 .  Participant s chos e hel p whe n th e boa t  wa s heade d 
fo r  th e con e an d the n wa s assiste d i n hittin g i t  b y th e 
fens  (6 ,  a  Y-Y- Y occurrence) .  X^3 ,  AN18 )  =  44 ,  ;> < 
.001 .  Participant s chos e preven t  whe n th e boa t  wa s 
initiall y  heade d towar d th e con e bu t  wa s late r  blow n 
away from  i t  (7 ,  8 ,  9 ,  10 ,  a  Y-N- N occurrence) ,  x (̂3 , 
N=18)  =  229 ,  p  <  .001 .  Finally ,  participant e chos e 
"non e o f  th e above "  whe n th e vecto r  configuration s di d 
not  ma p ont o an y on e o f  th e thre e mai n kind s o f 

configurations(1 ,  3,4 ,  5),x^(3,N=IS )  =  23S,p < .001 . 

Conclusions 

I n thi s researc h w e propose d a  ne w mode l  o f  causa l 
meaning .  W e als o provide d empirica l  suppor t  fo r  thi s 
model  b y showin g tha t  people' s linguisti c description s 
of  animation s ar e wel l  accounte d fo r  b y th e mode l  an d 
it s compute r  implementatio n give n th e sam e forc e 
vector s a s thos e use d t o produc e th e animations . 

Accordin g t o th e Vecto r  Model ,  eac h kin d o f  causa l 
relatio n i s associate d wit h a  rang e o f  spatia l  geometrie s 
i n additio n t o a  particula r  tempora l  organization .  A s a 
consequence ,  th e mode l  i s abl e t o handl e causa l 
relation s tha t  ar e highl y problemati c fo r  probabilisti c 
models ,  i n particular ,  thos e i n whic h th e caus e an d 
effec t  occu r  simultaneousl y (Th e sun' s gravit y cause s 
th e eart h t o revolv e aroun d th e it) .  I n suc h situations ,  i t 
i s  difficul t  t o coun t  th e causin g an d resultin g event s fo r 
th e purpose s o f  calculatin g probabilities .  I n contrast ,  fo r 
th e Vecto r  Model ,  suc h situation s ar e no t  problemati c 
sinc e the y giv e rise  t o readil y identifiabl e vecto r 
configurations . 

The mode l  provide s a  ne w explanatio n fo r  wh y 
billiard-bal l  events ,  lik e th e one s studie d b y Michott e 
(1963) ,  ar e construe d a s causal .  Traditionally ,  thi s wa s 
explaine d i n term s o f  th e spatial-tempora l  contiguit y o f 
th e causin g an d resultin g events .  Clearly ,  spatial -
tempora l  contiguit y i s important :  withou t  it ,  ther e ca n 
be n o interactio n o f  (contact-type )  forces .  Bu t  spatial -
tempora l  contiguit y i s no t  particula r  t o causa l 
interaction s alone .  Accordin g t o th e Vecto r  Model , 
what  lead s peopl e t o describ e billiard-bal l  event s a s 
causa l  i s  tha t  th e patien t  resist s movin g (Tendency=N) , 
th e affecto r  oppose s thi s tendenc y (Concordance=N) , 
and th e patien t  end s u p movin g (Result=Y) . 

I n sum ,  th e Vecto r  Mode l  i s abl e t o addres s severa l 
importan t  problem s i n th e causatio n literatur e i n 
additio n t o th e tw o problem s discusse d i n th e 
introduction :  th e distinctio n betwee n C A U S E an d 
E N A B LE an d th e expressio n o f  singula r  causation .  I t 
als o take s u s a  ste p close r  toward s understandin g ho w 
physica l  interaction s ma y b e construe d fo r  th e purpose s 
of  language . 
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Abstrac t 

Despite growing interests in the acquisition of Chinese 
otthogniphy ,  fe w studie s hav e modele d th e acquisitio n 
proces s usin g connectionis t  networks .  Thi s stud y use s a 
self-organizin g connectionis t  mode l  t o simulat e children' s 
learnin g o f  Chines e characters .  Ther e ar e tw o majo r  goal s 
of  ou r  study :  (1 )  T o evaluat e th e degre e t o whic h 
connectionis t  model s ca n infor m u s o f  th e comple x 
structura l  an d processin g propertie s o f  th e Chines e 
orthography .  On e o f  th e mos t  difficul t  task s i n achievin g 
thi s goa l  i s  ho w t o faithfull y captur e th e orthographi c 
similaritie s o f  Chines e characters .  We derive d ou r  characte r 
representation s o n th e basi s o f  analyzin g a  large-scal e 
characte r  databas e tha t  ca n b e readil y mappe d t o schoo l 
children' s orthographi c acquisition .  (2 )  T o tes t  th e utilit y  o f 
self-organizin g neura l  networic s i n orthographi c acquisition . 
Most  previou s connectionis t  model s o f  orthographi c 
processin g hav e relie d o n th e us e o f  feed-forwar d networks . 
Result s fro m ou r  simulation s presen t  positiv e evidenc e fo r 
bot h o f  ou r  goals .  I n particular ,  w e sho w tha t  ou r  mode l 
demonstrate s earl y regularit y effect s an d frequenc y effect s 
i n th e acquisitio n o f  Chines e characters ,  matchin g u p wit h 
acquisitio n pattern s fro m empirica l  research . 

Introduction 

In recent years there have been growing interests in 
th e psycholinguisti c stud y o f  orthographi c acquisitio n i n 
Chines e (se e Yan g &  Peng ,  1997 ;  Sh u &  Anderson ,  1998 ; 
Shu,  Anderson ,  &  W u ,  2000) .  A  uniqu e featur e o f  th e 
Chines e orthogr^h y i s tha t  i t  use s character s rathe r  tha n 
alphabeti c letter s a s th e basi c writin g unit ,  i n squar e 
configuration s tha t  m a p mostl y ont o meaningfu l 
morphemes rathe r  tha n spoke n phonemes .  Processin g o r 
acquisitio n withi n thi s "fractal "  organizatio n o f  character s 
m ay diffe r  i n importan t  way s fro m tha t  o f  Englis h an d 
othe r  alphabeti c language s (Sh u &  Anderson ,  1998) . 
Ther e ar e fou r  majo r  type s o f  Chines e characters : 
pictographic ,  referential ,  associativ e compounds ,  an d 
ideophoneti c compounds .  Th e las t  type ,  als o know n a s 

th e semantic-phoneti c compound s or ,  simply ,  phoneti c 
compounds ,  i s th e mos t  interestin g an d important .  I n th e 
Dictionar y o f  Moder n Chines e Frequen t  Character s 
(Nationa l  Languag e Commission ,  1988) ,  ther e ar e 5,63 1 
ideophoneti c characters ,  accountin g fo r  8 1 % o f  th e tota l 
7,00 0 frequen t  character s i n th e dictionar y (L i  &  Kang , 
1993) .  Shu ,  Chen ,  Anderson ,  W u ,  an d Xua n (i n press ) 
collecte d 2,57 0 character s liste d i n th e Elementar y Schoo l 
Textbook s use d i n Beijin g t o establis h th e "Schoo l 
Chines e Corpus" .  The y categorize d an d labele d ever y 
characte r  i n thi s corpus ,  o n dimension s suc h a s phoneti c 
part ,  phoneti c type ,  positio n o f  th e phoneti c par t  i n th e 
character ,  ag e a t  whic h th e characte r  i s taught ,  an d 
frequency  o f  th e character .  Sh u e t  al.' s  analyse s reveal 
tha t  mos t  o f  th e Chines e character s taugh t  i n elementar y 
school s ar e ideophonetics ,  a s show n i n Tabl e 1 . 

Table 1 Ratios of ideophonetics in each grade 
(Shu ,  Chen ,  Anderson ,  W u ,  &  Xuan ,  i n press ) 

Grad e 
Rati o 

1 
.4 5 

2 
.7 0 

3 
.7 6 

4 
.8 4 

5 
.8 6 

6 
.81 

Mean 
.7 4 

Give n th e prominenc e o f  ideophonetic s i n Chines e 
orthography ,  i t  i s  thu s importan t  fo r  u s t o understan d th e 
function s o f  thes e characters .  Ideophonetic s consis t  o f 
tw o majo r  components :  th e semanti c par t  (ofte n calle d a 
radical )  tha t  give s informatio n abou t  th e character' s 
meaning ,  an d th e phoneti c par t  tha t  give s partia l 
informatio n abou t  th e whol e character' s pronunciation . 
We sa y "partial" ,  becaus e th e phoneti c radica l  ma y o r 
may no t  indicat e th e tru e pronunciatio n o f  th e whol e 
character ,  i n on e o f  thre e ways :  (a )  Regular :  th e whol e 
characte r  i s pronounce d th e sam e a s th e phoneti c radica l  i n 
isolatio n -  tha t  is ,  th e sam e a s th e phoneti c radic d whe n i t 
i s bein g use d a s a  simpl e character ;  fo r  exan^le ,  "^/qingl / 
and "W/qingl/" .  (b )  Semi-regular :  th e whol e characte r  i s 
pronounce d partl y a s th e phoneti c radical ,  wit h a  differen t 
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ton e (cjt. .  "ii/qingS /  an d "W/qingl/") ,  a  differen t  onse t 
(eg. ,  "W/jingl /  an d "W/qingl/") ,  o r  a  differen c fina l  (eg. . 
"»/shal /  an d "::>/shao3/") .  (c )  Inegular :  th e whol e 
characte r  i s pronounce d con l̂etel y differentl y fro m th e 
phoneti c radica l  (e.g. ,  "ffS/ctal /  an d "W/qingl/") -  Thes e 
pattern s o f  (ir)regularitie s i n th e pronunciation s o f 
ideophonetic s influenc e tfie  recognitio n an d processin g o f 
Chines e characters ,  a  phenomeno n know n a s th e regularit y 
effe a i n th e literature . 

Previou s studie s hav e examine d regularit y effect s i n 
children' s acquisitio n o f  Chines e characters .  Shu , 
Anderson ,  an d W u (2(XX) )  showe d tha t  childre n displa y 
regularit y effect s whe n the y ar e require d t o writ e dow n 
th e pronunciation s o f  Chinese  characters :  the y perfor m 
bette r  o n regula r  character s (typ e a  discusse d above )  tha n 
on irregula r  character s (type s b  an d c) .  W h e n childre n se e 
unfamilia r  characters ,  the y ofte n exploi t  th e 
pronunciatio n o f  th e phoneti c radica l  a s a  possibl e 
readin g o f  th e whol e character ,  an d thi s abilit y  increase s 
wit h schoo l  grade .  Yan g an d Pen g (1997 )  als o foun d 
regularit y effect s i n children' s spee d o f  namin g 
characters :  childre n i n Grad e 3  nam e regula r  character s 
more rapidl y tha n irregula r  characters ,  bu t  b y Grad e 6 , 
the y nam e bot h type s o f  character s equall y quickly . 
Frequenc y als o play s a n importan t  rol e i n interactin g wit h 
th e regularit y o f  characters ;  fo r  example ,  Sh u an d W u 
(1996 )  showe d tha t  childre n i n Grad e 3  displa y n o 
regularit y effect s o n character s o f  lo w frequency ,  whil e 
childre n i n Grade s 4  an d 6  do .  Finally ,  Shu ,  Zho u an d W u 
(2(X)0 )  foun d tha t  youn g childre n develo p from  earl y o n 
phonologica l  awarenes s o f  th e structure s o f  character s 
and th e function s o f  th e phoneti c an d semanti c radicals . 
Some 4" "  grader s alread y star t  t o acquir e th e awarenes s o f 
th e consistenc y o f  phoneti c radicals ,  an d b y Grad e 6  thi s 
awarenes s become s mor e transparent . 

The above-mentione d propertie s o f  Chines e 
character s an d th e acquisitio n profile s therei n len d 
themselve s naturall y t o connectionis t  modeling .  Give n 
th e discrepanc y betwee n regula r  an d irregula r  characters , 
do w e neei d t o assum e dua l  mechanism s t o handl e th e tw o 
type s o f  character s i n acquisitio n (a s symboli c theorist s 
woul d lik e t o argue) ? O r  rather ,  ca n w e assum e a 
connectionis t  learnin g mechanis m tha t  ca n captur e th e 
acquisitio n o f  bot h type s o f  characters ? Previou s researc h 
i n Englis h ha s examine d thes e issue s i n languag e 
acquisitio n an d orthographi c processin g (e.g. ,  Plaut , 
McClelland ,  Seidenberg ,  &  Patterson ,  1996 ;  Seidenber g 
& McClelland ,  1989) .  However ,  du e t o th e difficult y i n 
representin g th e comple x structur e o f  th e Chines e 
orthography ,  ther e ha s bee n ver y littl e researc h i n thi s 
domai n i n Chinese .  I n thi s study ,  w e mak e a n initia l 
attemp t  t o mode l  th e acquisitio n o f  Chines e orthography , 
i n particular ,  th e regularit y effec t  i n acquisitio n (a s 
reporte d i n empirica l  studies )  wit h a  neura l  network . 

Most  previou s connectionis t  model s o f  orthographi c 
processin g hav e relie d o n th e us e o f  feed-forwar d 
networks ,  typicall y wit h th e back-propagatio n learnin g 
algorith m (e.g. ,  Seidenber g &  McClelland ,  1989) . 
Recently ,  a  numbe r  o f  studie s hav e explore d self -
organizin g neura l  network s a s viabl e model s o f  languag e 
processin g an d languag e acquisitio n (Anderson ,  1999 ; 
Miikkulainen ,  1993 ,  1997 ;  Li ,  1999 ,  2000) .  Self -
organizin g network s ar e particularl y wel l  suite d fo r  th e 
stud y o f  languag e acquisition ,  du e t o thei r  biologica l 
plausibility ,  unsupervise d learning ,  an d th e abilit y  t o 
develo p semanti c structure s  (Li ,  2002) . 

I n thi s study ,  w e us e a  self-organizin g featur e m a p 
model  develope d b y Miikkulaine n (1997) ,  originall y fo r 
modelin g disordere d lexicon s (DISLEX) .  D ISLE X relie s 
on principle s o f  self-oî ganizatio n an d Hebbia n learning .  I n 
thi s model ,  differen t  featur e map s dedicate d t o differen t 
type s o f  linguisti c informatio n (orthography ,  phonology ,  o r 
semantics )  ar e connecte d throug h associativ e link s vi a 
Hebbia n learning .  T o mode l  orthogn^hi c processing ,  a n 
inpu t  patter n activate s a  grou p o f  unit s o n th e orthogr^hi c 
inpu t  m ^ ,  an d th e resultin g bubbl e o f  activit y propagate s 
thix)ug h tiie  associativ e link s an d cause s a n activit y bubbl e 
t o for m i n th e otfie r  ma p (semanti c o r  phonological) .  Fig .  1 
present s a  diagrammati c sketc h o f  di e model' s readin g 
proces s from  seein g th e orthographi c representatio n o f  do g 
t o th e comprehensio n o f  th e word' s meaning . 

oriftn«K«Btil i  Inaii l  n r n 

tuju t 

M e t h o d 

Architectur e 

Fig. l  Readin g comprehensio n ofdo j  i n DISLE X 
(Miiklculainen ,  1997 ;  reproduced  wit h author' s permission ) 

I f  th e directio n o f  th e associativ e propagatio n i s fro m 
orthogr^h y t o semantics ,  comprehensio n i s modeled ,  a s 
shown i n Fig .  1 ;  productio n i s modele d i f  i t  goe s from 
semantic s t o orthogrsqjhy .  I n ou r  simulations ,  w e examin e 
th e associativ e propagatio n from  orthogr^h y t o phonolog y 
t o mode l  th e characte r  namin g proces s i n th e acquisitio n o f 
ideophonetic s b y Chinese-spealdn g children .  A t  tfiis  stag e 
our  mode l  ha s no t  ye t  include d semanti c information . 

Input Representation 

Ther e ar e a  fe w genera l  propertie s o f  Chines e 
character s tha t  ar e importan t  fo r  u s t o conside r  fo r  thei r 
accurat e representations .  (1 )  The y ar e structurall y complex . 
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Th e bas k unit s o f  character s ar e stroke s an d components .  A 
fe w simpl e stroke s ca n mak e u p a  component ,  o r  a 
character ,  (2 )  The y ar e combinatoriall y  complex . 
C o m p o u nd character s hav e tw o t o ove r  te n components , 
and thes e con^nen t s combin e t o for m a  characte r 
accordin g differen t  rule s i n a  hierarchicall y organize d 
structure ;  (3 )  Th e majorit y o f  Chines e character s ar e 
ideophoneti c con^x)unds ,  a s discusse d i n Introduction ;  an d 
(4 )  O n e characte r  correspond s t o on e monosyllabl e i n 
spoke n language . 

Phonologica l  Representat ion .  Accordin g t o 
tradition s i n Chines e linguistics ,  th e monosyllabl e o f  eac h 
characte r  consist s o f  thre e parts :  initial ,  final,  an d ton e 
(se e "Dibl e 2) .  Initia l  i s  usuall y a  consonant .  Fina l  consist s 
of  a t  leas t  th e nucleu s vowel ,  sometime s wit h o r  withou t 
a hea d vowe l  o r  a  tai l  vowel .  T h e nucleu s vowe l  m a y b e 
on e singl e p h o n e m e o r  a  diphthon g (tw o phonemes) . 
Lexica l  tone s ar e supra-segmental ,  impose d o n th e initia l 
an d th e final .  I n ou r  representation  scheme ,  w e represent 
eac h phonem e (consonan t  o r  vowel )  b y 5  dimension s o r 
features ,  an d eac h featur e b y th e phoneme' s articulator y 
pro{>ertie s o n a  continuou s scal e fro m 0  t o 1  (Tabl e 3) . 
Th e overal l  metho d o f  representation  i s  simila r  t o PatPho , 
a phonologica l  representatio n schem e fo r  Englis h 
describe d b y L i  an d M a c W h i n n e y (2002) . 

Table 2 Structure of the syllable and representation 

Fina l 
Initia l 

Sdim . 

Head 
Vowel 
5 di m 

Nucleu s 
Vowel 

5 +5dim s 

Tai l 
Vowel 
Sdi m 

Tone 

Sdim . 

Wit h thi s metho d w e ca n represen t  al l  Chines e 
monosyllable s wit h ton e ( a tota l  o f  1335) ,  eac h o f  whic h 
on a  30'dimensiona l  featur e vector .  Tabl e 3  list s th e 
articulator y feature s w e use d t o represen t  th e Chines e 
phonemes . 

Table 3 Articulatory features on 5 dimensions (D1-D5) 
fo r  th e representatio n o f  Chines e phonemes * 

D1 

D2 

D3 

D4 
D5 

vowel  voice d voiceles s 
0. 1 0.7 5 1. 0 

bilabia l  I^io -
denu l 

0.14 3 0.28 6 
roun d nasa l 

0.14 3 0.28 6 
hig h nii d 

0.33 3 0.66 6 
fron t  centra l 

0.2 5 0. 5 

fron t 

0.42 9 
sto p 

0.42 9 
lo w 
1. 0 

central -
bac k 
0.7 5 

centra l  bac k palata l  vela r 

0.57 2 0.71 5 0.85 8 1. 0 
fricativ e affricat e retrofle x latera l 

0.57 2 0.71 5 0.85 8 1. 0 

bac k 

1. 0 
•  Number s indicat e dimensiona l  value s fo r  eac h featur e 

Orthographic Representation. To accurately 
represen t  Chines e orthograph y i n featur e vector s ha s 

prove n a  ver y challengin g task ,  an d thi s m a y hav e bee n 
th e primar y reason  fo r  th e lac k o f  modelin g researc h i n 
thi s domain ,  a s w e pointe d ou t  earlier .  Th e onl y large -
scal e attemp t  i n thi s respec t  wa s C h e n &  Pen g (1994) . 
The y use d 3 0 featur e unit s t o represen t  th e variou s 
component s o f  abou t  1,10 8 Chines e characters .  Thei r 
representatio n scheme ,  however ,  i s  stil l  insufficien t  fo r 
ou r  purpose s o f  modelin g children' s developmen t  i n 
characte r  acquisition .  T o overcom e thi s bottlenec k 
problem ,  w e di d a  detaile d analysi s o f  al l  th e character s 
i n th e U C S Chines e Characte r  Databas e (Standard s 
Press ,  1994 )  an d examine d th e strokes ,  components ,  an d 
structure s o f  thes e characters . 

T h e U C S Chines e Characte r  Databas e contain s 
informatio n abou t  th e structur e an d component s fo r  eac h 
of  th e 20,90 2 Chines e character s use d i n China ,  Japan , 
and Korea .  Thi s information  include s th e hierarchicall y 
ordere d sequence s o f  eac h componen t  w h e n character s 
ar e decompose d int o smalle r  unit s o f  strokes .  Othe r 
informatio n include s pronunciatio n o f  th e character ,  first-
leve l  categorizatio n o f  th e character ,  n u m b e r  o f 
components ,  numbe r  o f  strokes ,  an d frequenc y o f  usage . 
T h e databas e list s S6 0 basi c component s fo r  th e 20,90 2 
Chines e characters ,  includin g th e character' s structura l 
features ,  shap e features ,  positio n o f  components ,  numbe r 
of  componen t  strokes ,  etc .  Mos t  relevant  fo r  ou r  stud y i s 
th e information  abou t  phoneti c radical s i n ideophoneti c 
characters .  Thi s include s th e positio n o f  th e phoneti c 
radica l  i n th e character ,  whethe r  th e positio n o f  th e 
radica l  i s  fixed ,  an d th e relationshi p betwee n th e 
pronunciatio n o f  th e phoneti c radica l  an d tha t  o f  th e 
character .  Finally ,  th e databas e contain s informatio n 
abou t  th e frequenc y o f  eac h characte r  i n elementar y 
schoo l  texts ,  a s wel l  a s som e o f  th e origina l  texts . 

On th e basi s o f  ou r  analyse s o f  thi s database ,  w e 
represente d eac h ideophoneti c Chines e characte r  wit h a 
60-uni t  featur e vector ,  alon g th e dimension s a s depicte d 
i n Fig.2 . 

^ ^ 

soun d o f  flK 
ciiradf f 

^ 

•  1  1 

^ ^ 

.  .  ..̂ . 
SOHl 
phone 

01 H E 
li e 

^ ^ 

UliyUOlll! ) 

fatuies dvp e skudui e paado n stok e 

Fig. 2 Orthographi c representatio n o f  character s 

T h e firs t  6  unit s represen t  th e soun d o f  th e 
character ,  whil e th e secon d 6  unit s represen t  th e soun d o f 
th e phoneti c radicals .  Th e purpos e o f  thes e phonologica l 
unit s i s  t o se e h o w m u c h overla p ther e i s  betwee n th e 
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pronunciatio n o f  th e phoneti c radica l  an d tha t  o f  th e 
whol e character .  Th e nex t  4 8 unit s ar e use d t o represen t 
componen t  features ,  shapes ,  strok e structures ,  positio n o f 
radicals ,  an d strok e numbers .  Fo r  example ,  componen t 
feature s includ e single ,  separate ,  crossing ,  an d 
connecting ;  positio n o f  radical s include s top ,  bottom ,  left -
side ,  right-side,  middle ,  an d inner ,  etc .  Th e las t  uni t  i s 
use d fo r  strok e numbers ,  an d t o determin e th e valu e o f 
thi s unit ,  w e analyze d th e numbe r  o f  stroke s o f  character s 
i n ou r  database .  Give n tha t  mos t  o f  th e character s ar e 
betwee n 1  t o 1 0 strokes ,  character s wit h 1 0 o r  mor e 
stroke s ar c represente d a s 1.0 ,  an d th e res t  a s value s (i n 
decrement s o f  .1 )  correspondin g t o th e numbe r  o f  stroke s 
(i.e. ,  0. 9 fo r  character s wit h 9  strokes ,  0. 8 fo r  character s 
wit h 8  strokes ,  an d s o on) . 

Materiadls and Procedure 

Materials .  Th e basi c trainin g material s consis t  o f 
group s o r  familie s o f  Chines e character s -  character s i n 
th e sam e famil y hav e th e sam e phoneti c radicals , 
sometime s includin g th e radica l  itsel f  a s a  character . 
Becaus e w e ar e modelin g elementar y schoo l  children' s 
acquisitio n o f  characters ,  th e amoun t  o f  characte r  familie s 
diffe r  fo r  differen t  grades ,  an d th e sam e famil y m a y als o 
contai n differen t  number s o f  famil y members ,  accordin g 
t o ou r  analysi s o f  th e Schoo l  Chines e Corpu s (Sh u e t  al. , 
i n press) .  W e selecte d familie s o f  character s fro m th e 
elementar y textbook s fo r  Grade s 1,3 ,  an d 5  a s th e basi c 
material s i n ou r  training .  Character s ar e selecte d a s ou r 
inpu t  material s  (a )  i f  the y hav e bee n learne d i n o r  befor e 
thi s grade ,  o r  (b )  i f  th e famil y include s al l  ideophoneti c 
character s tha t  hav e bee n learne d before .  Tabl e 4  show s 
th e compositio n o f  ou r  trainin g materials ,  base d o n dept h 
of  learnin g i n schoo l  grades . 

Table 4 Selected characters and family compositions 

Grad e Tota l 
character s 

#o f 
familie s 

One 
Thre e 
Fiv e 

306 
305 
300 

214 
139 
113 

M e an member s 
of  a  famil y 

2.3 5 
4 3 3 
5.6 4 

represenutio n o f  th e characte r  wa s als o co-activate d wit h 
it s orthographi c representation.  A s th e networ k receive d 
inpu t  an d continue d t o self-organiz e o n eac h m a p ,  i t 
simultaneousl y learne d associativ e connection s betwee n 
maps throug h Hebbia n learning :  initially ,  al l  unit s o n th e 
phonologica l  m a p wer e full y connecte d t o al l  unit s o n th e 
orthographi c map ;  a s learnin g continued ,  onl y th e unit s 
tha t  wer e co-activate d i n respons e t o th e input s wer e 
associated .  A s th e en d o f  learning ,  th e networ k shoul d 
hav e create d compresse d n e w representation s i n th e 
correspondin g map s fo r  al l  th e input s an d linke d th e 
phonologica l  representatio n t o it s orthographi c pattern . 
Al l  simulation s wer e conducte d wit h th e D I S L E X 
simulato r  (Miikkulainen ,  1999) . 

Testing .  Onc e th e networ k ha s complete d self -
organizin g o n th e phonologica l  an d orthographi c input s 
and ha s learne d th e associativ e connections ,  w e teste d th e 
model' s performanc e b y presentin g th e networ k wit h 1 6 
ideophoneti c characters .  W e inputte d th e orthographi c 
and phonologica l  pattern s o f  thes e 1 6 character s t o th e 
traine d an d well-settle d networ k t o tes t  th e outpu t 
pronunciation s o f  th e character s i n th e mode l  (se e Fig .  1) . 
No learnin g take s plac e a t  thi s stage .  Fo r  eac h grade ,  a 
tota l  o f  4 8 character s wa s teste d i n th e model ,  i n thre e 
batches :  1 6 hig h frequenc y characters ,  1 6 lo w frequency 
characters ,  an d 1 6 ne w character s tha t  hav e no t  b e 
learne d b y th e grad e bein g tested . 

Results and Discussion 

Tabl e 5  show s th e overal l  performanc e o f  th e 
networ k afte r  i t  wa s traine d fo r  35 0 epoch s o n al l 
character s correspondin g t o eac h o f  th e thre e grade s 
bein g considered .  Thes e result s sho w tha t  th e networ k 
achieve d a n averag e o f  7 6 % accurac y fo r  orthographi c 
representations ;  fo r  phonologica l  representations ,  i t 
reache d a n averag e o f  7 9 % accuracy ,  an d fo r  th e 
associativ e connection s from  orthograph y t o phonolog y i t 
achieve d a n averag e o f  9 3 % accuracy ,  a  highl y successfu l 
namin g ability . 

Table 5 Percent accuracy on orthography, phonology, 
an d associativ e connection s i n th e mode l  afte r  trainin g 

Thiining .  Eac h batc h o f  character s correspondin g t o 
eac h grad e wa s submitte d t o th e model ,  traine d fo r  35 0 
epoch s fo r  th e self-organizatio n o f  phonologica l 
representations  an d o f  orthographi c representations .  Upo n 
trainin g o f  th e network ,  a  phonologica l  representation  o f 
a characte r  wa s inputte d t o th e network ,  an d 
simultaneously ,  th e orthographi c representatio n o f  th e 
same characte r  wa s als o presente d t o th e network .  B y 
way o f  self-organization ,  th e networ k forme d a n activit y 
on th e phonologica l  m a p i n response  t o th e phonologica l 
input ,  an d a n activit y o n th e orthographi c m a p i n 
respons e t o th e orthographi c input .  Th e phonologica l 

Grad e 

One 
Thre e 
Fiv e 

Ortho . 
m ap 
75. 6 
71. 7 
80. 2 

Phono . 
m ap 

Associativ e 
orth o .->phono . 

78. 4 
76. 2 
82 

9 0 5 
93. 7 
95 

Thus ,  afte r  training ,  th e mode l  develope d clearl y 
structure d representation s fo r  bot h th e phonologica l  an d 
orthographi c inpu t  patterns .  Fig .  3  show s a n exampl e 
from  th e orthographi c m a p traine d o n Grad e 5  character s 
(onl y a  portio n o f  th e entir e m a p i s show n her e du e t o 
spac e limit) . 
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Tabl e 6  Interactio n betwee n regularit y an d frequency 

Fig .  3  Orthographi c ma p traine d o n Grad e 5  character s 

I n Fig .  3 ,  i t  ca n b e see n tha t  clea r  familie s o f 
character s emerge d i n th e m a p afte r  th e networ k wa s 
traine d fo r  30 0 epoch s o n th e Grad e 5  characters .  Fo r 
example ,  on e grou p o f  character s o n th e lowe r  right-han d 
comer  represen u th e "^/bian3 "  famil y wit h "w/pian4 " 
"S/bianl" ,  "iS/pianl" ,  "*6/bianl" ,  "S/pian" ,  whil e th e 

othe r  grou p o n th e uppe r  righ t  han d o f  th e m a p represent s 
th e "-a/htl "  famil y with"H/he2 "  ,"S /̂gel",etc . 

To se e th e model' s abilit y  i n characte r  naming ,  w e 
teste d th e accurac y o f  it s  namin g o f  regula r  an d irregula r 
character s fo r  Grade s 1,3 ,  an d 5 ,  wit h regula r  characte r 
bein g on e tha t  ha s exactl y sam e pronunciatio n a s it s 
phoneti c radica l  (se e Introduction) .  Th e ratio s o f  namin g 
accurac y ar e presente d i n Fig .  4 ,  o n whic h w e ca n mak e 
severa l  observations :  (a )  th e model' s namin g accurac y 
increase s ove r  tim e fo r  bot h regula r  an d irregula r 
characters ;  (b )  th e differenc e i n namin g accurac y betwee n 
regula r  an d irregula r  character s als o increase s acros s 
grade ;  an d (c )  regularit y effec t  doe s no t  exis t  fo r  Grad e 1 
but  become s transparen t  fo r  Grade s 3  an d S .  Thes e result s 
matc h u p wel l  wit h th e empirica l  pattern s observe d b y 
Shu e t  a l  (2000) . 

regula r 

irregula r 

grade l grade s grade s 

Fig .  4  Namin g accurac y fo r  regula r  an d irregula r  character s 

Interestingly, the regularity •ffect shown in Fig. 4 is 
modulate d b y characte r  frequency .  Amp l e empirica l 
evidenc e suggest s tha t  frequenc y effec t  interact s wit h 
regularit y effec t  i n characte r  acquisitio n (Shu ,  Anderson , 
& W u ,  2000) .  Tabl e 6  show s tha t  regularit y effec t  i n th e 
model  i s  onl y margina l  fo r  hig h frequenc y characters ,  bu t 
i s  muc h cleare r  fo r  lo w frequenc y character s an d nove l 
character s (whos e frequenc y i s unluraw n t o th e network) . 

Finally ,  w e analyze d th e network' s erro r  type s i n 
namin g irregula r  characters .  I n namin g ideophoneti c 
characters ,  childre n a s wel l  a s ou r  networ k coul d us e a 

FrvQuenc v 

Low frequency 
N e w character s 

Regula r Irregula r 

.8 8 

.7 5 

.3 3 

.8 3 

.4 6 

.1 7 

variet y o f  method s t o ge t  a t  th e pronunciatio n o f  th e 
inegula r  character .  Thes e method s allo w u s t o discer n 
regularit y effect s i n readin g acquisition .  Ther e ar e 
basicall y thre e majo r  method s the y coul d use :  (1 )  readin g 
th e irregula r  characte r  a s th e pronunciatio n o f  it s  phoneti c 
radica l  (e.g. ,  "ffi/cheng2 "  a s "S/dengl") ;  (2 )  readin g th e 
characte r  a s anothe r  characte r  havin g a  simila r 
orthoKraphy/radica l  i n th e sam e famil y (e.g. ,  "*/bianl " 
as "W/pianl") ;  an d (3 )  readin g th e characte r  a s othe r 
irrelevan t  character s (e.g. ,  " W z o n g l "  a s "^/kai3") . 
Tabl e 7  show s th e rati o o f  th e network' s erroneou s 
namin g o f  irregula r  character s fo r  eac h grade ,  a s a 
functio n o f  namin g method s (M l  =  Metho d (1) ;  M 2 = 
Metho d (2) ;  an d M 3 =  Metho d (3)) . 

Table 7 Network's naming for irregular characters 

Grad e 

One 
Thre e 
Fiv e 

Irregula r  Characte r  Namin g Error s 

Ml  M 2 M 3 
.0 6 .2 5 .6 9 
.3 6 .4 6 .1 8 
.3 0 .5 0 .2 0 

Tabl e 7  show s severa l  interestin g patterns .  First ,  fo r 
Grad e 1  th e network' s error s ar e mainl y base d o n Metho d 
3,  i.e. ,  readin g character s a s irrelevan t  characters .  Thi s 
shows tha t  regularit y effec t  ha s no t  playe d muc h o f  a  rol e 
yet  i n th e namin g o f  irregula r  characters .  Fo r  Grade s 3 
and 5 ,  however ,  th e erro r  type s shif t  mor e towar d 
Method s 1  an d 2 ,  showin g tha t  th e mode l  i s explorin g 
orthographi c an d phonologica l  similaritie s o f  th e radica l 
t o giv e possibl e pronunciation s o f  th e irregula r  character . 
Thes e developmenta l  pattern s o f  regularit y effec t  ar e 
consisten t  wit h empirica l  dat a fro m Sh u e t  a l  (2000) , 
accordin g t o whic h children ,  althoug h i n principl e ca n 
utiliz e ideophoneti c informatio n earl y on ,  sho w regularit y 
effec t  onl y afte r  the y hav e learne d a  relativel y larg e 
number  o f  item s i n th e ideophoneti c families . 

Conclusion 

Thi s stud y use s a  self-organizin g connectionis t 
model  t o simulat e children' s acquisitio n o f  Chines e 
characters .  Ther e ar e tw o majo r  goal s o f  ou r  study .  First , 
we wante d t o se e i f  connectionis t  model s ca n b e applie d 
successfull y t o mode l  th e learnin g proces s i n th e 
acquisitio n o f  Chines e characters ,  a  topi c tha t  ha s no t 
bee n touche d o n i n th e literature .  Give n th e comple x 
structura l  an d processin g propertie s o f  th e Chines e 
orthography ,  i t  i s  onl y natura l  tha t  w e examin e thi s 
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domai n wit h systematicall y varyin g modelin g parameters . 
One o f  th e mos t  difficul t  task s i n achievin g thi s goa l  i s 
ho w t o faithfull y captur e th e orthographi c similaritie s o f 
Chines e characters ,  a s discusse d i n Method .  W e derive d 
our  characte r  representation s o n th e basi s o f  analyse s o f  a 
large-scal e characte r  databas e tha t  ca n b e readil y mappe d 
t o schoo l  children' s orthographi c development . 

The secon d goa l  o f  ou r  stud y i s t o tes t  th e utilit y  o f 
self-organizin g neura l  networks .  Mos t  previou s 
connectionis t  model s i n thi s domai n hav e relie d o n th e 
use o f  feed-forwar d networks ,  typicall y wit h th e back -
propagatio n learnin g algorithm .  I n previou s research , 
Miikkulaine n (1993 ,  1997 )  explore d self-organizin g 
neura l  network s a s plausibl e model s o f  languag e an d 
memory processing ,  an d L i  (1999 ,  2000 ,  2002 )  showe d 
thes e network s a s viabl e model s o f  languag e acquisition . 
We wante d t o se e i f  suc h model s ca n b e use d successfull y 
t o examin e orthographi c acquisition .  Ou r  initia l 
simulation s a s presente d her e see m t o provid e positiv e 
evidenc e i n thi s respect .  I n particular ,  w e showe d tha t  ou r 
self-organizin g networ k demonstrate s regularit y effec t 
and frequenc y effec t  i n th e acquisitio n o f  Chines e 
characters ,  an d tha t  thes e result s matc h u p wit h 
developmenta l  pattern s observe d i n empirica l  research .  I n 
futur e studies ,  w e wil l  continu e thes e line s o f 
experiment s t o examin e frequenc y effect ,  phonologica l 
consistenc y effect ,  an d thei r  interactio n wit h regularit y 
effec t  i n characte r  acquisition ,  addressin g othe r  relevan t 
theoretica l  issue s i n connectionis t  languag e acquisition . 
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Abstrac t 

Wc report 4 studies which show that there are systematic 
quantitativ e pattern s i n th e wa y w e reaso n wit h 
uncertaint y durin g causa l  an d counterfocUia l  inference . 
T wo specifi c  typ e o f  uncertaint y -  uncertaint y abou t 
fact s an d abou t  causa l  relation s -  ar e explored ,  an d use d 
t o mode l  people' s causa l  inference s (Studie s 1-3) .  W e 
the n conside r  th e relationshi p betwee n causa l  an d 
counterfactua l  reasoning ,  an d propos e tha t  counterfactua l 
inferet»c e ca n b e regarde d a s a  fbrn i  o f  causa l  inferenc e 
i n whic h fKtua l  uncertaint y i s eradicated .  O n thi s basi s 
we presen t  evidenc e tha t  ther e ar e als o systemati c 
quantitativ e pattern s underlyin g counter£u:tual ,  a s wel l 
as causal ,  inferenc e (Stud y 4) .  W e conclud e b y 
considerin g th e consequence s o f  thes e result s fo r  futur e 
researc h int o causa l  inference . 

Introduction 

T h e abilit y t o m a k e causa l  inference s i s o f  centra l 
importanc e t o cognitiv e agent s wishin g t o contro l  o r 
pmlic t  event s i n th e world .  However ,  m a n y o f  ou r 
belief s ar e hel d wit h les s tha n perfec t  certainty .  Give n 
this ,  i t  i s  natura l  t o enquir e abou t  th e w a y i n whic h 
uncertaint y affect s th e proces s o f  reasonin g abou t  th e 
world .  I n thi s pape r  w e examin e th e w a y i n whic h tw o 
type s o f  uncertaint y -  uncertaint y abou t  fact s an d 
uncertaint y abou t  causa l  relation s -  ar e assimilate d 
durin g th e proces s o f  causa l  an d counterfactua l 
inference .  Studie s 1- 3 revea l  tha t  ther e ar e systemati c 
quantitativ e pattern s i n ou r  treatmen t  o f  uncertaint y i n 
causa l  inference ,  suggestin g tha t  ou r  understandin g o f 
causalit y i s no t  inherentl y deterministi c a s ha s recentl y 
bee n propose d (Goldvar g &  Johnson-Laird ,  2(X)1) .  W e 
the n conside r  th e relationshi p betwee n causa l  an d 
counterfactua l  inference ,  an d sho w tha t  modifie d form s 
of  th e model s whic h ca n b e use d t o predic t  causa l 
inferenc e ca n b e use d t o predic t  counterfactiui l 
inferenc e (Stud y 4) ,  a  resul t  consisten t  wit h theorie s 
whic h trea t  counterfactual s a s supervenien t  o n causa l 
knowledg e (Pearl ,  2000 ;  Yarlet t  &  Ramscar ,  i n press ; 
Jackson ,  1977) .  W e conclud e b y considerin g th e 
consequence s o f  thes e result s fo r  futur e researc h int o 
causa l  an d counterfactua l  inference . 

C a u s a l  I n f e r e n c e a n d U n c e r t a i n t y 

We mak e a  causa l  inferenc e w h e n w e acquir e som e n e w 
evidenc e abou t  a  cause ,  an d o n thi s basi s updat e ou r 
belief s abou t  effect s relate d t o tha t  cause .  Fo r  example , 
imagin e yo u mee t  T o m a t  a  party .  Durin g you r  brie f 
conversation ,  h e say s an d doe s certai n thing s tha t  mak e 
yo u thin k h e i s a n A r m y Officer ,  althoug h you'r e no t 
completel y certai n abou t  this .  A s a  resul t  o f  thi s 
suspicio n yo u migh t  n o w thin k i t  mor e likel y tha t  T o m 
i s abl e t o fir e a  pisto l  an d abseil ,  compare d t o whe n yo u 
firs t  me t  him .  You r  belief s abou t  T o m hav e change d a s 
a resul t  o f  causa l  inference . 

W h en i t  come s t o makin g causa l  inferences ,  tw o 
type s o f  uncertaint y ar e especiall y important :  factua l 
uncertaint y an d causa l  uncertainty .  Factua l  uncertaint y 
arise s simpl y becaus e ou r  experienc e o f  th e worl d i s i n 
m a ny case s insufficien t  t o allo w u s t o b e completel y 
certai n abou t  ou r  beliefs .  Fo r  example ,  Tom' s 
extensiv e knowledg e o f  firearm s an d militar y strategy , 
as displaye d i n you r  conversation ,  migh t  mak e yo u 
suspec t  tha t  h e i s i n th e A rmy .  Bu t  yo u ar e nevertheles s 
awar e tha t  yo u coul d b e wron g abou t  this .  Therefor e 
ther e i s som e factua l  uncertaint y i n you r  belie f  tha t  T o m 
i s i n th e A rmy . 

Th e secon d typ e o f  imcertaint y relevan t  t o makin g 
inference s abou t  th e worl d i s causa l  uncertainty .  Thi s 
arise s becaus e althoug h ther e ar e systemati c regularitie s 
i n th e world ,  thes e rarel y obtai n withou t  exception .  Fo r 
example ,  w e al l  agre e tha t  cloud s caus e rain ,  eve n 
thoug h rai n doe s no t  invariabl y fal l  whe n i t  i s  cloudy ; 
and w e woul d probabl y als o conciu -  tha t  smokin g 
cause s cancer ,  althoug h w e k n o w tha t  no t  al l  smoker s 
contrac t  cancer .  Causa l  uncertainty ,  then ,  arise s 
becaus e o f  ou r  awarenes s tha t  althoug h event s o f  typ e A 
m ay ten d t o produc e event s o f  typ e B ,  i t  i s  no t  th e cas e 
tha t  A s ar e alway s o r  invariabl y followe d b y Bs . 

Althoug h i t  seem s intuitivel y plausibl e tha t  bot h 
factua l  an d causa l  uncertaint y shoul d pla y a  rol e i n 
determinin g ou r  causa l  inferences ,  t o ou r  knowledg e 
ver y littl e empirica l  wor k ha s explore d thi s issue .  S o m e 
previou s wor k ha s foun d a n effec t  o f  factua l  uncertaint y 
i n bot h deductiv e (Stevenso n &  Over ,  1995 ;  Byrae , 
1989 )  an d causa l  (Cummin s e t  al ,  1991 )  settings ,  bu t 
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non e o f  thes e studie s examine d th e systemati c cfTect j  o f 
factua l  uncertaint y fro m a  quantitativ e perspective . 
A n d althoug h i t  seem s reasonabl e t o assum e tha t  causa l 
uncertaint y play s a  rol e i n causa l  inferenc e an d 
reasonin g -  an d indeed ,  man y recentl y propose d 
theorie s (e.g. ,  Cheng ,  1997 ;  Pearl ,  2000 )  an d model s 
(Rehder ,  1999 ;  Yarlet t  &  Ramscar ,  i n press )  concerne d 
wit h causa l  reasonin g successfull y mak e thi s 
assumptio n -  i t  i s  b y n o mean s uncontentious . 
Goldvar g &  Johnson-Lair d (2001 )  hav e recentl y argue d 
tha t  th e meanin g o f  causa l  statement s i s  inherentl y 
deterministic ,  an d mor e generally ,  theorie s o f  reasonin g 
whic h invok e menta l  model s d o no t  easil y permi t  th e 
accommodatio n o f  les s tha n cerui n inference s (bu t  se e 
Johnson-Laird ,  1994 ,  an d Stevenso n &  Over ,  1995) . 
The presen t  serie s o f  studie s therefor e se t  ou t  t o 
investigat e whethe r  factua l  an d causa l  uncertaint y pla y 
a rol e i n th e proces s o f  causa l  inferenc e and ,  i f  so , 
whethe r  the y d o s o i n a  systemati c fashion . 

Study 1 

Stud y 1  wa s designe d i n orde r  t o ge t  rating s abou t  th e 
causa l  uncertaint y attachin g t o a  specifi c se t  o f  cause -
effec t  pairs ,  i n orde r  t o explor e th e structur e o f  th e 
informatio n wit h whic h peopl e relat e cause s an d 
effects ,  an d als o t o investigat e th e informatio n tha t 
migh t  b e use d i n causa l  inference .  Peopl e wer e aske d 
t o rat e th e causa l  uncertaint y attachin g t o a  rang e o f 
cause-effec t  pair s o n a  rang e o f  scale s whic h measured : 
(i )  h o w strongl y th e caus e cause s th e effect ;  (ii )  h o w 
strongl y th e effec t  depend s o n th e cause ;  (iii )  th e 
conditiona l  probabilit y o f  th e effec t  give n th e presenc e 
of  th e cause ;  an d (iv )  th e conditiona l  probabilit y o f  th e 
effec t  give n th e absenc e o f  th e cause .  I n additio n t o th e 
rating s collected ,  th e followin g rating s wer e derive d 
fro m th e conditiona l  probabilit y  ratings : 

AP Contingency = P(e|c) - P(e|~c) 

l-P(ehc) 

These quantities have variously been proposed as 
measure s o f  th e strengt h o f  a  caus e (e.g .  Chen g & 
Novick ,  1992 ;  Cheng ,  1997) . 

Materials and Design. The materials used described 
10 differen t  cause-effec t  pairs .  The y wer e selecte d i n 
orde r  t o cove r  a  wid e variet y o f  domains ,  an d include d 
th e followin g pairs :  smokin g an d cancer ;  car s an d 
pollution ;  stres s an d insomnia ;  sunbathin g an d 
suntanning ;  weight-trainin g an d muscle-growth ; 
cholestero l  an d hear t  attacks . 

Subject s wer e aske d directl y abou t  th e strengt h o f 
relatio n tha t  the y though t  hel d betwee n th e pair s i n 
question .  Fo r  example ,  fo r  th e smoking-cance r  pair ,  th e 

Cauia l 
P(elc ) 
PowerP C 
Dependenc y 
AP 
P(e|-< ) 

Facto r  1 
(Causa l  Power ) 

0.96 9 
0.92 7 
0.87 3 
0.69 9 
0.66 4 

-0.10 6 

Facto r  2 
(Baserate ) 

-0.04 2 
-0.32 6 
-0.48 1 
•0.60 0 
-0.73 8 
0.98 2 

Tabl e 1 :  Facto r  loading s fro m Stud y 1 . 

following questions were used: (i) "How strongly do 
yo u thin k smokin g cause s cancer?" ;  (ii )  " H o w strongl y 
do yo u thin k whethe r  someon e get s cance r  depend s o n 
whethe r  the y smoke?" ;  (iii )  " H o w likel y d o yo u thin k 
someone woul d b e t o ge t  cance r  give n tha t  the y 
smoke?" ;  an d (iv )  " H o w likel y d o yo u thin k someon e 
woul d b e t o ge t  cance r  give n tha t  the y d o no t  smoke? " 
Al l  rating s wer e collecte d o n a  0-10 0 scale .  Fo r  th e 
causa l  rating s th e scal e wa s anchore d b y 'doe s no t 
caus e a t  all '  an d 'alway s causes' ;  fo r  th e dependenc y 
rating s 'doe s no t  depen d a t  all '  an d 'perfectl y depends' ; 
and fo r  th e subjectiv e probabilit y  rating s 'completel y 
unlikely '  an d 'completel y certain' . 

Thre e group s wer e aske d t o rat e th e causal , 
dependency ,  an d conditiona l  probabilit y  ratings .  A 
within-subject s desig n wa s no t  use d becaus e o f 
concern s tha t  thi s woul d artificiall y  homogenis e wha t 
migh t  i n realit y b e differen t  rating s (e.g .  bein g aske d t o 
rat e causal ,  dependenc y an d conditiona l  probabilit y 
rating s consecutivel y migh t  encourag e subject s t o 
simpl y retur n simila r  rating s o n al l  scales) . 

Participants .  4 9 student s fhj m th e Universit y o f 
Edinburg h participate d voluntarily . 

Results .  A  facto r  analysi s (principal-component s 
analysi s wit h rotate d axes )  wa s conducte d o n th e rating s 
i n orde r  t o examin e thei r  structure .  Onl y th e firs t  tw o 
rotate d factor s ha d eigenvalue s greate r  tha n 1 ,  an d thes e 
togethe r  accounte d fo r  95 .16 % o f  th e varianc e i n th e 
data .  Th e facto r  loading s ar e show n i n Tabl e 1 . 

Discussion 

Th e tw o factor s extracte d i n th e facto r  analysi s 
successfull y explaine d a  larg e proportio n o f  th e 
varianc e i n th e causa l  uncertaint y rating s collecte d i n 
Stud y 1 .  Moreover ,  th e extracte d factor s ar e readil y 
interpretabl e becaus e th e causa l  rating s loa d ver y highl y 
on th e firs t  facto r  (0.969 )  an d negligibl y o n th e secon d 
facto r  (-0.042) ,  whil e th e P(e|~c )  rating s loa d ver y 
highl y o n th e secon d facto r  (0.982 )  an d negligibl y o n 
th e first  facto r  (-0.106) .  Stud y 1  therefor e suggest s tha t 
tw o factor s ar e especiall y importan t  i n accountin g fo r 
our  representatio n o f  causa l  uncertainty :  th e causa l 
strengt h wit h whic h a  caus e produce s it s effec t  ('Causa l 
Power') ,  an d th e bas e rat e o f  th e effec t  i n th e absenc e o f 
th e caus e ('Baserate') .  Thi s suggest s tha t  model s o f 
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Model 

Probabilisti c 
Linea r 
Noigy-O R 
Causal 
Dependenc y 

Deflnitio n 

P(e|c)P(c )  +  P(c|~c)P(~c ) 
P(e|~c )  +  cau8C8(c,e)P(c ) 
l-[l-P(e|~c)l[l-causes(c.e)P(c) ] 
cause8(c,e)P(c ) 
depends(e,c)P(c ) 

Tabl e 2 :  Th e model s o f  causa l  inference . 

causal inference should incorporate these two 
parameters .  Thi s proposa l  wa s investigate d i n Stud y 2 . 

Study 2 

Stud y 2  examine d th e degre e t o whic h causa l  inferenc e 
ca n b e modelle d usin g informatio n abou t  factua l  an d 
causa l  uncertainty .  Th e rating s fhs m Stud y 1  wer e use d 
i n orde r  t o provid e informatio n abou t  th e degre e o f 
causa l  uncertaint y attachin g t o th e 1 0 causa l  pairs , 
whil e ne w d a U wa s acquire d concernin g thei r  factua l 
uncertainty .  Shor t  scenario s centrin g aroun d eac h o f 
th e 1 0 causa l  pair s wer e designed ,  i n whic h i t  wa s 
deliberatel y m a d e unclea r  whethe r  th e caus e wa s 
presen t  o r  absent .  Thes e wer e use d t o induc e factua l 
uncertaint y i n participant s i n th e study .  Fo r  example , 
th e scenari o fo r  th e smoking-cance r  causa l  pai r  ra n a s 
follows : 

"Imagine you're introduced to Bill, a friend of a friend, 
one day .  Yo u as k Bil l  fo r  a  lighte r  bu t  h e doesn' t  can y 
one.  However ,  i t  doe s loo k a  littl e a s thoug h h e migh t 
hav e tobacc o stain s unde r  hi s nails. " 

After reading each description, participants were 
requeste d t o rat e thei r  factua l  uncertainty ,  o n a  0-10 0 
scale ,  b y bein g aske d h o w likel y the y though t  i t  wa s 
tha t  th e caus e wa s presen t  give n wha t  the y ha d rea d 
(i.e. ,  i n thi s cas e h o w likel y the y though t  i t  wa s tha t  Bil l 
was a  smoker) .  The y wer e the n aske d t o mak e a  causa l 
inferenc e b y judging ,  give n thei r  confidenc e tha t  Bil l 
m ay o r  m a y no t  b e a  smoker ,  h o w likel y the y though t 
he woul d b e t o contrac t  cance r  a t  som e poin t  i n hi s life . 
Th e informatio n collecte d abou t  factua l  an d causa l 
uncertaint y wa s the n use d t o parameteris e variou s 
model s o f  causa l  inference ,  i n orde r  t o se e i f  th e 
inference s participant s mad e coul d b e predicted . 

Models of Causal Inference 

Th e model s o f  causa l  inferenc e investigate d ar e liste d i n 
Tabl e 2 .  Th e probabilisti c  mode l  define s th e normativ e 
metho d o f  inferrin g th e probabilit y  o f  a n effec t  give n 
informatio n abou t  a  relate d cause .  Th e linea r  model ,  i n 
contrast ,  state s tha t  one' s belie f  i n a n effec t  i s  th e 
combinatio n o f  a  bas e rat e o f  belief -  th e belie f  tha t  th e 
effec t  i s  presen t  i n th e absenc e o f  th e caus e -  plu s th e 
extr a suppor t  tha t  th e caus e provide s fo r  belie f  i n th e 

effect ,  whic h i s define d a s th e produc t  o f  one' s belie f 
tha t  th e caus e i s presen t  an d th e degre e t o whic h th e 
caus e an d effec t  ar e causall y related .  Th e noisy-O R 
model  (Pearl ,  1988 )  treat s cause s a s mechanism s tha t 
operat e independentl y an d additivel y t o produc e a 
c o m m on effect .  Th e probabilit y  o f  a n effec t  i n thi s 
framewor k i s thu s give n a s th e probabilit y  tha t  no t  al l 
th e cause s fai l  t o generat e th e effect. '  Finally ,  th e 
causa l  mode l  predict s tha t  people' s belie f  i n th e caus e i s 
a produc t  o f  th e degre e t o whic h th e caus e an d effec t 
ar e causall y related ,  an d th e degre e t o whic h th e caus e 
i s believe d t o b e present .  A n d th e dependenc y mode l  i s 
simila r  t o th e causa l  model ,  excep t  tha t  i t  measure s 
causa l  uncertaint y usin g dependency ,  instea d o f  causa l 
strength ,  ratings . 

Materials and Design. The cause-effect pairs and 
connectio n rating s fro m Stud y 1  wer e used .  I n addition , 
scenario s fo r  eac h causa l  pai r  wer e designe d i n orde r  t o 
embed th e causa l  relatio n i n a  specifi c  context ,  an d 
deliberatel y induc e factua l  uncertaint y a s t o whethe r  th e 
caus e i n questio n wa s presen t  o r  not . 

A within-subject s desig n wa s deliberatel y 
eschewe d i n Stud y 2  becaus e o f  concern s tha t  i t  coul d 
artificiall y  brin g people' s causa l  inference s i n lin e wit h 
th e prediction s o f  th e probabilisti c  model .  M a n y peopl e 
ar e familia r  wit h basi c probabilit y  theory ,  an d ou r 
concer n wa s tha t  bein g aske d t o rat e th e conditiona l 
probabilit y  o f  th e effec t  give n th e caus e befor e makin g 
thei r  causa l  inferenc e (a s a  within-subject s desig n 
woul d hav e required) ,  coul d forc e peopl e t o reaso n 
abou t  th e effec t  arithmetically ,  i n oppositio n t o thei r 
natura l  styl e o f  reasoning .  Accordingly ,  a  between -
subject s desig n wa s adopted ,  i n whic h th e causa l 
uncertaint y rating s use d wer e thos e collecte d i n Stud y 
1,  whil e th e factua l  uncertaint y rating s an d th e causa l 
inference s themselves ,  wer e collecte d i n th e presen t 
study . 

Participants .  Participant s wer e 2 1 student s a t  th e 
Universit y o f  Edinburgh .  Al l  participant s wer e 
volunteers ,  an d n o rewar d wa s offere d fo r  participation . 

Results .  Th e performanc e o f  th e model s o f  causa l 
inferenc e i s show n i n Figur e 1 .  Th e probabilisti c  ( r  = 
0.665 ,  E  <  0.05 ,  one-tailed) ,  linea r  ( r  =  0.621 ,  p  <  0.05 , 
one-tailed) ,  an d noisy-O R ( r  =  0.711 ,  p  <  0.05 ,  one -
tailed )  model s wer e al l  significan t  predictor s o f 
people' s causa l  inferences .  Th e causa l  ( r  =  0.495 ,  p  > 
0.05 ,  one-tailed )  an d dependenc y ( r  =  0.268 ,  p  >  0.05 , 
one-tailed )  models ,  however ,  faile d t o significantl y 
predic t  people' s inferences .  A  fiirthe r  analysi s wa s als o 

'  Interestingly ,  th e linea r  an d th e Noisy-O R model s o f  causa l 
inferenc e fin d thei r  counteipait s i n th e A P an d Powe r  P C theorie s o f 
causa l  inductio n respectivel y (the y ca n b e derive d a s th e maximum 
likelihoo d estimate s o f  causa l  strengt h parameter s i n causa l  graph s 
appropriatel y parameterised ;  se e Glyroour ,  1998 ;  Tenenbau m & 
Griffiths ,  2000) . 
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Figur e 1 :  Result s o f  Stud y 2 . 

conducte d o n th e linea r  an d noisy-O R models ,  becaus e 
the y coul d als o b e parameterise d wit h conditiona l 
probabilit y  instea d o f  causa l  strengt h ratings .  I n bot h 
cases ,  ptrameterisin g th e model s wit h th e conditiona l 
probabilit y  o f  th e effec t  give n th e presenc e o f  th e cause , 
instea d o f  th e causa l  strengt h ratings ,  serve d t o increas e 
thei r  empirica l  performanc e (se e Figur e 2) . 

Discussion 

Th e fac t  tha t  th e linear ,  noisy-O R an d probabilisti c 
model s wer e significantl y correlate d wit h th e strengt h 
of  people' s causa l  inference s suggest s tha t  informatio n 
abou t  factua l  an d causa l  uncertaint y play s a n importan t 
rol e i n th e inferenc e process ,  an d als o tha t  ther e see m t o 
be domain-genera l  quantitativ e pattern s i n th e w a y w e 
reaso n fro m caus e t o effect .  However ,  th e factua l  an d 
causa l  xmcertaint y rating s an d inference s predicte d i n 
Stud y 2  wer e between-subject s aggregates .  I t  i s 
therefor e possibl e tha t  th e succes s o f  th e propose d 
model s i s merel y a n artefac t  o f  th e experimenta l  design , 
and tha t  th e model s woul d prov e unabl e t o predic t 
causa l  inference s o n a  within-subject s basis .  Stud y 3 
investigate d thi s issue ,  whil e als o allowin g u s t o 
examin e h o w m u c h o f  th e residua l  erro r  i n th e causa l 
model s coul d b e attribute d t o idiosyncrati c us e o f  th e 
ratin g scales. ^ 

Study 3 

Stud y 3  use d a  within-subject s desig n i n whic h peopl e 
estimate d th e factua l  an d causa l  uncertaint y attachin g t o 
eac h o f  th e 1 0 cause-effec t  pairs ,  an d the n mad e a 
causa l  inferenc e abou t  th e effect .  Becaus e th e causa l 
and dependenc y model s faile d t o significantl y predic t 
people' s inference s the y wer e droppe d fro m 

'  Becaus e Stud y 2  ha d show n tha t  th e probabilisti c  mode l 
predicte d causa l  inferenc e wit h som e leve l  o f  succes s  i n a  contex t  i n 
whic h pattern s  o f  causa l  inferenc e consisten t  wit h th e prediction s o f 
th e probabilisti c  mode l  coul d no t  hav e bee n artificiall y induced ,  th e 
use o f  a  within-subject s desig n wa s no w appropriate . 

-•—Linea r  Mode l -Noisy-O R Mode l 
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Figur e 2 :  Effec t  o f  changin g parameterisatio n o f 
Linea r  an d N o i s y - O R models . 

consideration. Instead we focused on the performance 
o f  jus t  th e probabilistic ,  linea r  an d noisy-O R models . 

Materials and Design. The causal pairs and materials 
as use d i n Studie s 1  an d 2  wer e agai n use d i n thi s study . 
Eac h subjec t  sa w al l  1 0 scenarios ,  i n on e o f  tw o 
reverse-orderings .  T h e linea r  an d noisy-O R model s 
wer e parameterise d usin g onl y conditiona l  probability , 
an d no t  causa l  strengt h ratings ,  becaus e o f  th e bette r 
performanc e o f  thi s for m o f  th e model s i n Stud y 2 . 

Participants .  Participant s wer e 1 5 student s 
enrolle d a t  th e Divisio n o f  Informatics ,  Universit y o f 
Edinburgh .  Al l  participant s wer e volunteers ,  an d n o 
rewar d w a s offere d fo r  participation . 

Results .  T h e performanc e o f  th e causa l  model s i s 
s h o w n i n Figur e 3 .  Bot h th e linea r  ( t  =  2.280 ,  d f  =  14 ,  g 
= 0.038 ,  two-tailed )  an d th e noisy-O R mode l  ( t  =  2.379 , 
d f  =  14 ,  E  =  0.032 ,  two-tailed )  performe d significantl y 
bette r  tha n th e probabilisti c  model ,  althoug h ther e w a s 
n o significan t  differenc e betwee n th e linea r  an d noisy -
O R mode l  ( t  =  1.302 ,  d f  =  14 ,  p  =  0.214 ,  two-tailed) . 
T h e degre e o f  varianc e explaine d i n th e inferenc e 
proces s b y jus t  takin g int o accoun t  eithe r  th e amoun t  o f 
factua l  uncertainty ,  i n th e for m o f  th e p(c )  ratings ,  o r 
th e amoun t  o f  causa l  uncertainty ,  i n th e for m o f  th e 
p(e|c )  ratings ,  i s  als o s h o w n i n Figur e 3  fo r  comparison . 
Thes e tw o model s performe d significantl y wors e tha n 
al l  th e othe r  models . 

T o confir m tha t  bot h th e factua l  an d causa l 
imcertaint y parameter s adde d t o th e models '  predictiv e 
validit y th e performanc e o f  th e linea r  an d noisy-O R 
model s w a s compare d t o modifie d version s o f  the m i n 
whic h (i )  factua l  uncertaint y w a s ignored ;  an d (ii ) 
causa l  uncertaint y w a s ignored .  T h e linea r  mode l 
performe d significantl y bette r  tha n it s  counterpar t 
whic h ignore d factua l  uncertaint y ( t  =  2.358 ,  d f  =  14 ,  p 
= 0.017 ,  one-tailed) ,  an d marginall y bette r  tha n it s 
counterpar t  whic h ignore d causa l  uncertaint y  ( t  =  1.546 , 
d f  =  14 ,  E  =  0.072 ,  one-tailed) .  T h e noisy-O R mode l 
performe d significantl y bette r  tha n bot h it s  modifie d 
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Figur e 3 :  Result s fh) m Stud y 3 . 

versions which ignored factual (t = 4.199, df = 14, g < 
0.001 ,  one-tailed )  an d causa l  ( t  =  2.049 ,  d f  =  14 ,  g  = 
0.030 ,  one-tailed )  uncertainty . 

Discussion 

Th e result s o f  Stud y 3  sho w tha t  quantitativ e model s -
particularl y di e linea r  an d noisy-O R mode l  -  ca n 
successfull y predic t  people' s causa l  inference s wit h 
some degre e o f  success .  Moreover ,  th e results  o f  Stud y 
3 als o sho w tha t  removing  informatio n abou t  eithe r 
^ t u a l  o r  causa l  uncertaint y fro m thes e model s 
significantl y decrease s thei r  performance ,  thu s showin g 
dia t  thes e factor s d o see m t o pla y a n importan t  rol e i n 
causa l  inference . 

Causes and Counterfactuals 

Th e studie s reporte d s o fa r  examine d th e rol e o f 
uncertaint y i n causa l  reasoning.  However ,  ther e i s a n 
intimat e cormectio n betwee n causa l  an d counterfactua l 
reasonin g (c. f  Lewis ,  1973b ;  Jackson ,  1977 ;  Pearl , 
2000 ;  Yarlet t  &  Ramscar ,  2001) .  I n th e ligh t  o f  thi s i t 
i s  interestin g t o examin e whethe r  th e finding s 
concernin g causalit y i n Studie s 1- 3 ca n als o b e applie d 
t o counterfactua l  reasoning. 

Th e proposa l  w e examine d i s that ,  a t  leas t  i n th e 
presen t  context ,  counterfactua l  reasonin g can  b e treate d 
as a  for m o f  causa l  reasonin g i n whic h residua l  factua l 
uncertaint y i s eliminate d (fo r  treatment s o f 
counterfactua l  reasonin g i n mor e comple x system s se e 
Yarlet t  &  Ramscar ,  i n press ,  an d Pearl ,  2000) .  Fo r 
example ,  imagin e tha t  yo u ar e fairl y  sur e tha t  Bil l  i s no t 
a smoker ,  bu t  tha t  I  as k yo u h o w likel y yo u thin k h e 
woul d b e t o contrac t  cance r  i f  (counterfactually )  h e 
wer e a  smoker .  Eve n thoug h ther e m a y b e som e factua l 
uncertaint y i n you r  belie f  tha t  Bil l  i s  no t  actuall y a 
smoker ,  ther e shoul d b e n o factua l  uncertaint y attachin g 
t o th e counterfactua l  scenari o becaus e th e 
counterfactua l  ask s yo u t o assume ,  unequivocally ,  tha t 
he i s a  smoker .  Stud y 4  investigate d thi s proposal . 

Conditiona l  Probablllti M QCauia l  Strengt h I 

Figur e 4 :  Result s fro m Stud y 4 . 

Study 4 

Stud y 4  investigate d whethe r  quantitativ e pattern s coul d 
be foun d underlyin g counterfactual ,  a s wel l  a s causal , 
inference .  Th e scenario s use d i n Studie s 2  an d 3  wer e 
altere d s o tha t  instea d o f  engenderin g uncertaint y the y 
wer e perfectl y unambiguou s tha t  th e caus e i n questio n 
was ^sent .  Then ,  instea d o f  bein g aske d t o mak e a 
straightforwar d causa l  inference ,  subject s wer e aske d t o 
conside r  h o w strongl y the y woul d believ e i n th e effec t 
i f  th e caus e wer e present . 

Materials and Design. The materials used were 
adapte d form s o f  th e scenario s use d i n Studie s 2-3 . 
Her e i s th e smokin g scenario ,  wit h th e adde d 
informatio n show n i n italics : 

"Imagine you're introduced to Bill, a friend of a friend, 
one day .  Yo u as k Bil l  fo r  a  lighte r  bu t  h e doesn' t  can y 
one.  However ,  i t  doc s loo k a  littl e a s thoug h h e migh t 
hav e tobacc o stain s unde r  hi s nails .  I t  late r  turn s ou t  tha t 
Bil l  i s no t  a  smoker ;  i n fac t  he' s neve r  eve n smoke d a 
cigarett e i n hi s life r 

Subjects were then asked to rate "But if Bill were a 
smoker ,  h o w likel y d o yo u thin k h e woul d b e t o ge t 
cance r  a t  som e poin t  i n hi s life?" .  Dat a wa s collecte d 
usin g a  between-subject s design ,  a s use d i n Stud y 2 . 

Participants .  Participant s wer e 2 3 student s a t  th e 
Universit y o f  Edinbiu-gh . 

Results .  Th e result s o f  Stud y 4  ar e show n i n 
Figur e 4 .  Th e causa l  mode l  ( r  =  0.699 ,  d f  =  8 ,  p  <  0.05 , 
one-tailed) ,  linea r  mode l  parameterise d wit h causa l 
strengt h rating s ( r  =  0.667 ,  d f  =  8 ,  p  <  0.05 ,  one-tailed) , 
and noisy-O R mode l  parameterise d wit h eithe r 
conditiona l  probabilitie s ( r  =  0.589 ,  d f  =  8 ,  p  <  0.05 , 
one-tailed )  o r  causa l  strength s ( r  =  0.571 ,  d f  =  8 ,  p  < 
0.05 ,  one-tailed) ,  significantl y predicte d people' s 
counterfactua l  inferences . 
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Discussio n 

The result s o f  thi s stud y sho w tha t  modifie d form s o f 
th e model s use d t o predic t  causa l  inference s ca n als o b e 
employe d i n th e predictio n o f  countcrfactua !  inferences , 
and als o tha t  counterfactua l  inferenc e ca n b e profitabl y 
regarde d a s a  specia l  cas e o f  causa l  inferenc e i n whic h 
factua l  uncertaint y ha s bee n eradicated .  Thi s resul t  i s 
bot h consisten t  wit h theorie s whic h hol d tha t 
counterfactual s superven e o n causa l  relation s (e.g. , 
Jackson ,  1977 ;  Pearl ,  2000 ;  Yarlet t  &  Ramscar ,  i n 
press) ,  an d a t  tensio n wit h theorie s tha t  trea t 
counterfactua l  judgement s a s proposition s assigne d 
binar y truth-value s (e.g. ,  Byrne ,  1997 ;  Byrn e &  Tasso , 
1999 ;  Lewis ,  1973) .  However ,  give n th e succes s o f 
multipl e model s a t  capturin g th e quantitativ e pattern s i n 
counterfactua l  inferenc e exhibite d i n Stud y 4 ,  clearl y 
furthe r  wor k i s require d t o teas e th e model s apart ,  an d 
determin e whethe r  pattern s i n bot h causa l  an d 
counterfactua l  inferenc e ca n b e successfull y capture d 
by th e sam e models . 

General Discussion 

The 4  studie s reporte d her e sugges t  tha t  bot h factua l 
and causa l  imcertaint y pla y a n importan t  rol e i n 
determinin g causa l  an d counterfactua l  inference ,  an d 
furthermor e tha t  coimterfactua l  inferenc e ca n profitabl y 
be regarde d a s a  for m o f  causa l  inferenc e i n whic h 
factua l  uncertaint y i s eradicated .  However ,  on e 
potentia l  caus e fo r  concer n i s th e ofte n considerabl e 
amount  o f  varianc e lef t  unexplaine d b y th e sor t  o f 
quantitativ e model s describe d i n thi s paper .  Clearl y 
mor e wor k need s t o b e don e befor e th e rol e o f  suc h 
model s i n describin g causa l  an d counterfactua l 
inferenc e i s fiill y  understood .  I n particular ,  i n futur e 
wor k w e inten d t o examin e whethe r  alternativ e way s o f 
measurin g causa l  an d factua l  uncertaint y ca n increas e 
th e explanator y powe r  o f  th e quantitativ e models ,  an d 
als o whethe r  additiona l  factor s ca n b e importe d int o th e 
model s t o improv e thei r  empirica l  fi t  (e.g .  ho w man y 
alternativ e o r  preventativ e cause s exis t  fo r  a  specifi c 
caus e effec t  pai r  bein g reasone d about ;  se e Cummin s e l 
a/. ,  1991) . 
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Abstrac t 

Past research on children's categorizations has centered 
on th e mechanis m o f  children' s us e o f  multipl e cue s i n 
categorization .  Thi s pape r  examine s correlation s betwee n 
perceptua l  cue s an d linguisti c  cues .  Th e questio n aske d 
i s a  classi c on e i n learnin g theory :  give n tw o redundan t 
cues ,  doe s di e learne r  lear n mor e abou t  eac h tha n whe n 
one cu e independentl y predict s th e categoiy ? Thi s 
questio n ha s specia l  cogenc y i n th e contex t  o f  children' s 
languag e learning .  W e sho w tha t  whe n linguisti c cue s 
correlate d wit h perceptua l  cues ,  childre n lea m mor e 
abou t  perceptua l  cues . 

Introduction 

T w o-  an d 3-year-ol d childre n lea m n e w objec t  name s 
rapidly ,  ofte n correctl y determinin g th e rang e o f 
instance s t o whic h th e n a m e applie s fixj m jus t  on e 
experienc e hearin g th e wor d use d i n a  singl e context . 
Childre n d o thi s b y exploitin g multipl e cue s t o 
meaning .  Pas t  researc h indicate s the y us e bot h 
linguisti c cue s an d perceptua l  cue s t o figur e ou t  th e 
likel y meanin g o f  a  nove l  noun .  M u c h o f  th e relevan t 
evidenc e i n thi s literatur e concern s th e count-mas s 
distinctio n i n English .  Coun t  noun s refe r  t o entitie s 
conceptualize d a s discret e object s an d a s countable . 
Coim t  noun s obligatoril y  tak e th e plura l  (e.g. ,  cups , 
hopes) .  Mas s noun s refe r  t o entitie s conceptualize d a s 
continuou s substance s an d d o no t  tak e th e plural ,  bu t 
rathe r  mas s quantifier s (e.g. ,  som e water ,  a  lo t  o f  sand) . 
Childre n us e linguisti c cue s t o th e count/mas s statu s o f 
a nou n t o figur e ou t  th e categor y t o whic h a  nove l  nou n 
refers .  Fo r  example ,  i f  a n entit y name d wit h a  nove l 
n a me i s presente d i n a  fi-am e tha t  indicate s i t  i s a  coun t 
nou n (e.g. ,  "Thi s i s a  mel") ,  English-spealdn g childre n 
interpre t  th e wor d a s referrin g t o a  discret e entit y an d 
typicall y exten d th e objec t  n a m e t o a  clas s o f  similarl y 
shape d thing s (Soja ,  Care y &  Spelke ,  1991 ;  Soja ,  1992 ; 
Landau ,  Smit h an d Jones ,  1988 ;  Landau ,  Smit h an d 
Jones ,  1998 ;  Ima i  &  Gentaer ,  1997) .  W h e n th e sam e 
nou n i s presente d i n a  fram e indicatin g i t  i s  a  mas s nou n 
(e.g. ,  "Thi s i s som e mel") ,  English-speakin g childre n 
interpre t  th e wor d a s referrin g t o a  substanc e an d exten d 
it s meanin g t o entitie s o f  th e sam e materia l  (Soja ,  Care y 
&Spelke ,  1991 ;  Soja ,  1992) . 

Childre n als o us e perceptua l  cues .  Fo r  example , 
childre n exten d nove l  name s t o n e w instance s b y shap e 
when th e name d entit y i s soli d an d rigid  (e.g. ,  m a d e 
from  w o o d )  bu t  exten d th e nam e t o n e w instance s b y 
materia l  whe n th e name d entit y i s nonsoli d an d non -
rigidly  shaped .  M u c h previou s researc h ha s explore d 
whic h o f  thes e kind s o f  cue s dominat e b y puttin g the m 
i n conflict .  I n thi s paper ,  w e as k whethe r  an d h o w the y 
migh t  interac t  an d suppor t  children' s learnin g o f  objec t 
names.  Thi s i s a  relevan t  questio n fo r  tw o reasons . 

First ,  linguisti c an d perceptua l  cue s ar e highl y 
correlated .  Thi s wa s documente d b y Samuelso n an d 
Smit h (1999 )  w h o studie d th e structur e o f  th e first  30 0 
noun s commonl y learne d b y English-speakin g children . 
A m o ng thes e 30 0 name s fo r  c o m m o n categories ,  soli d 
thing s ten d t o b e name d b y coun t  noun s tha t  refe r  t o 
thing s o f  th e sam e s h ^ e ,  wherea s nonsoli d thing s ten d 
t o b e name d b y mas s noun s tha t  refe r  t o entitie s o f  th e 
same material .  Fo r  learner s o f  English ,  then ,  ther e i s a 
tigh t  correlatio n betwee n linguisti c cue s associate d wit h 
count/mas s distinctio n an d perceptua l  cue s tha t 
indicate s th e solidit y o r  non-solidit y o f  a n entity . 

Second ,  th e evidenc e suggest s tha t  childre n lea m th e 
correlation s a m o n g perceptua l  cues ,  linguisti c  cues ,  an d 
categor y stmctur e a s the y lea m name s fo r  c o m m o n 
objec t  an d substanc e categories .  Specifically ,  th e 
influenc e o f  perceptua l  cue s o n children' s nou n 
extension s emerge s an d grow s stronge r  a s vocabular y 
grows .  Samuelso n an d Smith' s (1999 )  dat a indicat e tha t 
childre n leamin g Englis h d o no t  exten d name s fo r  soli d 
and nonsoli d thing s differentl y unti l  childre n hav e ove r 
IS O nouns .  Similarly ,  English-speakin g children' s 
sensitivit y t o count/mas s synta x i n db e nove l  nou n 
extensio n tas k emerge s durin g thi s sam e tim e perio d 
(Soja .  1992) . 

Two hypotheses 

What  i s th e relatio n betwee n leamin g abou t  perceptua l 
cue s t o categor y organizatio n an d linguisti c cue s t o 
categor y organization ? O n e possibilit y  i s  tha t  the y ar e 
completel y independent .  Cross-linguisti c comparison s 
of  Englis h an d Japanes e speaker s ar e consisten t  wit h 
thi s view .  Japanes e differ s from  Englis h i n tha t  i t  ha s n o 
obligator y plura l  an d n o counterpar t  t o th e count-mas s 
distinctio n i n English .  Yet ,  severa l  studie s sugges t  tha t 

962 

mailto:hayoshid@indiana.edu
mailto:8mith4@indiana.edu


Japanese-speakin g childre n exten d name s fo r  nove l 
solid s an d non-solid s i n prett y m u c h th e sam e wa y a t 
English-speakin g childre n (e.g. ,  Ima i  & .  Oentner ,  1997) . 
Thus ,  children' s learnin g abou t  perceptua l  correlation s 
and thei r  learnin g abou t  synucti c cue s t o categor y 
structur e (so-calle d syntacti c bootstrapping )  m a y 
procee d from  differen t  learnin g mechanisms .  A t  th e 
ver y least ,  learnin g abou t  perceptua l  correlation s doe s 
not  requir e suppor t  from  linguisti c correlations . 

Th e secon d contrastin g possibilit y  i s  tha t  learnin g 
abou t  perceptua l  an d linguisti c cue s t o categor y 
structur e ar e mutuall y reinforcing .  Ima i  &  Centner' s 
(1997 )  comparison s o f  Japanese-speakin g an d English -
speakin g children' s extension s o f  name s fo r  nove l 
solid s an d non-solid s sugges t  som e subtl e difference s i n 
th e rang e o f  item s treate d a s object s an d substances ,  an d 
als o som e difference s i n th e developmenta l  tren d (see , 
als o Yoshid a &  Smith ,  2001. )  Further ,  a  numbe r  o f 
learnin g model s (Billma n &  Knutson ,  1996 ;  Medin , 
Altom ,  Edelso n an d Freko ,  1982 ;  Goldstone ,  1998 ) 
sugges t  tha t  th e additio n o f  correlate d cue s bolster s 
learnin g abou t  eac h cue . 

Rationale for the experiment 

I n th e presen t  experiment ,  w e examin e th e rol e o f 
synta x i n children' s learnin g abou t  perceptua l  cue s t o 
categor y structur e throug h a  trainin g study .  W e 
attempte d t o trai n th e solid-nonsoli d distinctio n i n 
Japanese-speakin g childre n w h o wer e to o youn g t o 
robustl y m a k e th e distinctio n i n thei r  nove l  nou n 
extension s (Shirai ,  2000) .  Th e desig n o f  th e fou r 
trainin g condition s i s show n i n Tabl e 1 .  Th e linguisti c 
cue s ar e hitots u an d sukoshi .  I n th e specificatio n o f 
quantitativ e constructions ,  (e.g. .  Ther e i s on e cup ) 
hitots u i s use d wit h object s an d sukosh i  i s  use d wit h 
substances .  Thi s i s thu s a  natura l  an d salien t  lexica l 
contras t  i n Japanese ,  ye t  i t  i s  on e tha t  i s neithe r 
mandator y no r  particularl y c o m m o n .  Thi s i s i n contras t 
t o th e count-mas s distinctio n i n English ,  whic h i s 
mandator y an d pervasive .  I n contro l  conditions ,  w e 
sho w tha t  Japanese-speakin g childre n ar e no t  sensitiv e 
t o thi s contrast ,  an d d o no t  kno w it s implication s 
concernin g object s an d substances ,  prio r  t o training . 

Durin g th e tes t  phase ,  hal f  o f  di e childre n i n eac h 
conditio n wer e teste d wit h th e linguisti c cue s an d hal f 
wer e not .  Here ,  then ,  i s th e question :  Wil l  Japanes e 
speakin g childre n sho w a  stronge r  distinctio n i n thei r 
nove l  nou n generalization s betwee n solid s an d non -
solid s i f  traine d wit h thes e correlate d linguisti c cue s 
tha n i f  traine d withou t  them ? I s thi s s o eve n whe n th e 
linguisti c cue s ar e no t  presen t  durin g testing ? Becaus e 
our  desig n involve s usin g natura l  an d thu s potentiall y 
meaningfu l  lexica l  cues ,  an d becaus e w e attempte d t o 
accelerat e th e emergenc e o f  a  distinctio n tha t  childre n 
eventuall y learn ,  w e als o include d tw o contro l 
conditions .  Neithe r  involve d an y trainin g bu t  teste d 

children' s sensitivit y t o th e linguisti c an d perceptua l 
cues . 

Experiment 

Method 

Participant s Fort y monolingua l  2  _  year-ol d Japanese -
speakin g childre n residin g i n Niigata ,  Japan ,  wer e 
randoml y assigne d t o th e tw o trainin g condition s an d 
on e contro l  condition .  Hal f  o f  th e childre n i n eac h 
conditio n participate d i n th e nove l  nou n generalizatio n 
tes t  a t  th e en d o f  training ,  eithe r  wit h linguisti c cue s o r 
withou t  linguisti c cue s i n th e tasks ,  fo r  a  tota l  o f  6 
conditions . 
Stimulu s Trainin g stimul i  consiste d o f  4  trainin g pairs , 
tw o solid s an d tw o non-solids ,  a s show n Figur e 1 .  T h e 
item s i n th e soli d pair s wer e th e sam e shap e bu t  differe d 
substantiall y  i n materia l  an d color .  Th e item s i n eac h 
nonsoli d pai r  wer e th e sam e materia l  bu t  differe d 
substantiall y  i n colo r  an d shape .  Stimul i  fo r  th e tes t 
trial s consiste d o f  nove l  soli d item s m a d e o f  wood , 
clay ,  o r  sponge ,  an d nove l  nonsoli d item s m a d e o f  hai r 
gel ,  han d cream ,  o r  toothpaste .  Durin g test ,  childre n 
wer e querie d abou t  6  uniqu e tes t  sets ,  3  time s eac h fo r  a 
tota l  o f  1 8 trial s pe r  a  participant .  Eac h o f  thes e tes t  set s 
containe d on e exempla r  an d 3  choic e object s uniqu e t o 
tha t  set .  O n e tes t  choic e objec t  matche d tJi e exempla r  i n 
shap e only ,  on e matche d i n materia l  only ,  an d on e 
matche d i n colo r  onl y (Se e Figur e 2. )  Durin g test ,  th e 
exemplar s wer e name d wit h a  nove l  n a m e wit h an d 
withou t  th e lexica l  cue s hitots u an d sukosh i 
correspondin g t o th e conditio n t o whic h th e participant s 
wer e assigned . 
Desig n an d procedur e Childre n participate d i n on e o f 
th e 6  condition s tha t  resulte d from  crossin g th e 3  level s 
of  trainin g (trainin g wit h correlate d linguisti c  cues , 
trainm g withou t  correlate d linguisti c  cues ,  an d absenc e 
of  training) ,  2  level s o f  linguisti c cue s (with/withou t 
linguisti c cue s i n th e task )  wit h 2  level s o f  solidit y 
(sold/non-solid )  fo r  eac h condition . 

Childre n i n th e Trainin g conditio n participate d i n 1 0 
trainin g session s ove r  a  perio d o f  4  weeks .  Durin g eac h 
session ,  th e chil d wa s presente d wit h th e trainin g 
stimulu s repeatedl y with/withou t  correlate d linguisti c 
cue s dependin g o n th e child' s condition .  Eac h stimulu s 
was show n an d introduce d b y it s o w n nove l  name ,  an d 
the n playe d wit h an d repeatedl y name d fo r  5  minutes . 
Eac h trainin g sessio n too k a  plac e fo r  approximatel y 3 0 
minute s ever y othe r  day .  Notice ,  thi s i s a n implici t 
category-learnin g task .  Durin g training ,  childre n ar e no t 
require d t o discriminat e betwee n categor y instances , 
but  atten d t o th e linguisti c cue s a s predictiv e o f 
categor y membership . 

Al l  childre n participate d i n th e sam e tes t  trial s wher e 
th e chil d wa s show n a n exempla r  o f  a  tes t  stimulu s se t 
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and tol d it s uniqu e nove l  n a m e wit h an d withou t 
correspondin g linguisti c  cues ;  "Thi s i s (hitotu/sukoshi ) 
kochi "  o r  "Thi s i s (hitotu/sukoshi )  kochi" .  Th e chil d 
was the n presente d wit h 3  tes t  object s an d wa s aske d t o 
han d th e ite m tha t  ca n b e considere d a s th e n a m e o f  th e 
exempla r  wit h an d withou t  correspondin g linguisti c 
cues ;  "Wher e i s (hitotu/sukoshi )  kochi? "  o r  "Wher e i s 
kochi? "  Feedbac k wa s no t  provide d o n thes e tes t  trials . 
Sinc e thes e ar e nove l  object s an d nove l  names ,  succes s 
require s knowledg e o f  som e genera l  principle—tha t 
solid s ar e name d b y shap e an d nonsolid s ar e name d b y 
material .  Ar e childre n mor e likel y t o notic e thi s 
regularit y w h e n ther e ar e correlate d linguisti c cues ? 

Results 

Eac h g r ^ h i n Figur e 3  show s th e percentag e o f 
children' s "correc t  nove l  wor d generalization "  fo r  soli d 
an d non-soli d item s wher e "correct "  wa s considere d t o 
be shap e base d fo r  th e solid s an d materia l  base d fo r  th e 
non-solids . 

T wo gn^h s i n th e to p ro w represen t  th e performanc e 
of  childre n withou t  trainin g sessions .  Childre n 
generalize d al l  name s th e s a m e — by shape—treatin g 
solid s an d non-solid s equally .  Thi s show s diat ,  prio r  t o 
training ,  childre n ar e no t  sensitiv e t o th e linguisti c 
distinction ,  no r  give n thes e stimuli ,  t o th e solid -
nonsoli d distinction .  Th e tw o graph s i n th e botto m 
represen t  th e performanc e o f  childre n participate d i n 
th e trainin g session s wid i  correspondin g syntacti c cues . 
Th e grap h o n di e lef t  show s children' s performanc e 
withou t  th e correspondin g syntacti c cue s i n th e tes t 
trial s an d on e o n th e right  show s children' s 
performanc e wit h th e correspondin g syntacti c cues . 

Overall ,  childre n w h o ha d trainin g session s wit h th e 
linguisti c cue s generaliz e nove l  name s correctl y mor e 
ofte n tha n o f  childre n widiou t  th e trainin g sessions ,  F 
(1 ,  28)=27.2 ,  E < .01 .  Th e result s sugges t  tha t  th e 
presenc e o f  correlate d linguisti c cue s enhance s learnin g 
abou t  perceptua l  cues ; 

Discussion 

Th e trainin g stud y reveale d th e importanc e o f 
correlate d cue s i n categor y learnin g b y demonstratin g 
h o w correlation s betwee n linguisti c cue s an d perceptua l 
cue s mutuall y reinforc e attentio n t o relevan t  perceptua l 
cue s i n th e n a m e extensio n task .  Th e findings fit  th e 
traditiona l  ide a o f  h o w languag e influence s thought . 

Whorf .  (1956 ,  p.252 )  wrot e 
A n d ever y languag e i s a  vas t  pattern-system , 
differen t  from  others ,  i n whic h ar e culturall y 
ordaine d th e form s an d categorie s b y whic h th e 

personalit y no t  onl y communicates ,  bu t  als o 
analyzes ,  notice s o r  neglect s type s o f  relationshi p 
an d phenomena.. . 

I f  correlate d linguisti c cue s influenc e wha t  i s learne d 
abou t  perceptua l  cues ,  W h o r f  wil l  b e right:  th e 
languag e on e learn s wil l  influenc e wha t  on e notice s o r 
neglect s t o notic e abou t  th e world . 

Tab l e 

Tabl e 1 :  4  ke y condition s 

Traine d wit h 
aynta i 

No-Traine d 

Tei t  wit h nove l  itlmul l 

Synta x 

P t' l  AW,  " -  .. '  " 

1 

No-synta i 

rorr«i«tv d «« * 

No«ijrT*l«w< !  fBr » 

Figure s 

I  i 

r i  n 

Figur e 1 :  Stimulu s item s use d fo r  th e trainin g 
sessions . 
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Figur e 2 :  Stimulu s item s use d fo r  th e tes t  trials . 
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Figur e 3 :  M e a n percentag e o f  correc t  answers . 
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Abstrac t 

People gesture when they speak. Despite considerable 
attentio n from a  variet y o f  disciplines ,  di e precis e nahir e 
of  th e relatio n betwee n gesture ,  speec h an d diough t  ha s 
remaine d elusive .  Th e researc h reporte d her e consider s 
tw o ver y differen t  hypothese s abou t  th e fiindamenta l 
relationship .  B y on e account ,  gestur e i s a  consequenc e o f 
physiologica l  arousal .  B y anothe r  account ,  gestur e us e 
reflect s mor e cognitiv e processe s an d i s strongl y linke d 
t o menta l  representation .  Thi s pape r  seek s th e 
mechanis m underlyin g th e lin k betwee n gestur e an d 
speec h b y showin g dia t  bot h menta l  representatio n an d 
physiologica l  arousa l  ar e reflecte d i n ou r  gestur e use . 

Introduction 

Communicatio n i s  th e activit y o f  transmittin g 
informatio n abou t  thing s i n th e world .  I n everyda y life , 
we refe r  t o thing s b y employin g a  numbe r  o f 
communicativ e tools .  Language ,  gestures ,  facia l 
expressions ,  an d non-linguisti c vocalization s ar e ofte n 
considere d conmiunicativ e tools .  Interestingly ,  w e 
integrat e multipl e modalitie s i n ou r  communicatio n an d 
indeed ,  pas t  researc h suggest s a  tigh t  lin k betwee n 
modalities ,  an d particularl y betwee n speec h an d 
gesture . 

Thi s stud y i s motivate d b y tw o approache s t o th e 
stud y o f  gesture .  McNeil l  (1992) ,  Kit a (2000 )  an d 
McNeil l  &  Dunca n (2000 )  conside r  th e relationshi p 
betwee n th e specifi c  form s o f  gestur e an d speech , 
specificall y betwee n iconi c gestur e an d speech .  A n 
iconi c gestur e i s on e i n whic h th e speed ,  motion ,  o r 
shap e o f  th e gesturin g han d resemble s th e meanin g 
bein g conveyed .  McNei l  an d colleague s conside r  th e 
emergenc e o f  iconicit y i n gestur e a s natural ,  an d du e t o 
th e embodie d an d imagisti c natur e o f  thought .  Anothe r 
approach ,  however ,  consider s gestur e a s a  consequenc e 
not  o f  meaning ,  bu t  o f  arousal .  Schwart s &  Black , 
(1996 )  an d Iverso n &  Thele n (1999 )  particularl y 
sugges t  tha t  gesture s ca n b e explaine d a s a n overflo w o f 
one' s excitement ,  whic h i s physiologicall y produce d b y 
speech .  Th e ide a her e i s tha t  speec h i s a  moto r  program , 
an d a s th e speake r  i s aroused—b y topi c o r  b y th e ver y 
act  o f  speaking—tha t  energ y overflow s an d i s eviden t 
i n othe r  bodil y movements . 

Thi s presen t  researc h i s  concerne d wit h on e 
flashpoin t  i n thes e accounts :  th e ide a tha t  gestur e us e 
fluctuates .  A t  present ,  th e variabilit y  i n gestur e us e an d 
i n kin d o f  gesturer s i s no t  wel l  explained .  Ye t  thi s ver y 
variabilit y  shoul d b e th e ke y t o underlyin g mechanism . 
We demonstrat e th e bi-directiona l  relationshi p betwee n 
gesture ,  thought s an d arousa l  b y confirmin g tha t  bot h 
menta l  representatio n an d arousa l  ar e reflecte d i n an d 
influenc e iconi c gestur e use .  W e experimentall y 
manipulat e speec h rat e a s a  mean s o f  increasin g th e 
"moto r  overflow "  fro m speech .  Althoug h speec h rat e i s 
at  bes t  a n indirec t  marke r  o f  arousal ,  w e believ e i t  i s a 
goo d startin g poin t  fo r  a  mechanisti c explanatio n o f 
variabilit y  i n gestur e use . 

Iconicity 

Communicativ e tool s i n genera l  rang e from 
conventiona l  form s tha t  ar e mor e arbitrary ,  t o les s 
conventiona l  form s tha t  ar e mor e iconic .  A n exampl e o f 
th e conventiona l  form s i n traditiona l  verba l  language s 
woul d b e th e wor d "dog "  whic h ca n hol d th e meanin g 
onl y w h e n bot h sender s an d receiver s ar e 
knowledgeabl e abou t  th e rul e indicatin g th e label—' a 
dog '  mean s a  dog .  Thi s for m ca n als o b e see n i n writte n 
languag e whe n on e spell s ou t  letters ,  d ,  o ,  g  t o refe r  t o a 
dog .  Again ,  receiver s ca n mak e sens e ou t  o f  th e 
particula r  combinatio n o f  letter s onl y b y knowin g th e 
convention ,  tha t  th e orde r  an d th e combinatio n o f  letter s 
ar e signifyin g a  dog .  Peopl e als o refe r  iconically .  Fo r 
example ,  i n verba l  languag e use ,  on e migh t  imitat e a 
soun d o f  a  do g t o refe r  t o a  do g (e.g. ,  "woof ,  woof!") , 
and i n America n Sig n Languag e th e wor d fo r  a  do g 
consist s o f  a  pa t  o n one' s le g an d a  sna p o f  one' s 
finger s a s i f  callin g a  dog . 

Peopl e als o ofte n gestur e iconicall y (Kita ,  2000) .  Fo r 
example ,  a  speake r  migh t  mak e a  circl e wit h one' s 
hand s t o describ e shap e and/o r  th e siz e o f  a  plat e t o 
whic h th e perso n refers .  Indeed ,  eve n nonverba l 
primate s m a y gestur e t o conve y meaning .  Fo r  example . 
Tanne r  an d Byrn e (1996 )  recentl y reporte d tha t  severa l 
observe d gesture s o f  gorilla s ar e iconic .  Anothe r 
exampl e tha t  highlight s bot h natura l  emergenc e an d 
eas e o f  iconi c gestur e us e i s a n observatio n mad e b y 
Goldin-Meado w an d Feldma n (1977) .  The y observe d 
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communicatio n formatio n o f  linguisticall y deprive d 
dea f  childre n w h o wer e unabl e t o acquir e ora l  languag e 
naturall y an d w h o wer e no t  expose d t o a  standar d 
manual  language .  The y reporte d tha t  childre n 
spontaneousl y refe r  t o thing s b y usin g iconi c gestures . 
Al l  thes e result s sugges t  a  tigh t  an d natura l  relationshi p 
betwee n gestur e an d thought .  I f  thi s i s so ,  the n 
experimenta l  manipulation s o f  th e conten t  o f  though t 
shoul d hav e direc t  an d measurabl e effect s o n gesture . 

We sho w experimenta l  evidenc e fo r  thi s connectio n 
i n Experimen t  1 .  Participant s wer e aske d t o rea d an d re -
tel l  th e stor y t o tiieir  children .  A  stor y wa s abou t  eithe r 
a carp ,  whic h wa s expecte d t o induc e mor e gestur e tha t 
engage s a  han d hel d i n a  vertica l  positio n o r  a  stingray , 
whic h wa s expecte d t o induc e mor e gestur e tha t 
engage s a  han d hel d i n a  horizonta l  position .  I f  menta l 
representation s ar e reflecte d i n ou r  gestur e use ,  the n w e 
shoul d expec t  thes e differen t  gestur e pattern s acros s 
participant s w h o rea d th e sam e stor y abou t  th e tw o 
differen t  fishes.  Moreover ,  Experimen t  1  als o serve s a s 
baselin e measur e o f  gestur e productio n wit h a  norma l 
speec h rate .  Thi s baselin e wa s use d t o manipulat e 
participants '  speec h rat e i n Experimen t  2 . 

Gesture as motor overflow 

The secon d ide a tha t  gesture s resul t  fi-om  a n overflo w 
i n th e moto r  progra m fo r  speec h i s no t  on e tha t  ha s 
receive d muc h empirica l  attention ,  no r  on e tha t  ha s 
bee n wel l  specifie d theoretically .  However ,  thi s ide a 
suggest s tha t  amoun t  o f  moto r  activit y i n speakin g 
shoul d hav e direc t  influence s o n amoun t  o f  gestures , 
and thi s shoul d b e though t  s o independentl y o f  th e 
conten t  o f  speech .  Accordingly ,  t o tes t  thi s idea ,  i n 
Experimen t  2 ,  w e entraine d speec h t o eidie r  a  slo w o r 
fas t  metronome .  D o gesture s decreas e whe n peopl e 
spea k a t  slowe r  tha n norma l  rates ? D o gestiu-e s increas e 
give n th e faste r  rat e o f  speaking ? The y shoul d i f 
gesture s reflec t  moto r  overflow .  Finally ,  doe s rat e o f 
speec h influenc e rat e o f  gestur e independen t  o f 
content ? A n affumativ e answe r  woul d sugges t  tw o 
independen t  drivin g force s behin d gesture :  th e 
meaningfu l  conten t  o f  though t  an d arousal . 

Experiment 1 

Method 

Participant s Twent y mother s an d thei r  childre n whos e 
ages range d from  2 6 t o 6 1 month s participate d i n th e 
study . 
Procedur e Participant s wer e assigne d t o eithe r  th e 
Car p conditio n o r  di e Stingra y condition .  Th e 

differenc e i n th e manipulatio n betwee n th e condition s 
was a  kin d o f  fis h use d a s a  her o o f  th e story .  Parent s 
wer e presente d wit h a  shee t  o f  paper ,  whic h containe d 
eithe r  a  car p stor y o r  a  stingra y stor y an d wer e aske d t o 

rea d an d retel l  th e stor y from  m e m o r y t o thei r  child . 
Participant s wer e als o aske d t o hav e th e chil d tel l  th e 
stor y bac k t o them .  Whil e participant s wer e retellin g a 
story ,  th e aspect s o f  thei r  stor y tellin g wer e recorde d b y 
a vide o camer a fo r  a  late r  coding .  Th e stor y use d i n di e 
stud y i s provide d i n Tabl e 1 . 

Result 

Each parent' s sessio n wa s code d fo r  severa l  variables : 
al l  gestures ,  tw o targe t  han d position s an d speec h rates . 
Al l  variable s wer e measure d a s rates ,  tha t  is ,  productio n 
per  minute .  I n orde r  t o cod e fo r  thes e variables ,  th e 
vide o wa s playe d i n slo w motion ;  th e exac t  time s tha t  a 
han d movemen t  bega n an d ende d wer e coded .  T w o 
targe t  han d position s wer e counted .  Th e "Carp -
swimming "  gestur e consiste d o f  holdin g th e han d fla t 
pah n perpendicula r  t o th e horizonta l  tabl e surfac e an d 
th e "Stingray-swimming "  gestur e wa s define d a s a 
gestur e i n whic h th e han d wa s flat  pal m d o w n paralle l 
t o th e horizonta l  surfac e o f  th e table .  Thes e gesture s 
wer e code d a s eithe r  correspondin g o r  non -
correspondin g gesture s dependin g o n whethe r  th e han d 
positio n correspond s t o th e fish  i n th e assigne d stor y 
(e.g. ,  a  car p gestur e give n a  car p stor y wa s 
correspondin g gestur e an d a  stingra y gestur e give n a 
car p stor y wa s a  non-correspondin g gesture. )  Al l 
gesture s wer e independentl y score d b y tw o observers . 

Participant s produce d gesture s (targe t  gesture s plu s 
al l  othe r  gestures )  a t  a  rat e o f  4. 1 gesture s pe r  a  minute . 
However ,  a s show n i n Figur e I ,  participant s produce d 
mor e targe t  gesture s tha t  corresponde d t o th e stor y tha n 
gesture s tha t  di d no t  correspond .  I n addition , 
storyteller s hel d thei r  hand s i n a  horizonta l  positio n 
mor e ofte n whe n tellin g th e stor y abou t  th e stingra y 
tha n whe n tellin g on e abou t  a  carp .  Finally ,  th e averag e 
speec h rat e wa s 141. 0 word s pe r  a  minute . 

Experiment 2 

Method 

Participant s Twent y mother s an d thei r  childre n whos e 
ages range d from  2 3 t o 6 0 month s participate d i n th e 
study . 
Procedur e Th e procedur e wa s th e sam e a s tha t  o f 
Experimen t  1  wit h a n exception .  Participant s wer e 
assigne d t o on e o f  fou r  conditions :  Car p condition ,  fas t 
metronome .  Car p conditio n wit h slo w metronome , 
Stingra y conditio n wit h fas t  metronom e an d Stingra y 
conditio n wit h slo w metronome .  Th e speed s o f  th e 
metronom e wer e selecte d base d o n th e averag e speec h 
rat e observe d i n Experimen t  1 .  Sinc e th e norma l  speec h 
rat e i n Experimen t  I  wa s 14 0 word s pe r  a  minute ,  w e 
selecte d 15 0 beat s pe r  a  minut e fo r  th e Fas t  conditio n 
and 8 0 beat s pe r  a  minut e fo r  th e Slo w condition .  W e 
wer e conservativ e i n attemptin g t o entrai n speec h t o a 
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faste r  rat e i n thi s first  entrainin g experimen t  i n a n effor t 
t o maximiz e ou r  succes s i n entrainin g speech .  Th e 
paren t  storyteller s wer e no t  tol d abou t  th e purpos e o f 
th e metronomes ,  bu t  wer e instea d tol d t o ignor e them . 
Th e tas k o f  individua l  participant s wa s identica l  t o tha t 
of  Experiment! . 

Table 

Tabl e I :  Stor y use d fo r  th e study :  Th e Adventure s o f 
(Car l  th e Car p /  Stev e th e Stingray ) 

(Car l  th e Car p /  Stev e th e Stingray )  wa s a  happy , 
friendly  (car p wit h a  round ,  silve r  body ,  big , 
roun d eyes ,  an d a  flowing ,  fan-lik e tai l  /  stingra y 
wit h a  flat ,  gra y body ,  bead y blac k eyes ,  an d a 
long ,  whip-lik e tail )  w h o love d swimmin g wit h 
hi s othe r  (car p /  stingray )  friends.  The y especiall y 
like d swimmin g int o th e depth s o f  th e wate r  an d 
returnin g t o th e surface .  O n e day ,  whe n (Car l  th e 
Car p /  Stev e th e Stingray )  an d hi s friends  wer e 
enjoyin g anothe r  adventur e i n th e depth s o f  th e 
water ,  the y sense d som e danger .  The y wer e 
eatin g lunc h when ,  al l  o f  a  sudden ,  ther e wa s a 
gian t  shado w loomin g ove r  them .  (Car l  th e Car p / 
Stev e th e Stingray )  turne d around ,  bu t  i t  wa s to o 
late !  H e foun d himsel f  insid e th e bell y o f  a  bi g 
fish.  H e diough t  t o himself ,  "Thi s i s th e en d o f 
(Car l  th e Car p /  Stev e th e Stingray) .  I'l l  neve r  b e 
abl e t o swi m aroun d wit h m y (car p /  stingray ) 
friends  an d hav e fu n again. "  Jus t  a s h e wa s 
thinkin g this ,  h e hear d a  lou d rumblin g an d wa s 
pushe d ou t  from  th e fish's  stomach .  Hi s friends, 
w ho ha d bee n hidin g i n th e rocks ,  s w a m 
cautiousl y toward s hi m t o mak e sur e h e wa s 
okay .  "(Car l  /  Steve), "  on e o f  hi s friends  said , 
"tha t  bi g fish  jus t  burpe d yo u up !  Ar e yo u al l 
right? "  "Yes, "  a  relieve d (Car l  th e Car p /  Stev e 
th e Stingray )  said ,  "I' m fine.  Let' s finish  ou r 
adventure. "  Then ,  (Car l  th e Car p /  Stev e th e 
Stingray )  an d al l  o f  hi s (car p /  stingray )  friend s 
s w a m happil y of f  fo r  anothe r  fu n advennire . 

Result s 

First ,  w e di d successfiill y  manipulat e speec h rate ,  t  =  -
2.44, 2 <  .05 .  Th e averag e numbe r  o f  word s pe r  minut e 
was 145. 5 i n th e Fas t  conditio n an d 120. 0 i n th e Slo w 
condition .  Second ,  a s ca n b e see n i n Figur e 2 , 
participant s produce d mor e gesture s pe r  a  minut e i n th e 
Fast  conditio n tha n the y di d i n th e Slo w condition .  Thi s 
indicate s tha t  gestur e productio n i s tie d t o speec h rate . 

As show n i n Figure s 3  an d 4 ,  conten t  effect s ar e see n 
i n th e bot h Fas t  an d Slo w conditions ,  bu t  th e effec t  i s 
reliabl e onl y i n th e Fas t  conditio n (fo r  Fas t  condition ;  t 
=2.198 ,  E < .05 ,  an d fo r  Slo w condition ;  t  =1.405 ,  e = 

.18. )  Participant s i n bot h Fas t  an d Slo w condition s 
produce d mor e gesture s tha t  corresponde d t o th e stor y 
tha t  the y retol d tha n gesture s tha t  di d no t  correspond . 
The fac t  tha t  speec h entraine d t o a  slo w metronome ,  8 0 
beat s pe r  a  minute ,  decrease s gestur e us e an d weaken s 
th e conten t  effec t  o n iconi c gesture s suggest s a  direc t 
lin k betwee n arousa l  an d content . 

Discussion 

The tw o experiment s yiel d 3  mai n results .  First ,  th e 
conten t  o f  Uiough t  directl y influence s han d position . 
Thinkin g abou t  carp s lead s on e t o hold s one' s han d 
perpendicula r  t o th e tabletop .  Thinkin g abou t  stingray s 
lead s t o hand s hel d i n a  horizonta l  positio n ove r  th e 
table .  B y experimentall y manipulatin g th e conten t  o f 
thought ,  on e manipulate s han d position .  Thi s i s 
consisten t  wit h th e proposa l  tha t  gesture s iconicall y 
represen t  meaning .  Second ,  speec h an d gestur e ar e 
readil y entraine d t o a  rhythmi c beat .  And ,  faste r  rate s o f 
speec h lea d t o mor e gesture s an d slo w rate s o f  speec h 
lea d t o fewe r  gestures .  Thi s i s consisten t  wit h th e ide a 
of  gesture s emergin g a s a  consequenc e o f  arousal . 
Amount  o f  energ y appear s t o b e i s a  drivin g forc e i n 
gesture .  Third ,  arousa l  (o r  rat e o f  speech )  appear s 
linke d t o th e frequency  o f  iconi c gestures .  Thi s 
suggests ,  contrar y t o th e moto r  overflo w hypothesis , 
tha t  th e relevan t  activatio n concern s meaningfu l  conten t 
and no t  jus t  th e speec h moto r  plan .  Hig h activatio n 
lead s t o mor e iconicall y relate d gesture s a s i f  hig h 
arousa l  lead s t o mor e highl y activate d meaning s tha t 
emerg e i n bot h spoke n word s an d i n meanin g relate d 
gestures . 
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A b s t r a c t 
One critica l  ste p i n addressin g an d resolvin g th e problem s as -
sociate d wit h huma n error s i s th e developmen t  o f  a  cognitiv e 
taxonom y o f  suc h errors .  I n th e cas e o f  errors ,  suc h a  taxon -
omy ma y b e develope d (1 )  t o categoriz e al l  type s o f  error s 
alon g cognitiv e dimensions ,  (2 )  t o associat e eac h typ e o f  erro r 
wit h a  specifi c  underlyin g cognitiv e mechanism ,  (3 )  t o ex -
pla m why ,  an d eve n predic t  whe n an d where ,  a  specifi c  erro r 
wil l  occur ,  an d (4 )  t o generat e interventio n strategie s fo r  eac h 
typ e o f  error .  Base d o n Reason' s (1992 )  definitio n o f  huma n 
error s an d Norman' s (1986 )  cognitiv e theor y o f  huma n action , 
we hav e develope d a  preliminar y action-base d cognitiv e 
taxonom y o f  error s tha t  largel y satisfie s thes e fou r  criteri a i n 
th e domai n o f  medicine .  W e discus s initia l  step s fo r  applyin g 
thi s taxonom y t o develo p a n onlin e medica l  erro r  reportin g 
syste m tha t  no t  onl y categorize s error s bu t  als o identifie s 
problem s an d generate s solutions . 

1. Introduction 
T h e medica l  erro r  repor t  from  th e Institut e o f  Medicin e 
(Kohn ,  Corrigan ,  &  Donaldson ,  1999 )  ha s greatl y in -
crease d people' s awarenes s o f  th e frequency ,  magnitude , 
conq)lexity ,  an d seriousnes s o f  medica l  errors .  A s th e 8t h 
leadin g caus e o f  deat h i n di e U S wid i  98,00 0 preventabl e 
death s pe r  year ,  ahea d o f  moto r  vehicl e accidents ,  breas t 
cancer ,  o r  A I D S ,  medica l  error s nee d immediat e attentio n 
from  academic ,  healthcare ,  an d goverrunen t  institution s 
an d organizations .  T o achiev e th e goa l  o f  reducin g medica l 
error s b y 5 0 % i n five  year s se t  b y th e forme r  Clinto n Ad -
ministration ,  w e nee d t o understan d th e fundamenta l 
cause s o f  medica l  error s suc h tha t  medica l  error s ca n b e 
prevente d o r  greatl y reduce d systematicall y a t  a  larg e scale . 
I n ou r  opinion ,  cognitiv e factor s ar e fundamenta l  i n medi -
cal  errors .  Thi s ca n b e see n from  th e vie w o f  th e healthcar e 
syste m hierarch y an d th e vie w o f  actio n chains . 

Cognitiv e factor s ar e critica l  a t  variou s level s o f  th e 
healthcar e syste m hierarch y o f  medica l  error s (Figur e 1) . 
At  di e lowes t  cor e level ,  i t  i s  individual s w h o trigge r  er -
rors .  Cognitiv e factor s o f  individual s pla y th e mos t  critica l 
rol e her e (Reason ,  1992) .  A t  th e nex t  level ,  error s ca n oc -
cu r  du e t o interaction s betwee n a n individua l  an d technol -
ogy .  Thi s i s a n issu e o f  hunnan-compute r  interactio n wher e 
cognitiv e propertie s o f  interaction s betwee n h u m a n an d 
technolog y affec t  an d sometime s determin e h u m a n behav -
io r  (Helander ,  Landauer ,  &  Prabhu ,  1997 ;  Zhang ,  1997 ; 

Zhan g &  Norman ,  1994) .  A t  th e nex t  level ,  error s ca n b e 
attribute d t o di e socia l  dynamic s o f  interaction s betwee n 
group s o f  peopl e w h o interac t  wit h comple x technolog y i n a 
distribute d cognitiv e system .  Thi s i s di e issu e o f  distribute d 
cognitio n an d computer-supporte d cooperativ e wor k 
(Baecker ,  1993 ;  Hutchins ,  1995a ,  1995b ;  Zhang ,  1997) .  A t 
th e nex t  fe w level s up ,  error s ca n b e attribute d t o factor s o f 
organizationa l  structure s (e.g. ,  coordination ,  conununica -
tions ,  standardizatio n o f  wor k process) ,  institutiona l  fiuic -
tions  (e.g. ,  policie s an d guidelines) ,  an d nationa l  regula -
tions.  A t  thes e highe r  levels ,  cognitiv e factor s als o pla y 
some roles .  Althoug h th e propertie s a t  di e si x level s ca n b e 
t o som e exten t  studie d independendy ,  a  cognitiv e founda -
tion  fo r  th e syste m i s essentia l  fo r  a  complet e an d in-depd i 
understandin g o f  medica l  errors . 

Nationa l  Regulation s 

Institutiona l  function s (policy ,  guidelines ) 

Organizationa l  structure s (coordination , 
conuninication ,  an d standardizatio n ofwor k 

process ,  skills ,  inpu t  an d output ) 

Distribute d systems :  interaction s amon g 
individual s an d interaction s betwee n 
group s o f  peopl e an d techonok)g y 

IndividuaMechonolog y 
interactio n 

Individual s 

F igur e 1 .  T h e syste m hierarch y o f  h u m a n error s i n medicin e 

From the view of action chains, the critical roles of 
cognitiv e factor s i n medica l  error s ar e als o clear .  Figur e 2 
s h o w s th e chai n o f  event s an d factor s tha t  lea d t o a n erro r  i n 
a system .  I t  i s  clea r  tha t  individual s ar e a t  di e las t  stag e o f 
th e chain ,  althoug h th e individual s m a y no t  b e th e roo t  caus e 
o f  th e error .  I f  th e chai n o f  event s ca n b e stoppe d a t  th e in -
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dividual' s stag e throug h cognitiv e interventioiu ,  error s 
coul d b e potentiall y  prevented . 

Medica l  error s ar e h u m a n error s i n healthcare .  B y 
definitio n (Koh n e t  al. ,  1999 ;  Reason ,  1992) ,  h u m a n error s 
ar e error s i n h u m a n actions .  H u m a n action s ar e primaril y 
cognitiv e activities .  I t  i s  no t  surprisin g t o se e tha t  h u m a n 
error s occu r  primaril y du e t o inadequat e informatio n proc -
essin g i n cognitiv e task s (Bogner ,  1994 ;  N o r m a n ,  1981 ; 
Reason ,  1992 ;  W o o d s ,  Johannesen ,  Cook ,  &  Sarter ,  1994) . 
I n orde r  t o preven t  o r  greatl y reduc e medica l  errors ,  i t  i s 
critica l  t o understan d th e underlyin g cognitiv e mechanism s 
o f  medica l  errors . 

SYSTEM 

Factor s 

Facto r  4 Factor } Individu a 

Facto r  1 Facto r  2 Facto r  6 

) - » < 3 ) 

Figur e 2 .  Th e chai n o f  event s leadin g t o a n erro r 

2 .  Theoretica l  B a c k g r o u n d 
To understan d th e cognitiv e mechanism s underlyin g medi -
cal  errors ,  w e firs t  nee d t o develo p a  cognitiv e taxonom y 
of  medica l  error s tha t  ca n (1 )  categoriz e al l  type s o f  medi -
cal  error s alon g cognitiv e dimensions ,  (2 )  associat e eac h 
typ e o f  medica l  erro r  t o a  specifi c  underlyin g cognitiv e 
mechanism ,  (3 )  explai n wh y an d eve n predic t  whe n an d 
wher e a  specifi c  erro r  wil l  occur ,  an d (4 )  generat e interven -
tio n strategie s fo r  eac h typ e o f  error . 

The purpos e o f  thi s pape r  i s t o develo p a n actio n 
base d cognitiv e taxonom y tha t  ca n b e potentiall y  expande d 
t o includ e al l  fou r  feature s liste d above . 

2.1. Reason's definition of human error 
Reason' s (Reason ,  1992 )  definitio n o f  huma n erro r 

i s th e mos t  widel y accepted :  a n erro r  i s a  failur e o f  achiev -
in g th e intende d outcom e i n a  planne d sequenc e o f  menta l 
or  physica l  activities .  Accordin g t o Reason ,  huma n error s 
ar e divide d int o tw o majo r  categories ;  (1 )  slip s tha t  resul t 
fro m th e incorrec t  executio n o f  a  correc t  actio n sequenc e 
and (2 )  mistake s tha t  resul t  from  th e correc t  executio n o f 
an incorrec t  actio n sequence .  I n compariso n wit h mistakes , 
slip s hav e bee n extensivel y studie d an d bette r  understoo d 
(fo r  reviews ,  se c Norman ,  1986 ;  Reason ,  1992) . 

2.2. Norman's action theory 
To b e comprehensive ,  descriptive ,  predictive ,  an d 

generalizable ,  a  cognitiv e taxonom y shoul d b e base d o n a 

soun d cognitiv e theor y tha t  ha s explanator y an d predictiv e 
power .  Sinc e huma n error s ar e define d a s error s i n huma n 
actions ,  a  cognitiv e theor y o f  huma n action s ca n provid e th e 
theoretica l  foundatio n fo r  th e cognitiv e taxonomy .  I n ou r 
opinion ,  th e cognitiv e theor y o f  huma n actio n mos t  appro -
priat e fo r  medica l  error s i s th e seven-stag e actio n theor y 
develope d b y Norma n (Norman ,  1986,1988 )  an d refme d b y 
Zhan g an d colleague s (Zhang ,  1987 ;  Zhang ,  Patel ,  &  John -
son ,  i n press) .  Th e seven-stag e actio n theor y i s show n i n 
Figur e 3 ,  wit h a  demonstratio n showin g th e actio n o f  delet -
in g a  fil e o n a  D O S system .  Accordin g t o thi s theory ,  an y 
actio n ha s seve n stage s o f  activities :  (1 )  establishin g th e 
goal  (e.g. ,  "delet e file");  (2 )  formin g th e intentio n (e.g. ,  "us e 
remov e command") ;  (3 )  specifyin g th e actio n specificatio n 
(e.g. ,  "remov e ../../home/paper/talk_old.verr') ;  (4 )  execut -
in g th e actio n (e.g. ,  "typin g comman d text ,  hi t  return") ;  (5 ) 
perceivin g th e syste m stat e (e.g. ,  "promp t  symbo l  :\> ,  n o 
feedback") ;  (6 )  interpretin g th e stat e (e.g. ,  "nothin g hap -
pened") ;  an d (7 )  evaluatin g th e syste m stat e wit h respec t  t o 
th e goal s an d intention s (e.g. ,  "for m sub-goa l  t o fin d ou t 
curren t  stat e o f  th e system") . 

Delete File 

Use delet e 
command 

•de l  J .  J 
home/paper / 
error-v1.doc " 

Typin g 
command text , 

hi t  retu m 

Intentio n Evaluatio n 

Actio n 
Specificatio n 

1 r 

Interpretatio n 

Executio n )  (  Percepto n 
User  Activitie s 

\ Physica l  Syste m 

Syste m Actlvttls s 

For m sub -
goal 

Nothin g 
happene d 

Prompt 
symbol  (:\>) , 
no feedbac k 

F i g u r e 3 .  N o r m a n ' s seven -s tag e t h e o r y o f  act ion . 

3. The Cognitive Taxonomy 
Reason develope d on e taxonom y o f  huma n error s (Reason , 
1992) ;  however ,  i t  wa s no t  base d o n a  systemati c theor y o f 
human action ;  i t  wa s primaril y fo r  slips ,  no t  fo r  mistakes ; 
and i t  ha s no t  bee n systematicall y applie d t o medica l  set -
tings .  Norman' s (Norman ,  1986 )  seven-stag e actio n theor y 
was develope d fo r  th e stud y o f  human-compute r  interactio n 
and th e desig n o f  use r  interfaces-i t  ha s no t  bee n applie d t o 
th e stud y o f  errors . 
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M i s t a k e s 

IntenUo n Evaluatio n 

Actio n 
Speetficabo n 

Intarpratatlo n 

Exacubo n I  (  Percapto n 
Uaar  ActlvMa a 

Executio n Slip s 

S l ip s 

Evaluatio n Slip s 

Phyaica l  Syste m 

Systa m Acttvttla a 

\ 

— I 

f  Intentio n 

1-

1 

^  (̂ Evaluatio n J ) 

_ 
' 

Actio n 
SpecHlcatio n 

• 

Intamiptlon a 

^ T ^ 
•^ 

Intarpratatlo n 

^  i 
^  1 

Executio n j  i  Percapto n 

\ 
\ 
^ Physica l  Syste m 

Syata m Activitie s 

/ 

F i g u r e 4 .  Sl ip s c a n o c c u r  a t  al l  s tages ,  w h e r e a s m i s t a k e s c a n o n l y o c c u r  a t  th e first  thre e stages . 

Th e cognitiv e taxonom y w e develo p her e i s a n 
applicatio n an d extensio n o f  Nonnan' s actio n theor y 
t o th e categorizatio n o f  medica l  errors .  I t  i s  a n action -
base d cognitiv e taxonomy .  Thi s taxonom y cover s al l 
type s o f  h u m a n errors ,  becaus e a  h u m a n erro r  i s a n 
erro r  i n a n actio n an d an y actio n ha s t o g o throug h th e 
seve n stages .  Accordin g t o ou r  taxonomy ,  error s ca n 
occu r  a t  an y o f  th e seve n stage s o f  actio n an d betwee n 
an y tw o adjacen t  stages :  du e t o incorrec t  translatio n 
from  goal s t o intentions ,  incorrec t  actio n specification s 
fix)m  intentions ,  incorrec t  executio n o f  actions ,  mis -
perceptio n o f  syste m state ,  misinterpretatio n o f  dat a 
perceived ,  an d misevaluatio n o f  interprete d informa -
tio n wit h regar d t o th e goa l  o f  th e task .  Unlik e othe r 
taxonomies ,  ou r  taxonom y specifie s th e place s wher e 
mistake s an d slip s m a y occu r  (Figtir e 4) .  A  sli p i s th e 
incorrec t  executio n o f  a  correc t  actio n sequence .  Slip s 
ca n occu r  a t  al l  seve n stage s o f  actio n an d betwee n 
stages .  Mistakes ,  however ,  ca n onl y occu r  a t  th e first 
thre e stage s o f  actio n becaus e a  mistak e i s th e correc t 
executio n o f  a n incorrec t  actio n sequenc e an d onl y th e 
firs t  thre e stage s ca n contribut e t o th e formatio n o f  a n 
incorrec t  actio n sequence . 

3.1. SUps 
Under  ou r  cognitiv e taxonomy ,  slip s ca n b e di -

vide d int o executio n slip s an d evaluatio n slip s (se e 
Figur e 4  an d Tabl e 1) . 

Executio n slip s ar e associate d wit h th e execu -
tio n o f  a n action .  The y occu r  a t  stage s o f  Goal ,  Inten -
tion ,  Actio n Specification ,  an d Execution .  Fo r  th e slip s 
at  eac h stage ,  ther e ar e correspondin g cognitiv e 
mechanisms .  A  correc t  goa l  coul d b e distorte d du e t o 
it s strongl y share d schem a wit h anothe r  irrelevan t 
goal .  A  correc t  intentio n coul d b e deactivate d du e t o 

memory deca y o r  swappe d b y anothe r  irrelevan t  inten -
tio n du e t o similarit y o f  schemas .  A  correc t  actio n 
specificatio n coul d b e distorte d du e t o man y factor s 
suc h a s attentio n shift ,  situationa l  stimulation ,  etc .  Th e 
executio n o f  a n actio n sequenc e coul d misfir e du e t o 
memory an d attentio n problem s o r  variou s environ -
menta l  factors .  Tabl e 4  show s a  lis t  o f  possibl e cogni -
tiv e mechanism s fo r  slip s a t  eac h o f  th e stages . 

Similarly ,  evaluatio n slip s ar e associate d wit h 
th e evaluatio n o f  th e outcome s o f  a n action .  The y occu r 
at  th e stage s o f  Perception ,  Interpretation ,  an d Evalua -
tion .  Ther e ar e als o correspondin g cognitiv e mecha -
nism s associate d wit h th e slip s a t  eac h o f  thes e stages . 
Th e outcom e o f  a n actio n migh t  b e impossibl e t o per -
ceive ,  har d t o perceive ,  o r  perceive d i n a n incorrec t 
way.  Th e interpretatio n stag e m a y als o induc e error s 
du e t o prio r  knowledge ,  lac k o f  context ,  o r  a s a  direc t 
resul t  o f  misperception .  Th e evaluatio n stag e m a y fai l 
du e t o insufficien t  feedback,  delaye d feedback,  infor -
matio n overload ,  m e m o r y failure ,  an d othe r  factors . 

Tabl e 1  show s no t  jus t  th e type s o f  slip s imde r 
th e cognitiv e taxonom y bu t  als o example s o f  slip s i n 
eac h categor y an d potential s solution s tha t  ca n preven t 
th e slip s fix)m  happening . 

3.2. Mistakes 
Under  ou r  cognitiv e taxonomy ,  mistake s ar e 

categorize d int o goa l  mistakes ,  intentio n mistakes ,  an d 
actio n specificatio n mistakes .  Thes e correspon d t o th e 
first  thre e stage s i n th e actio n cycl e wher e mistak e ca n 
occur .  Goa l  mistake s an d intentio n mistake s ar e mosd y 
knowledge-base d mistakes ,  suc h a s fault y conceptua l 
knowledge ,  incomplet e knowledge ,  biase s an d fault y 
heuristics ,  incorrec t  selectio n o f  knowledge ,  informa -
tio n overload ,  etc .  Actio n specificatio n mistake s ar e 
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mostl y rule-base d mistakes ,  suc h a s misapplicatio n o f 
good rules ,  encodin g deficiencie s i n rules ,  actio n defi -

ciencie s i n rules ,  dissociatio n betwee n knowledg e an d 
rules ,  etc . 

Tab l e 1 .  A n Actio n Base d Cognitiv e T a x o n o m y :  Slip s 

Executio n 

Slip s 

Evaluatio n 

Slip s 

Stag e i n Actio n 

Cycl e 

Goal  slip s 

Intentio n Slip s 

Actio n Specifica -

tio n Slip s 

Executio n slip s 

Perceptio n slip s 

Interpretatio n 

slip s 

Evaluatio n slip s 

E x a m p l e s 

A docto r  wa s calle d ou t 
of  th e roo m t o aruwe r  a n 
urgen t  cal l  an d after -
ward s h e wen t  t o th e 
roo m o f  a  differen t  pa -
tien t  wh o wa s nex t  i n th e 
queue .  (Los s o f  activa -
tion ) 
"/  wen t  int o m y bedroo m 
intendin g t o fetc h a  book . 
I  too k of f  m y rings , 
looke d i n th e mirro r  an d 
came ou t  again—withou t 
th e boo k "  (Los s o f  acti -
vation ) 
IL-I ]  (Oprelvekin.o r 
Interleukin-eleven )  wa s 
misinterprete d a s IL- 2 
(Aldesleukin ,  orlnter -
leukin-two) .  1 1 wa s rea d 
as th e Roma n numera l 
two .  (Associativ e activa -
tion ) 
"/  mean t  t o tur n of f  th e 
antibiotic s I V only ,  bu t 
turne d of f  th e infitsio n 
pump completely. "  (Dou -
bl e caphire ) 

A patien t  die d o f  liqui d 
aspiratio n Becaus e th e 
wate r  tra p connecte d 
wit h a  tub e ha d n o 
mechanis m t o protec t 
agains t  reflu x t o patient' s 
trachea ,  an d ther e wa s n o 

feedbac k i n th e system . 
(Lac k o f  perception ) 
A yello w flashing  ligh t  o n 
a medica l  devic e wa s 
interpreate d a s non -
critica l  whe n i t  reall y 
meant  critical .  (Misinter -
pretation ) 
A nurs e repeate d radia -
tio n therap y t o a  patien t 
thre e time s i n a  row ,  du e 
t o poo r  feedbac k Th e 
patien t  die d thre e month s 
later .  (Lac k o f  feedback ) 

C o g n i t i v e m e c h a -

n i s m s 
•Los s o f  activatio n 
•Cros s tal k (concurrent ) 
•Cros s tal k (sequential ) 
•Altere d goa l 
•Delaye d activatio n 
•Overflo w o f  goa l  stack s 

•Los s o f  activatio n 
•Cros s tal k (concurrent ) 
•Cros s tal k (sequential ) 
•Reversa l  o f  schem a 
•Activatio n o f  incorrec t 
schema 

•Associativ e activatio n 
•Failur e o f  retrieva l 
•Sequenc e mutatio n 
•Situate d activatio n 
•Descriptio n 
•Cros s talk s 

•Captur e 
•Doubl e captur e 
•Perceptua l  confiisio n 
•Deviatio n o f  moto r  skill s 
•Misfirin g 
•Omissio n 
•Lac k o f  perceptio n 
•Misperceptio n 
•Mis-anticipatio n 

•Misinterpretatio n 
•Defaul t  schem a 
•Confirmatio n bia s 
•Informatio n overloa d 
•Los s o f  memor y 

•Los t  goa l 
•Insufficien t  informatio n 
•Evaluatin g differen t  goa l 
•Informatio n overloa d 
•Lac k o f  feedbac k 

Po ten t ia l  s o l u -

t ion s 
•Provid e memor y aid s 
•Reduc e multitaskin g 
•Reduc e interruption s 
•Reduc e goa l  stack s 
•Trai n user s 

•Provid e memor y aid s 
•Reduc e multitaskin g 
•Situate d action s 
•Reduc e interruption s 

•Automatio n 
•Decisio n suppor t 
•Situate d action s 
•Trai n user s 
•Direc t  actio n 

•Automatio n 
•Visualizatio n 
•Displa y desig n 
•Reduc e interruptio n 
•Memor y aid s 

•Direc t  perceptio n 
•Immediat e feedbac k 

•Displa y desig n 
•Decisio n suppor t 
•Use r  trainin g 
•Memor y aid s 
•Situatio n awarenes s 

•Memor y aid s 
•Displa y desig n 
•Actio n trackin g 
•Infonnatio n reduc -
tio n 
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Tabl e 2 .  A n Actio n Base d Cognitiv e Taxonomy :  Mistalce s 

Knowledge -

base d Mistake s 

Rule-base d Mis -

take s 

Stag e i n Actio n 

Cycl e 

Goal  mistake s 

Intentio n mis -

take s 

Actio n Specifica -

tio n mistake s 

Example s 

Stic k wit h a  diagnosi s 
tha t  wa s generate d 
throug h a  larg e invest -
ment  o f  tim e an d effor t 
eve n i f  ther e wa s evi -
denc e indicatin g othe r 
possibilities .  (Biases ) 
A physicia n treatin g a 
patien t  wit h oxyge n se t 
th e flo w contro l  kno b 
betwee n 1  an d 2  liter s 
per  minute ,  no t  realiz -
in g tha t  th e scal e num -
ber s represente d dis -
crete ,  rathe r  tha n con -
tinuous ,  settings .  (In -
correc t  knowledge ) 
Strang e bu m scar s 
appeare d i n post -
operativ e patient s i n a 
hospital .  Th e proble m 
was cause d b y electri c 
discharg e o f  th e devic e 
tha t  wa s no t  grounded . 
The devic e ha s a  blink -
in g re d t o signa l  fo r  th e 
problem ,  bu t  th e devic e 
operator s di d no t  kno w 
th e meanin g o f  th e sig -
nal .  (Incomplet e 
knowledge ) 

Cogn i t i v e 

M e c h a n i s m s 
•Miidiagnosi i 
•Fault y conceptua l 
knowledg e 
•Incomplet e knowledg e 
•Biase s 
•Fault y heuristic s 

•Incorrec t  selectio n o f 
knowledg e 
•Misapplicatio n o f 
knowledg e 
•Informatio n overloa d 
•Incorrec t  knowledg e 

•Misapplicatio n o f  goo d 
rule s 
•Encodin g deficiencie s 
i n rule s -
•Dissociatio n betwee n 
knowledg e an d rule s 
•Actio n deficiencie s i n 
rule s 
•Inconq)let e knowledg e 

Potentia l  solu -

tion s 
•Trainin g 
•Educatio n 
•Representationa l  Ai d 
•Decisio n suppor t 

•Trainin g 
•Educatio n 
•Decisio n suppor t 
•Informatio n reduc -
tio n 
•Displa y desig n 
•Representationa l  Ai d 

•Decisio n suppor t 
•Automatio n 
•Use r  trainin g 
•Representationa l  Ai d 

Tabi c 2  show s no t  only  th e type s o f  mistake s 
unde r  th e cognitiv e taxonom y bu t  als o exanq>le s o f 
mistake s i n eac h categor y an d potential s solution s tha t 
ca n preven t  th e mistake s from  happening .  I n compari -
so n wit h slips ,  mistake s ar e mor e comple x an d les s 
understood . 

Most  studie s abou t  mistake s i n th e pas t  wer e 
byproduct s o f  studie s o f  reasonin g biase s an d heuris -
tic s i n decision-makin g task s (Hogart h &  Einhom , 
1992 ;  Tversk y &  Kahneman ,  1974) .  Recentl y ther e 
hav e bee n a  growin g numbe r  o f  studie s tha t  explicitl y 
examin e variou s type s o f  mistake s i n medicin e (Pate l 
& Kaufinan ,  2(K)0 ;  Patel ,  Lloyd ,  &  Melanson ,  2(X)0 ; 
Pate l  &  Ramoni ,  1997) .  W e expec t  t o se e mor e studie s 
of  dii s  kin d an d w e wil l  expan d ou r  taxonom y t o ac -
commodat e n e w dat a an d theories . 

4. Discussion and Conclusion 
O ne critica l  ste p toward s reducin g medica l  error s i n 
particula r  an d huma n error s i n genera l  i s a  cognitiv e 

taxonom y o f  error s tha t  ca n (1 )  categoriz e al l  type s o f 
medica l  error s alon g cognitiv e dimensions ,  (2 )  associ -
at e eac h typ e o f  medica l  error s t o a  specifi c  underlyin g 
cognitiv e mechanism ,  (3 )  explai n w h y an d eve n predic t 
when an d wher e a  specifi c  erro r  wil l  occur ,  an d (4 ) 
generat e interventio n strategie s fo r  eac h typ e o f  error . 
Base d o n Reason' s (Reason ,  1992 )  definitio n o f  himia n 
error s an d Norman' s (Norman ,  1986 )  cognitiv e theor y 
of  huma n action ,  w e develope d a  preliminar y action -
base d cognitiv e taxonom y o f  medica l  error s tha t  t o 
some exten t  satisf y thes e fou r  criteria .  Ou r  taxonom y 
ca n categoriz e al l  type s o f  error s (slip s an d mistakes ) 
accordin g th e stage s o f  th e actio n cycle .  W e hav e iden -
tifie d a  se t  o f  cognitiv e mechanism s (thoug h no t  ex -
haustive )  tha t  underli e eac h typ e o f  sli p o r  mistake .  Ou r 
taxonom y ca n als o explai n w h y a  specifi c  erro r  occurs , 
althoug h w e hav e no t  develope d th e taxonom y i n 
enoug h detai l  t o mak e predication s o n whe n an d wher e 
an erro r  wil l  occur .  Finally ,  a t  a  hig h an d conceptua l 
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level ,  w e hav e generate d a  se t  o f  possibl e solution s 
addressin g eac h typ e o f  errors . 

One importan t  practica l  implicatio n o f  th e cog -
nitiv e taxonom y o f  medica l  error s i s tha t  i t  ca n provid e 
systematic ,  principle d method s fo r  th e desig n o f  medi -
cal  erro r  reportin g systems .  Curren t  medica l  erro r  re -
portin g system s ar e mostl y base d o n fre e tex t  i n a n 
unstructure d format .  Medica l  erro r  dat a collecte d i n 
thi s wa y ar e rarel y usefu l  fo r  th e detectio n o f  patterns , 
discover y o f  underlyin g factors ,  an d generatio n o f 
solutions ,  becaus e use r  entere d fre e tex t  d o no t  contai n 
th e right  type s o f  informatio n neede d fo r  intervention s 
and i s difficul t  t o analyz e i n a  systemati c way .  Medica l 
erro r  reportin g system s shoul d no t  b e merel y recor d 
keepin g systems .  The y shoul d b e system s fo r  th e iden -
tificatio n o f  problem s an d generatio n o f  solutions .  W e 
ar e cunentl y developin g a n onlin e medica l  erro r  re -
portin g syste m tha t  i s base d o n th e cognitiv e taxon -
omy w e hav e bee n developing .  I n thi s system ,  ques -
tion s an d inquirie s ar e generate d t o encod e cognitivel y 
relevan t  information ;  th e categorizatio n o f  error s i s 
alon g relevan t  cognitiv e dimensions ;  an d i t  i s  designe d 
t o generat e immediat e recommendation s o n possibl e 
interventio n strategies . 
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Abstrac t 

Figurative expressions in metaphor form (e.g.. Marriage 
i s a  journey )  see m stronge r  an d deepe r  tha n expression s 
i n simil e for m (e.g. ,  Marriag e i s lik e a  Journey) .  W e ra n 
a stud y t o examin e th e natur e o f  thes e judgments . 
Participant s rea d shor t  paragraph s describin g eithe r 
objec t  attribute s o r  relationa l  structur e an d the n mad e a 
force d choic e o f  th e grammatica l  for m o f  a  figurative 
expressio n mentionin g th e targe t  concep t  referre d t o i n 
di e passages .  Th e result s showe d tha t  th e metapho r  for m 
was chose n mor e ofte n (1 )  fo r  expression s wit h 
conventiona l  bases ,  an d (2 )  whe n figurativ e statement s 
followe d context s containin g relationa l  information .  W e 
specula u abou t  a  possibl e linkag e betwee n 
conventionalizatio n an d relationality . 

Introduction 

Nomina l  figurative  statement s ca n b e expresse d i n tw o 
ways -  i n simil e for m ( X i s lik e Y )  an d i n me t ^ho r 
for m ( X i s Y) .  Althoug h th e tw o grammatica l  form s 
largel y serv e th e sam e purpos e (showin g tha t  on e entit y 
i s figuratively  simila r  t o another) ,  peopl e repor t  tha t 
expression s i n metapho r  for m fee l  mor e profoun d an d 
expres s stronge r  claim s tha n expression s i n simil e form . 
For  example ,  sayin g H e r  hear t  i s a  ston e feel s deepe r 
tha n H e r  hear t  i s  lik e a  stone .  Further ,  severa l  studie s 
(Gib b &  Wales ,  1990 ;  Bowdle ,  1998 ;  Aisenman ,  1999 ) 
hav e foun d tha t  i f  peopl e ar e aske d t o mak e a  choic e 
betwee n a n expressio n i n metapho r  for m o r  th e sam e 
expressio n i n simil e form ,  th e simil e for m i s chose n 
mor e often .  I t  appear s tha t  peopl e ar e mor e 
conservativ e i n usin g metaphor s tha n i n usin g similes . 

Th e greate r  forc e o f  th e meti^bori c for m wa s note d 
b y Glucksber g an d Keysa r  (1990) ,  w h o propose d tha t 
th e metapho r  for m i s th e basi c for m o f  figurative 
statement s an d tha t  simile s ar e understoo d a s variant s o f 
mets^bors .  Notin g tha t  th e grammatica l  for m o f 
metaphor s matche s tha t  o f  categor y inclusio n 
statements ,  the y suggeste d tha t  metaphor s i n fac t 
fimctio n a s categor y inclusio n statements ,  wher e th e 
categor y i s  a n abstractio n tha t  ca n b e accesse d o r 
create d fro m th e met^hor' s bas e concept .  ( W e wil l  us e 
th e term s targe t  an d base ,  respectively ,  fo r  th e X  an d Y 

terms ,  o f  a  figurative  expressio n X  i s [like ]  Y. )  Ther e 
has bee n debat e concernin g th e processin g implication s 
of  thi s theory ,  bu t  fo r  ou r  purpose s th e ke y poin t  i s 
Glucksber g an d Keysar' s insigh t  tha t  th e grammatica l 
for m o f  figurative  statement s ha s psychologica l  force , 
wit h metapho r  bein g th e stronger ,  mor e categorica l 
form .  Thi s pape r  examine s th e reason s fo r  thi s 
phenomenon . 

T wo recen t  theorie s hav e propose d differen t 
explanation s fo r  th e simile-metapho r  difference .  O n e 
accoun t  single s ou t  th e conventionalit y o f  th e bas e 
term ;  th e other ,  th e relationality/attributionalit y o f  th e 
metaphor' s interpretation .  Th e first  account ,  th e Caree r 
of  Metapho r  hypothesi s (Bowdl e &  Gentner ,  1999 ; 
Gentne r  &  Bowdle ,  2001 )  suggest s tha t  th e differenc e 
lie s i n th e conventionalit y o f  th e bas e term :  figuratives 
wit h conventiona l  base s ar e expresse d a s metaphors , 
and thos e wit h nove l  base s ar e expresse d a s similes . 
Th e secon d account ,  Aisenman' s (1999 )  Relationa l 
Precedenc e hypothesis ,  suggest s tha t  th e differenc e i s 
du e t o th e kin d o f  interpretatio n th e expressio n receives : 
relationa l  interpretation s ar e state d a s metaphors ,  an d 
attributiona l  interpretation s ar e state d a s similes . 

I n thei r  researc h o n metapho r  processing ,  Gentne r 
an d Wolf f  (1999 )  propose d a n importan t  distinctio n 
betwee n newl y minte d figuratives  an d conventionalize d 
figuratives.  Accordin g t o th e Caree r  o f  Metapho r 
hypothesis ,  figuratives  wit h nove l  bases ,  suc h a s A n 
encyclopedi a i s (like )  a  uraniu m mine ,  ar e processe d b y 
compariso n betwee n th e targe t  an d th e litera l  meanin g 
of  th e base .  I n contrast ,  figuratives  wit h conventiona l 
bases,  suc h a & A n encyclopedi a i s a  goldmine ,  ca n b e 
processe d b y aligimien t  wit h a  conventiona l  abstractio n 
(e.g. ,  a  sourc e o f  somethin g valuable )  associate d wit h 
di e bas e term .  Th e ke y differenc e betwee n nove l  an d 
conventiona l  base s i s  tha t  th e representation s o f 
conventiona l  base s includ e a  secondar y metaphori c 
meanin g alon g wit h th e origina l  litera l  meaning .  The y 
hav e becom e polysemous .  I n contrast ,  representation s 
of  nove l  base s contai n onl y a  litera l  meaning . 

Gentne r  an d Wolf f  (1997 )  propose d tha t 
conventiona l  metî ihori c meaning s ar e create d ove r 
tim e a s a  resul t  o f  repeate d comparison s o f  differen t 
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targe t  term s wit h th e sam e base .  Th e ide a i s tha t 
throug h progressiv e alignment s o f  th e base ,  a  se t  o f 
propertie s o r  a  relationa l  schem a belongin g t o th e bas e 
emerge s a s a  separabl e abstraction .  Thi s ca n becom e a n 
additiona l  wor d sens e -  a  lan d o f  metaphori c categor y 
associate d wit h th e base . 

Bowdle' s Grammatica l  Concordanc e principl e link s 
th e Caree r  o f  Meti4)ho r  hypothesi s wit h th e simile -
metapho r  distinction .  I t  state s tha t  metaphori c 
expression s ar e interprete d b y th e proces s o f  structura l 
alignmen t  (Centne r  &  Markman ,  1997) ,  bu t  th e natur e 
of  th e invite d alignmen t  differ s fo r  metaphor s an d 
similes .  Th e simil e for m invite s directl y alignin g th e 
litera l  bas e an d targe t  concept s (e.g. ,  encyclopedi a an d 
goldmin e i n th e abov e exaiapXt) ,  wherea s th e metapho r 
for m suggest s tha t  th e listene r  shoul d fu's t  acces s th e 
abstractio n associate d wit h th e bas e -  e.g. ,  sourc e o f 
somethin g valuabl e — an d the n alig n i t  wit h th e targe t 
representation .  Consisten t  wit h thi s explanation , 
Gentne r  an d Bowdl e (2001 )  foun d tha t  nove l  metaphor s 
ar e slo w t o process .  Thi s follow s fro m th e clai m tha t 
suc h statement s lea d t o a  fals e star t  i n processing .  Fo r 
exan^le ,  hearin g Tha t  encyclopedi a i s a  uraniu m min e 
i s infelicitous ,  becaus e ther e i s n o conventiona l 
abstractio n associate d wit h uraniu m mines . 

Thus ,  th e clai m i s dia t  (1 )  repeate d alignment s ca n 
lea d t o th e formatio n o f  a n abstraction ,  an d (2 ) 
figurativ e statement s ca n occu r  i n metapho r  for m onl y 
when ther e i s existin g abstractio n (o r  metaphorica l 
category )  associate d wit h th e base .  Perhap s di e mos t 
strikin g evidenc e fo r  thi s clai m i s Bowdle' s (1998 ) 
stud y showin g 'i n vitro '  conventionalization .  Afte r 
seein g nove l  base s i n paralle l  conq)arison s wit h thre e 
targe t  term s i n simil e form ,  subject s preferre d t o 
expres s furthe r  statement s involvin g tha t  bas e i n 
met^ho r  form .  The y als o (mis )  recalle d th e statement s 
the y ha d see n a s havin g bee n i n mettqjho r  form . 
Gentne r  an d Bowdl e (2001 )  foun d tha t  a s figurativ e 
statement s becam e increasingl y conventional ,  ther e i s a 
shif t  i n people' s preferenc e fix)m  di e simil e for m t o th e 
metapho r  form . 

A secon d explanatio n fo r  th e subjectiv e difference s i n 
perceptio n o f  simile s an d metaphor s wa s recentl y 
offere d b y Aisenma n (1999) .  Sh e extende d Centner' s 
(1988 ;  Gentne r  &  Clement ,  1988 )  distinctio n betwee n 
attributiona l  an d relationa l  comparison s an d suggeste d 
tha t  peopl e primaril y us e th e metapho r  for m t o 
highligh t  c o m m o n relation s betwee n th e bas e an d 
target ,  an d th e simil e for m t o highligh t  c o m m o n 
attribute s (Aisenman ,  1999) .  Thus ,  th e metapho r  for m 
i s likel y t o conve y a  dee p c o m m o n syste m o f  relations . 
Thi s theor y fit s  wel l  wit h th e intuitio n tha t  metaphor s 
ofte n see m mor e profoun d tha n similes .  I n he r  study , 
Aisenma n presente d subject s wit h bas e an d targe t  term s 
and aske d whethe r  the y woul d b e mor e likel y t o pu t 
sentence s wit h thos e term s i n simil e o r  metapho r  form . 

W h en di e bas e an d targe t  share d mostl y surfac e 
attribute s (e.g. .  Th e su n i s (7/Ak )  a n orang e -  bot h ar e 
roun d an d orange) ,  participant s preferre d t o stat e 
sentence s i n simil e form .  W h e n th e bas e an d targe t 
share d c o m m o n relationa l  structur e (e.g. .  Televisio n i s 
(like )  a  magne t  -  bot h attract) ,  participant s wer e mor e 
likel y t o us e th e metapho r  form .  Aisenman' s result s 
sugges t  tha t  th e metapho r  for m i s preferre d fo r 
relationa l  commonalities . 

Ther e ar e thu s tw o account s fo r  for m difference s i n 
figurativ e language :  meti^hor s ten d t o b e preferre d 
ove r  simile s (a )  whe n di e bas e i s conventioiia l  o r  (b ) 
when th e interpretatio n i s relational .  T o compar e thes e 
accounts ,  w e varie d bot h factor s -  conventionalit y o f 
th e bas e an d th e typ e o f  commonalitie s betwee n th e 
bas e an d targe t  -  an d obtaine d people' s preference s fo r 
statin g figurativ e expression s i n simil e o r  meti^iho r 
form . 

E i p e r i m e n t  1 .  C o n t e x t  P r i m i n g 

We selecte d 2 0 metaphor s from  prio r  metapho r  studie s 
(Ortony ,  1979 ;  Gentne r  &  Clement ,  1988 ;  Aisenman , 
1999) .  Th e metjqjhor s use d wer e classifie d a s doubl e 
metaphor s (Gentiie r  &  Clement ,  1988 )  i n dia t  the y 
permitte d bot h attributiona l  an d relationa l 
interpretations .  W e presente d subject s wit h shor t 
paragraph s describin g th e target ,  focusin g eithe r  o n it s 
attribute s o r  o n it s relationa l  structure .  Exanqjle s o f 
relationa l  an d attributiona l  context s ar e liste d i n Tabl e 
1.  Then ,  participant s wer e aske d t o choos e whic h o f  th e 
tw o figurativ e sentence s the y preferred .  Bot h sentence s 
feature d th e targe t  couple d wit h di e sam e bas e an d 
differe d onl y i n tha t  on e o f  the m wa s a  simil e an d on e 
was a  metaphor .  Hal f  th e base s wer e novel ,  an d hal f 
wer e conventional .  Conventionalit y o f  th e bas e wa s 
operationalize d a s havin g th e metaphori c meanin g 
liste d i n th e Merriam-Webste r  Collegiat e dictionary . 
Th e bas e term s neve r  appeare d i n th e context s 
precedin g di e simil e an d metapho r  statements .  Tabl e 1 
shows a  san^l e stimulu s wit h a  conventiona l  base . 

Th e Caree r  o f  Meteqiho r  accoun t  predict s tha t  peopl e 
woiU d b e mor e likel y t o prefe r  th e metapho r  for m fo r 
statement s wit h conventiona l  radie r  tha n nove l  bases . 
Aisenman' s Relationa l  Precedenc e hypothesi s predict s 
tha t  peopl e woul d b e mor e likel y t o prefe r  th e metapho r 
for m whe n give n di e paragrap h primin g th e relationa l 
interpretation . 

Method 

Sixty-fou r  Northwester n Universit y undergraduate s 
wer e presente d wit h 2 0 shor t  paragraphs .  Eac h 
paragrap h supporte d eithe r  a n attributiona l  o r  relationa l 
interpretatio n o f  a  figxutitiv e expression .  Afte r  readin g 
th e paragr^h ,  participant s chos e betwee n simil e an d 
metapho r  form s a s show n i n Tabl e 1  an d wer e aske d t o 
choos e th e sentenc e die y preferre d b y circlin g it .  Fou r 
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rando m order s wer e use d acros s participants .  Whethe r 
th e sentenc e i n simil e o r  metapho r  for m w a s presente d 
o n th e lef t  sid e o f  th e pag e w a s counterbalanced . 

Table 1: Example of atthbutional and 
relationa l  context s 

Conventional base 

AtttibutioMl intcrofcwion: 

Mr. White, a sociologist, is writii\g an article about 
poveit y  i n uiba n America .  H e conside n povert y a  horribl e 
bligh t  0 0 ou r  societ y an d argue s tha t  th e governmen t  mus t 
interven e wiO i  a  welfar e reform .  H e think s tha t 

Povert y i t  a  disease . Povert y i s lik e a  disease . 

Mr.  White ,  a  sociologist ,  i s  writin g a n articl e abou t 
poveit y i n urba n America .  H e coosider s povert y t o b e 
increasin g an d argue s that ,  unles s th e govemmen t 
intervene s wit h a  welfar e reform ,  povert y wil l  sprea d 
further .  H e think s tha t 
Poveit y i s hk e a  disease . Povert y i s a  disease . 

Result s 

We confute d th e n u m b e r  o f  metapho r  choice s b y 
codin g preferenc e fo r  simil e for m a s 0  an d preferenc e 
fo r  metapho r  for m a s 1 .  Analysi s o f  varianc e performe d 
wid i  bas e conventionalit y an d contex t  typ e a s between -
subject s factor s showe d a  significan t  effec t  o f  bas e 
conventionalit y  (F ,  3 9 =  7.50 ,  A C £ =  0.31 ,  p  <  0.01) . 
T h e proportio n o f  metapho r  for m choice s wa s 
significantl y highe r  fo r  statement s wit h conventiona l 
base s { M c =  0.39 )  tha n fo r  statement s wit h nove l  base s 
( M s =  0.22) .  T h e numbe r  o f  meti^ho r  preference s wa s 
significantl y lowe r  tha n chanc e fo r  bot h nove l  an d 
conventiona l  base s ( p <  0.05) . 

We als o obtaine d a  marginall y significan t  effec t  o f 
precedin g contex t  typ e (Fj _ 3 9 =  3.66 ,  A4S £ =  O.IS ,  p  = 
0.06) .  Statement s followin g relationa l  context s wer e 
preferre d i n metapho r  for m mor e ofte n tha n statement s 
followin g attributiona l  context s (M g =  0.37 ,  M a =  0.24) . 
T h e numbe r  o f  meti^)ho r  preference s w a s significantl y 
lowe r  tha n chanc e fo r  boi h relationa l  an d attributiona l 
context s ( p <  0.05) .  T h e result s ar e summarize d i n 
Figur e 1 . 

T h e preferenc e fo r  metaphori c for m fo r  relationa l 
informatio n w a s onl y marginall y significant .  However , 
an ite m analysi s indicate d a  disparit y i n th e qualit y o f 
th e item s used .  S o m e item s wer e strongl y preferre d i n 
simil e for m (e.g. ,  onl y on e ou t  o f  6 4 participant s chos e 
t o pu t  Titaniu m chip s ar e (like )  diamond s i n metapho r 
form) .  I t  thu s seeme d possibl e tha t  no t  al l  th e item s 
wer e suitabl e a s metaphors .  T o ensur e tha t  th e 
Relationa l  Precedenc e vie w wa s fairl y tested ,  w e 

remove d item s tha t  wer e pu t  i n metapho r  for m b y les s 
tha n seve n participant s ( 2 wit h nove l  base s an d 2  wid i 
conventiona l  bases) .  A n A N O V A performe d o n th e 
remainin g item s yielde d a  significan t  effec t  o f  contex t 
typ e (F, ,  3 ,  -  5.10 ,  M S B = -  0.16 ,  p  <  0.05 )  i n additio n t o 
ttie  significan t  effec t  o f  bas e conventionalit y  (F/ .  3 1 = 
10.15 ,  M S B -  0.32 ,  p  <  0.01) .  Th e interactio n betwee n 
bas e conventionalit y an d contex t  typ e wa s no t 
significant . 

DAttributiona l  •Relationa l 

nove l  conventiona l 

bas e conventionalit y 

Figure 1: Proportion of metaphor choices for 
nove l  an d conventiona l  bases .  Erro r  bar s sho w 

standar d error . 

Experiment 2 

The results of the first study offered support for both 
th e Caree r  o f  Metapho r  accoun t  -  i n whic h th e 
metaphor-simil e distinctio n i s on e o f  conventionalit y -
and th e Relationa l  Precedenc e hypothesis .  However , 
on e concer n her e i s t o wha t  exten t  th e result s simpl y 
reflec t  th e natur e o f  th e materials .  First ,  althoug h th e 
figurative  e}q>ression s use d i n Experimen t  1  allo w bot h 
relationa l  an d attributiona l  interpretations ,  i t  i s  possibl e 
tha t  peopl e m a y prefe r  on e kin d o f  interpretatio n ove r 
th e other .  Previou s studie s hav e demonstrate d tha t 
peopl e find  relationa l  interpretation s o f  figurative 
expression s mor e interestin g an d ap t  (Clemen t  & 
Centner ,  1988) .  Second ,  an d mor e inqrartantly ,  i t  i s 
possibl e tha t  th e conventiona l  metaphor s w e use d wer e 
biase d i n favo r  o f  eithe r  relationa l  o r  attributiona l 
interpretations ,  relativ e t o th e nove l  metaphors . 

T o calibrat e th e materials ,  w e gav e th e figurative 
expression s use d i n Experimen t  1  t o a  n e w grou p o f 
participants ,  eithe r  i n simil e o r  m e t ^ h o r  form ,  an d 
aske d th e participant s t o rate  h o w m u c h the y agree d 
wit h th e relationa l  an d attributiona l  interpretations . 
Bot h interpretation s wer e show n togethe r  fo r  eac h 
figurative  statement ,  bu t  participant s rate d eac h 
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separately .  Thu s the y wer e free  t o assig n hig h o r  lo w 
rating s t o bot h th e relationa l  an d attnbutiona i 
interpretation s i f  the y chose . 

Method 

Thirty-tw o Northwester n Universit y undergraduate s 
wer e presente d wit h 2 8 statements :  2 0 figurativ e 
statement s take n from  Experimen t  1 ,  an d 8  fillers .  Th e 
statement s wer e blocke d s o tha t  eac h participan t  sa w 
eithe r  al l  statement s i n simil e for m o r  al l  statement s i n 
metapho r  form .  T w o rando m order s wer e used .  Afte r 
eac h statement ,  a  relationa l  an d attributiona l 
interpretation s o f  th e statemen t  appeared .  Th e orde r  o f 
th e interpretation s o n th e pag e wa s counterbalanced . 
Th e participant s wer e aske d t o rat e h o w m u c h the y 
agre e wit h eac h o f  th e interpretation s o n a  1  t o 7  scale . 

Results 

We compute d th e score s fo r  th e relationa l  an d 
attributiona l  interpretation s fo r  eac h item .  Tabl e 2 
show s mea n rating s fo r  eac h o f  th e fou r  ite m categories , 
alon g wit h th e numbe r  o f  relationa l  an d attributiona l 
interpretation s tha t  receive d rating s o f  4  o r  greate r  (ou t 
o f  7) .  Consisten t  wit h prio r  research ,  relationa l 
interpretation s ar e preferre d ove r  attributiona l 
interpretation s overal l  (Gentner ,  1988 ;  Gentne r  & 
Clement ,  1988) . 

Th e ke y questio n fo r  ou r  purpose s i s whethe r  th e 
material s wer e skewe d suc h tha t  conventiona l 
metaphor s ha d mor e o r  bette r  relationa l  interpretation s 
tha n th e othe r  categories .  Thi s doe s no t  ̂ pea r  t o b e th e 
case .  Relationa l  interpretation s receive d hig h rating s ( 4 
or  above )  fo r  8  ou t  o f  1 0 item s i n eac h o f  th e fou r  ite m 
categorie s ~  conventiona l  metaphors ,  nove l  meti^hors , 
conventiona l  similes ,  an d nove l  similes .  (Attributiona l 
interpretation s wer e rate d lowe r  overall ,  a s show n i n 
Tabl e 2. )  I t  appear s tha t  th e intende d relationa l 
interpretation s wer e highl y ap t  fo r  bot h metapho r  an d 
simil e forms .  Thes e dat a offe r  som e reassuranc e tha t 
th e shif t  toward s relationalit y i n metapho r  preferenc e 
was no t  simpl y determine d b y disproportionat e 
availabilit y  o f  relationa l  interpretation s fo r  metaphor s 
ove r  similes . 

We als o create d a  relationa l  preferenc e scor e (Rpref) , 
whic h wa s th e differenc e betwee n th e relationa l  ratin g 
and th e attributiona l  rating .  A n analysi s o f  varianc e 
wit h bas e conventionalit y (nove l  o r  conventional )  an d 
grammatica l  for m (simil e o r  metaphor )  a s between -
subject s factor s reveale d n o significan t  difference s i n 
relationa l  preferenc e score s (̂"3 ,  63 6 =  1-25 ,  M S E = 
13.07,/> < 0.3) . 

Tabl e 2 .  M e a n interpretatio n rating s an d 
number  o f  interpretation s tha t  receive d hig h 

rating s (i n parentheses ) 

Conventiona l 

Metapho r 
Simil e 

Novel 

Metapho r 
Simil e 

Attributiona l 

3.8 1 (5 ) 
4.3 5 (6 ) 

3.6 8 (4 ) 
3.8 1 (4 ) 

Relationa l 

4.9 5 (8 ) 
4.74(8 ) 

4.5 1 (8 ) 
4 7 8 (8 ) 

D iscuss io n 

As predicted by the Career of Metaphor hypothesis, 
participant s i n Experimen t  1  wer e likel y t o choos e th e 
metapho r  for m fo r  figxu t̂iv e statement s wit h 
conventiona l  bases ,  an d th e simil e for m fo r  thos e wit h 
nove l  bases .  Aiseimian' s Relationa l  Precedenc e 
hypothesi s als o receive d support :  th e metapho r  for m 
was chose n mor e ofte n fo r  relationa l  meaning s (i.e. , 
followin g a  relationa l  context )  tha n fo r  attributiona l 
meaning s (followin g a n attributiona l  context) . 

Migh t  bot h claim s b e true ? S o m e intriguin g 
possibilitie s aris e i f  w e conside r  th e implication s o f 
thes e tw o pattern s take n together .  Siq>pos e that ,  a s i n 
th e Caree r  o f  Metapho r  hypothesis ,  nomina l  figurativ e 
expression s ar e initiall y  phrase d a s similes .  A s thes e 
expression s becom e conventionalized ,  th e metapho r 
for m become s mor e felicitous .  Suppos e ftirther  tha t 
relationa l  meaning s o f  nove l  base s hav e mor e potentia l 
t o ge t  conventionalized .  The n w e woul d find a 
preponderanc e o f  relationa l  meaning s a m o n g 
conventiona l  bases .  A n informa l  surve y o f  th e literatur e 
usin g conventiona l  metaphor s suggest s tha t  mos t  o f 
the m d o conve y relationa l  meanings .  Fo r  example ,  th e 
metaphor s use d b y Orton y (1979 )  an d b y Glucksber g 
an d Keysa r  (1990 )  ar e primaril y relationa l  (e.g. . 
Cigarette s ar e tim e bombs ;  S o m e job s ar e jails ; 
Sermon s ar e sleepin g pills) .  Assimiin g tha t  thes e 
stimul i  ar e roughl y typica l  o f  conventiona l  metaphors , 
we migh t  speculat e tha t  ther e i s a  preponderanc e o f 
relationa l  figuratives  withi n th e clas s o f 
conventionalize d metaphors .  H o w migh t  suc h a  lin k 
betwee n relationalit y an d conventionalit y hav e c o m e 
about ? 

O ne possibilit y  i s  tha t  differen t  form s ar e use d fo r 
conventionalize d relationa l  an d attributiona l  figurative 
statements .  Englis h ha s a  specia l  for m fo r  conventiona l 
base s tha t  i s ofte n use d fo r  propert y attributio n -  "a s X 
as Y, "  wher e X  i s th e share d attribute ,  an d Y  i s th e bas e 
ter m -  fo r  example ,  a s whit e a s snow ;  a s stron g a s a n 
ox (Ortony ,  1979) .  Perfiap s conventiona l  attributiona l 
meaning s ar e siphone d of f  b y thi s dedicate d form . 
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However ,  relationa l  adjective s ca n ente r  th e a y A "  a s X 
fram e a s wel l  (c.g. ,  a s deliciou s a s a n apple ;  a s fierce 
as a  tiger) .  T h e onl y requiremen t  fo r  th e descripto r  X 
seems t o b e tha t  i t  b e orderabl c o n s o m e dimension . 
Thu s a  possibl e specia l  for m fo r  attributiv e figurative s 
doe s no t  see m lik e a  viabl e explanatio n fo r  th e 
preponderanc e o f  conventiona l  relationa l  metaphors . 

Anothe r  possibilit y  i s  preemptio n b y existin g terms . 
Over  th e cours e o f  development ,  language s hav e 
develope d name s fo r  attributes ,  whic h preemp t  th e 
creatio n o f  n e w one s (Clark ,  1992) .  O n thi s account , 
creatio n o f  attributiona l  metaphori c meaning s migh t  b e 
les s likel y simpl y becaus e w e alread y hav e name s fo r 
attributes .  However ,  dii s  explanatio n carrie s th e hidde n 
assumptio n tha t  th e numbe r  o f  attribute s w e wan t  t o 
expres s i s smalle r  tha n th e numbe r  o f  relations . 

Thi s bring s u s t o th e thir d an d mos t  speculativ e 
possibility .  Ther e i s evidenc e tha t  (1 )  peopl e fin d 
share d relationa l  structur e mor e interestin g o r  importan t 
tha n share d attributes ;  an d tha t  (2 )  relationa l  meaning s 
ar e relativel y slo w t o emerg e i n cognitiv e developmen t 
(Gentne r  &  Rattcrmann ,  1991 ;  Halford ,  1993 )  an d 
arguabl y i n th e histor y o f  science .  Applyin g thi s t o th e 
evolutio n o f  metapho r  suggest s dia t  n e w relationa l 
abstraction s ar e mor e likel y t o becom e entrenche d tha n 
attribut e meanings .  Coheren t  relationa l  system s ar e 
likel y t o b e preserve d i n conqwriso n processing ,  an d 
thi s m a y carr y ove r  int o th e conventionalizatio n o f 
meaning s an d th e formatio n o f  n e w categorie s 
(Gentne r  &  Bowdle ,  2001 ;  Ramsca r  &  Pain ,  1996 ; 
Shen ,  1992) .  O n thi s account ,  a  simil e tha t  expresse s 
share d relationa l  structur e i s mor e likel y t o giv e rise  t o 
parallel s tha n on e tha t  expresse s a n attributiona l 
likeness .  Thi s woul d lea d t o differentia l  likelihood s o f 
conventionalizatio n fo r  relationa l  an d attributiona l 
figuratives . 

S o me evidenc e fo r  thi s accoun t  ca n b e obtaine d from 
studie s o f  wor d meanin g extensio n ove r  time .  O n e o f 
th e w a y s on e ca n exten d th e meanin g o f  a  wor d i s b y 
analogy .  Fo r  example ,  word s lik e bridg e an d sanctuar y 
initiall y  ha d onl y concret e meanings ,  bu t  n o w ca n 
denot e metaphori c categorie s suc h a s somethin g 
connectin g tw o point s an d a  saf e place ,  respectively . 
Tabl e 3  show s th e timelin e o f  th e firs t  occurrence s o f 
th e litera l  an d figurativ e meaning s o f  sanctuary ,  a s 
liste d i n th e Oxfor d Englis h Dictionary ,  a s wel l  a s othe r 
sampl e occurrences .  (Al l  sense s ar e writte n exactl y a s 
i n th e O E D . ) 

For  sanctuary ,  th e litera l  meanin g o f  a  hol y buildin g 
appear s i n 1340 .  Extension s t o th e churc h o r  th e bod y 
o f  believer s als o appea r  i n th e 14 *  century .  Th e first 
figurative  usag e appear s tw o centurie s later ,  i n 1568 . 
Interestingly ,  th e first  figurative  us e i s signale d b y a n 
explici t  compariso n phras e "counte d a s a  sanctuary" . 
T h e first  'metaphorical '  occurrence ,  unmarke d b y a 
compariso n phrase ,  occur s considerabl y later ,  i n 1685 . 

Tabl e 3 .  Timelin e o f  occurrence s o f  litera l  an d 
figurative  meaning s fo r  sanctuary . 

[iBltlBl Uteral meulogl 
I .  •  hol y plK « -  a  buildin g o r  plac e le t  apar t  fo r  th e 
worshi p o f  Oo d o r  o f  on e o r  mor e divinities :  applied ,  e.g. , 
t o a  Chriitia n church ,  th e Jewia h templ e an d th e Mosai c 
tabernacle ,  a  heathe n templ e o r  sit e o f  loca l  worship ,  an d 
th e like ;  aiioflg .  T o th e churc h o r  th e bod y o f  believer * 
1340... (n that sanctuary oure lord sail be kynge... 
1382 An d tke i  shule n mak e t o m e a  seyntuarye ,  an d Ysha l 
dwell e I n th e myddi l  o f  hem. 
1S30.  Sanctuarle .  a  plac e hallowe d an d dedicat e vnt o god . 

II.a - a church or other sacred place in which, by the law 
of  th e medieva l  church ,  a  ftigitive  from  justice ,  o r  a 
debtor ,  wa s entitle d t o immunit y from  arrest .  HeiKC ,  i n a 
wide r  sense ,  applie d t o an y plac e i n whic h b y la w o r 
esublishe d custo m a  simila r  immunit y i s secure d t o 
fugitive* . 
1374 To whiche lugement they nolden not obeye but 
defendedy n he m b y th e sikemess e o f  hol y hawses ,  tha t  i s 
t o seynfledde n i n t o sentuarye . 
1463- 4 En y persone..tha i  shal l  dwell e o r  inhabi t  withi n 
th e Sayntwarl e an d Procynct e o f  th e sam e Chapell . 

(Firs t  flgvrative  meaBing ) 
1568 Vsin g ahvais e soc h discret e moderation ,  a s th e 
scholehous e shoul d b e counte d a  sanctuarl e agains t  feare . 

[First anmarked figurative meaning) 
168S M y hous e I s you r  Sanctuary ,  an d her e t o offe r  yo u 
violence ,  wo u 'dprejudic e myself . 
1770 77i e reformatio n wa s precede d b y th e discover y o f 
America ,  a s i f  th e Almight y graciousl y mean t  t o ope n a 
sanctuar y t o th e persecute d I n futur e years.. . 

Table 4. Timeline of occurrences of literal and 
figurative  meaning s fo r  bridge . 

(Initial literal meaning] 
1.  A  structur e formin g o r  carryin g a  roa d ove r  a  river,  a 
ravine ,  etc. ,  o r  affordin g passag e betwee n tw o point s a t  a 
heigh t  abov e th e ground . 

clOOQ Iheos brycg 
1131 Me n weort h o n adrencl e an d brigge s t o brokene . 
cl44 9 7̂ e brigg e ofLondoun . 
1660 Thi s wa s s o sever e a  bil l  upo n th e Women,  that ,  i f  a 
bridg e wa s mad e from  Dove r  t o Calais ,  th e women woul d 
al l  leav e thi s kingdom . 

(Flgnratlvcl 
1225 Th e beot h oue r  thiss e worlde s see ,  uppe n th e brugg e 
ofheouene . 
1742 Fait h build s a  bridg e from  thi s worl d t o th e next . 
1863 Th e bridg e fo r  though t  t o pas s fro m on e particula r  t o 
th e other . 
1874 Gestures.. .  formin g th e bridg e b y whic h w e ma y pas s 
over  int o spoke n language . 

The pattern for bridge, shown in Table 4, is similar. 
Th e first  litera l  meanin g o f  bridg e a s a  structur e 
affordin g passag e betwee n tw o point s abov e th e groun d 
goe s bac k t o th e 11 *  century .  However ,  th e figurative 
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use s ar e no t  liste d unti l  th e middl e o f  th e 18 *  century , 
excep t  fo r  a  singl e referenc e t o th e bridg e o f  heave n 
(whic h ma y hav e bee n mean t  literally )  i n 122S . 

Thes e pattern s sugges t  that ,  a t  leas t  i n som e cases ,  th e 
mor e abstract ,  figurativ e meaning s appea r  late r  i n 
writte n language .  I n bot h cases ,  thes e figurativ e 
meaning s ar e relationa l  i n nature .  Interestingly ,  a t  leas t 
fo r  sanctucay ,  th e derive d categor y n o longe r  seem s 
metaphoric ;  i t  ha s becom e a  litera l  sense . 

We sugges t  tha t  th e Relationa l  Precedenc e accoun t 
and th e Caree r  o f  Metapho r  accoun t  ma y bot h b e 
operativ e i n th e evolutio n o f  metaphor ,  an d tha t  the y 
interact .  Beginnin g wit h a  poo l  o f  nove l  figuratives ,  th e 
Caree r  o f  Metapho r  hypothesi s state s tha t  fo r  som e o f 
thes e th e bas e ter m i s repeatedl y use d i n paralle l 
comparisons ,  s o tha t  a  conventiona l  abstractio n 
becomes associate d wit h th e base .  Wha t  w e sugges t  i s 
tha t  figurativ e expression s tha t  yiel d coheren t  relationa l 
system s ar e mos t  likel y t o b e foun d nove l  an d useful . 
Thei r  base s ar e thu s mos t  likel y t o b e reuse d an d 
thereb y conventionalized .  Fo r  example ,  th e simil e Th e 
clou d i s lik e a  marshmallo w elicit s c o m m o n attribute s 
of  th e targe t  an d base ,  suc h a s fluff y an d white .  Bu t  th e 
potentia l  abstractio n 'whit e an d fluffy '  i s  unlikel y t o 
become a  conventionalize d wor d sense ,  bot h becaus e o f 
lexica l  preemptio n (w e alread y hav e word s fo r  whit e 
and fluffy )  an d becaus e th e categor y i t  suggest s i s 
simpl y no t  ver y interesting .  (Indeed ,  th e conventiona l 
use o f  marshmallo w a s a  met^ho r  i s relational ,  a s i n 
That  boxe r  turne d ou t  t o b e a  marshmallow. ) 

Metaphor s ar e a  sourc e o f  polysem y i n languag e -
the y allo w word s wid i  specifi c  meaning s t o tak e o n 
additional ,  relate d meaning s (e.g. ,  Glucksber g & 
Keysar ,  1990 ;  Lakoff ,  1987 ;  Lehrer ,  1990 ;  Miller , 
1979 ;  Murphy ,  1996) .  W e sugges t  tha t  mapping s tha t 
focu s o n relationa l  structure s ar e mor e likel y t o 
generat e stabl e abstraction s tha n mapping s tha t  focu s 
on objec t  attributes .  I n sum ,  conventionalizatio n o f 
relationa l  meaning s ma y fulfil l  a n importan t  cognitiv e 
functio n i n creatin g ne w abstractions . 
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Abstrac t 

Rumelhart & Zipsert (1986) competitive learning 
algorith m i s a n accoun t  o f  unsupervise d learnin g and ,  a s 
such ,  migh t  b e considere d a  potentia l  mode l  o f  fre e 
classificatio n behavio r  i n humans .  However ,  selectiv e 
learnin g effect s (e.g .  Dickinson ,  Shank s &  Evenden , 
1984 )  sugges t  tha t  huma n learning ,  a t  leas t  unde r 
condition s o f  feedback,  ma y b e bette r  characterize d b y 
an error-correctin g system .  A n experimen t  i s reporte d 
tha t  provide s preliminar y evidenc e fo r  th e existenc e o f  a 
selectiv e learnin g effec t  i n free  classification . 
Simulation s indicat e tha t  Rumelhai t  &  Zipser' s algorith m 
does no t  provid e a n adequat e accoun t  o f  th e behavio r 
observed ,  whils t  a n error-correctin g varian t  o f 
con:4>etitiv e learnin g does . 

Introduction 

Fre e classification ,  o r  free  sortin g a s i t  i s als o called ,  i s 
a procedur e i n whic h huma n participant s ar e presente d 
wit h a  se t  o f  stimul i  an d ar e aske d t o grou p the m i n an y 
w ay tha t  seem s sensibl e o r  reasonabl e t o the m (e.g . 
Bersted ,  B r o w n &  Evans ,  1969 ;  Regeh r  &  Brooks , 
1995 ;  Will s &  McLaren ,  1998) .  I t  m a y b e contraste d 
wit h th e mor e standar d experimenta l  tas k o f  categor y 
learnin g vi a trial-specifi c  feedbac k tha t  ha s bee n th e 
dominan t  m o d e o f  enquir y int o hiunans '  categorizatio n 
abilitie s for  th e las t  fift y  year s (e.g .  Bruner ,  G o o d n o w 
& Austin ,  1956 ;  Medi n &  SchafTer ,  1978 ;  Wills . 
Reimers ,  Stewart ,  Sure t  &  McLaren ,  2000) . 

Th e stud y o f  categorizatio n unde r  condition s wher e 
eac h decisio n receive s immediat e feedbac k fro m a 
totall y reliabl e sourc e ha s allowe d psychologist s grea t 
contro l  ove r  th e structur e o f  th e categorie s participant s 
acquire .  A s a  methodology ,  i t  ha s bee n successAi I  i n 
broadenin g ou r  understandin g o f  th e categor y learnin g 
process .  However ,  th e leve l  o f  feedbac k availabl e i n 
suc h task s seem s highe r  tha n tha t  availabl e i n m a n y 
real-worl d situations ,  beggin g th e questio n o f  whethe r 
what  w e hav e learne d abou t  th e categorizatio n proces s 
wil l  generaliz e t o situation s wher e th e feedbac k i s 
absen t  o r  scarce . 

A n interestin g paralle l  m a y b e draw n wit h th e sor t  o f 
connectionis t  system s tha t  hav e bee n propose d fo r 
learnin g i n th e presenc e o r  absenc e o f  feedback .  Fo r 

example ,  Rumelhar t  &  Zipser' s (1986 )  competitiv e 
learnin g mode l  i s  a n unsupervise d system .  I t  exti-act s 
statistica l  regularitie s i n th e inpu t  t o for m categorica l 
representations ,  an d doe s s o i n th e absenc e o f  feedback . 
I n contrast ,  McClellan d &  Rumelhart' s  (1985 )  mode l  i s 
a si^ervise d system .  I t  ca n b e taugh t  multipl e 
categorie s (ca t  vs .  do g vs .  bage l  i n thei r  example )  bu t 
learn s t o categoriz e becaus e eac h stimulu s i s 
accompanie d b y a n externally-provide d categor y label . 

O ne o f  th e difference s betwee n thes e tw o model s i s 
th e natur e o f  th e weight-updat e algorithm s the y employ . 
McClellan d &  Rumelhar t  (1985 )  emplo y a n error -
correctin g algorithm ,  wher e th e siz e o f  th e weigh t 
chang e i s  proportiona l  t o th e mismatc h betwee n a n 
externa l  teachin g signa l  an d interna l  inputs .  I n othe r 
words ,  learnin g onl y occur s w h e n th e syste m fail s t o 
fiill y  predic t  th e teachin g signal .  Specifically , 

Aw, j=T l {e , - i , )a j 1 

wher e Aw/ y i s th e chang e i n th e strengt h o f  th e 
connectio n from  uni t  j  t o uni t  / ,  c y i s  th e externa l 
teachin g signa l  t o uni t  j ,  O j  i s th e activit y o f  unity ,  an d t / 
i s  th e tota l  interna l  inpu t  t o uni t  i ,  thi s bein g calculate d 
as 

' • . = 1 " / " « 

I n contrast ,  Rumelhar t  &  Zipser' s algorith m doe s no t 
emplo y error-correctio n i n thi s sense .  Rumelhar t  & 
Zipse r  us e th e interna l  inpu t  t o determin e whic h uni t  i s 
th e "winner "  an d the n chang e weight s t o th e winnin g 
imi t  b y a n amoun t  proportiona l  t o th e differenc e 
betwee n th e curren t  weigh t  o f  tha t  connectio n an d a n 
asymptote' .  Specifically ,  th e chang e i n weigh t  from  uni t 
J  t o th e winnin g uni t  i s 

'  Rumelhar t  &  Zipse r  (1986 )  als o discus s a  varian t  wher e 
connection s t o th e losin g uni t  ar e als o change d vi a Equatio n 3 , 
but  wit h a  muc h lowe r  learnin g rate .  Th e curren t  articl e 
concentrate s o n th e "winner-only "  version ,  althoug h th e 
conclusion s draw n ar e vali d fo r  bot h variants . 
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Aw^=r 7 •-W , 

wher e n  i s th e numbe r  o f  activ e inpu t  units ,  an d th e 
winnin g uni t  i s th e on e wit h th e highes t  interna l  input .  I t 
i s  assume d i n th e curren t  pape r  tha t  activ e inpu t  unit s 
hav e a n activit y o f  1  an d inactiv e inpu t  unit s hav e a n 
activit y o f  zero . 

Error-correctio n i s assume d b y som e investigator s t o 
be a  fundamenta l  aspec t  o f  huma n learnin g i n th e 
presenc e o f  feedback ,  a s evidence d b y th e phenomeno n 
of  selectiv e learnin g (se e below) .  I f  huma n learnin g i n a 
free  classificatio n tas k fail s  t o sho w evidenc e o f 
selectiv e learning ,  concern s woul d aris e a s t o th e 
generalit y o f  a n empirica l  researc h progra m heavil y 
base d o n learnin g wit h feedback .  O n th e othe r  hand ,  i f 
selectiv e learnin g i s foim d t o occu r  i n free 
classification ,  th e sor t  o f  unsupervise d syste m propose d 
by Rumelhar t  &  Zipse r  m a y no t  b e a n appropriat e 
model  fo r  free  classificatio n behavior . 

Selective learning 

Probabl y th e best-know n exampl e o f  selectiv e learnin g 
i s Kamin' s (1969 )  "blocking "  effect .  Kamin' s stud y 
involve d rat s but ,  a s wil l  b e discusse d later ,  ther e i s 
n o w abimdan t  evidenc e tha t  correspondin g effect s ca n 
als o b e foun d i n huma n learnin g (wit h feedback) . 

Kami n taugh t  hungr y rat s tha t  pressin g a  leve r  woul d 
resul t  i n food .  Followin g this ,  pressin g th e sam e leve r 
^ils t  a  nois e wa s presen t  resulte d i n a  mil d electri c 
shock .  Unsurprisingly ,  rat s learne d t o no t  pres s th e 
leve r  whils t  th e nois e wa s present . 

Next ,  th e auditor y ton e wa s accon^anie d b y a  ligh t 
and pressin g th e leve r  whils t  thi s tone-ligh t  compoun d 
was presen t  als o resulte d i n mil d shock .  Th e rat s 
learne d no t  t o pres s th e leve r  whils t  th e tone-ligh t 
compoun d wa s present . 

Grou p SUgcOn e 
Expt .  N->Shoc k 
Ctri . 

SU(C Tw o 
LN^Shoc k 
LN->Shoc k 

Tci t 
L 
L 

Figur e 1 :  Kamin' s (1969 )  blockin g experiment .  "N "  i s 
an auditor y stimulu s an d "L "  i s a  visua l  stimulus . 

In the test phase, just the light was presented, and the 
rats '  behavio r  observed .  Th e rat s i n th e experimenta l 
conditio n presse d th e leve r  quit e a  lot ,  whils t  contro l 
rat s (whic h ha d participate d i n stag e tw o bu t  no t  stag e 
one )  presse d th e leve r  ver y littl e indeed .  Th e desig n o f 
thi s experimen t  i s summarize d i n Figur e 1 . 

The rat s i n th e experimenta l  grou p appea r  no t  t o hav e 
learne d th e relationshi p betwee n ligh t  an d shoc k eve n 
thoug h th e contro l  rats ,  whic h receive d a n equa l  amoun t 

of  trainin g wit h th e light-nois e compoimd ,  hav e learne d 
th e relationship .  W h y migh t  thi s be ? 

A numbe r  o f  anima l  learnin g theorist s (e.g . 
Mackintosh ,  1975 ;  Pearc e &  Hall ,  1980 ;  Rescorl a & 
Wagner ,  1972 )  hav e essentiall y  argue d tha t  i t  happen s 
becaus e learnin g i s drive n b y surprise .  Fo r  th e rat s i n 
th e experimenta l  group ,  th e shoc k i s no t  a  particularl y 
surprisin g even t  becaus e i t  i s  predicte d b y th e noise . 
The rat s therefor e don' t  bothe r  t o lear n abou t  th e ligh t  i n 
stag e two .  Simila r  effect s hav e bee n demonstrate d wit h 
undergraduate s usin g computer-base d tasks ,  includin g 
simpl e compute r  game s (e.g .  Dickinson ,  Shank s & 
Evenden ,  1984) ,  stoc k marke t  simulation s (e.g . 
Chapman &  Robbins ,  1990 )  an d simulate d medica l 
diagnosi s task s (e.g .  Gluc k &  Bower ,  1988) . 

As Rescorl a an d Wagne r  (1972 )  noted ,  th e notio n o f 
surprise-drive n learnin g i s well-capture d b y a n error -
correctin g learnin g rul e suc h a s th e on e giv e i n 
Equation s 1  an d 2 .  I n fact ,  th e learnin g theor y the y 
propose d i s basicall y a  varian t  o f  thi s learnin g rule . 

An error-correctin g syste m reproduce s th e blockin g 
effec t  i n th e followin g way .  Fo r  simplicity ,  conside r 
tha t  ther e ar e thre e unit s -  th e nois e unit ,  th e ligh t  uni t 
and th e shoc k unit .  Th e externa l  inpu t  produce d b y th e 
presenc e o f  a  stimulu s i s 1 ,  an d th e externa l  inpu t 
produce d b y it s absenc e i s zero . 

Initially ,  shoc k i s no t  expected ,  s o th e lin k betwee n 
nois e an d shock ,  an d ligh t  an d shock ,  ar e small .  Durin g 
stag e on e o f  th e experiment,  th e strengt h o f  th e lin k 
betwee n nois e an d shoc k increase s an d eventuall y 
reache s I .  I n th e secon d stage ,  noise ,  ligh t  an d shoc k 
ar e al l  present .  However ,  th e interna l  inpu t  t o th e shoc k 
uni t  i s  alread y 1  becaus e o f  th e strengt h o f  th e lin k 
betwee n th e nois e an d th e shock .  Therefore ,  n o weigh t 
chang e ca n occu r  vi a Equatio n 1 .  Th e ligh t  doe s no t 
become associate d wit h shock ,  eve n thoug h i t  clearl y 
woul d i n th e contro l  condition .  Unde r  th e non-error -
correctin g algorith m give n i n Equatio n 3 ,  th e 
light->shoc k associatio n woul d reac h a n equivalen t 
leve l  i n bot h conditions . 

Experiment 

I t  i s  reasonabl y clea r  from  previou s researc h tha t 
hiunan s an d othe r  animal s engag e i n selectiv e learnin g 
unde r  condition s o f  trial-specific ,  informativ e feedback . 
Do human s als o displa y selectiv e learnin g i n a  tas k 
withou t  suc h feedback ? Th e experimen t  reporte d i n thi s 
pape r  represent s a  firs t  attemp t  t o addres s thi s question . 

I n ou r  experiment ,  participant s ha d t o m a k e u p thei r 
o wn categories ,  althoug h the y wer e constraine d b y th e 
fac t  the y wer e onl y allowe d tw o groups .  Previou s 
researc h demonstrate s tha t  categor y learnin g ca n 
procee d successfull y i n th e absenc e o f  feedbac k (e.g . 
H o ma &  Cultice ,  1984 ;  Will s  &  McLaren .  1998) . 
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Our  participant s receive d intermittent ,  non-trial -
spccific ,  feedback  abou t  thei r  overal l  leve l  o f 
performanc e followin g ever y 2 4 stimuli ,  i n orde r  t o 
maintai n motivatio n an d encourag e adoptio n o f  th e 
experimenter-define d categories .  W e believ e tha t  suc h a 
procedur e i s stil l  properl y describe d a s "fre e 
classification "  a s n o singl e respons e ca n b e considere d 
correc t  o r  incorrect .  Situation s wher e al l  form s o f 
feedbac k ar e entirel y absen t  ar e probabl y almos t  a s rar e 
outsid e th e laborator y a s situation s wher e feedbac k i s 
alway s immediat e an d trial-specific . 

Abstract ,  nove l  stimul i  wer e employe d i n thi s 
experimen t  a s w e wishe d t o stud y categor y learnin g 
wit h adul t  participant s -  wit h suc h participant s th e 
categor y learnin g proces s i s probabl y complet e o r  far -
advance d fo r  mos t  realisti c stimuli . 

Stimulu s presentatio n wa s brie f  an d followe d b y a 
mid-gra y mask .  Th e tim e availabl e fo r  a  decisio n wa s 
als o ver y limited .  Bot h o f  thes e procedure s wer e 
employe d t o encourag e participant s t o rel y o n relativel y 
non-analytic ,  similarity-̂ ase d categorizatio n processes , 
rathe r  tha n analytic ,  rule-base d processes . 

Th e basi c desig n o f  th e experimen t  i s show n i n Figur e 
2.  Th e letter s A  t o J  eac h represen t  set s o f  feature s 
presen t  i n th e stimul i  show n t o participants . 

I n A e first  phas e o f  th e experiment ,  participant s wer e 
presente d wit h example s from  tw o differen t  categories . 
Example s fix)m  categor y 1  wer e create d from a  bas e 
patter n tha t  containe d featur e set s G  an d H .  Example s 
from  categor y 2  wer e create d frx)m a  bas e patter n tha t 
containe d featur e set s I  an d J .  Not e tha t  th e label s 
"categor y 1 "  an d "categor y 2 "  ar e essentiall y  arbitrar y 
i n a  fire  classificatio n tas k -  the y coul d b e reverse d 
withou t  changin g anythin g i n di e desig n o r  executio n o f 
th e experimen t 

As Figur e 2  illustrates ,  onc e th e participan t  ha d 
mastere d th e G H vs .  I J categorizatio n the y wer e 
transferre d t o a  secon d categorization .  Participant s 
proceede d throug h al l  five  categorization s i n thi s way , 
at  whic h poin t  th e experimen t  wa s over . 

Th e datu m o f  centra l  importanc e i n thi s desig n i s th e 
categor y t o whic h th e first  stimulu s presente d i n phas e 
five  i s allocated .  Th e firs t  stimulu s i s chose n becaus e 
subsequen t  decision s i n phas e five  m a y b e 
contaminate d b y learnin g o n previou s phas e five  trials . 

eithe r  ke y i s equall y likel y t o b e used .  I t  i s  perhap s no t 
immediatel y apparen t  w h y thi s shoul d be .  T o elucidate , 
on e first  need s t o not e tha t  i n eac h o f  th e first  fou r 
phases ,  al l  feature s ar e equall y predictiv e o f  categor y 
membership .  Thi s mean s that ,  fo r  a  syste m suc h a s 
Rumelhar t  &  Zipser ,  i n eac h phas e learnin g shoul d en d 
wit h tw o feature s ( A an d E  i n phas e four )  bein g equall y 
associate d t o on e categor y representation ,  an d tw o 
feature s ( C an d F  i n phas e four )  bein g equall y 
associate d t o th e othe r  categor y representation .  Hence , 
th e first  stimulu s presente d i n phas e five  wil l  activat e 
bot h categor y representation s equall y an d s o th e choic e 
of  whic h categor y t o plac e i t  int o mus t  b e arbitrary . 
Thi s conclusio n i s confirme d b y simulatio n i n a  late r 
section . 

W hy migh t  on e expec t  anythin g othe r  tha n a  nul l 
resul t  wit h thi s design ? O n e possibl e reaso n woul d b e i f 
peopl e exhibite d selectiv e learnin g i n free  classification . 
Not e that ,  acros s phase s 1  t o 4 ,  E  an d F  onl y occu r  i n 
situation s wher e th e informatio n the y provid e i s 
partiall y  redundant .  I n phas e 2  th e stimul i  ca n b e 
categorize d o n th e basi s o f  whethe r  the y contai n G  o r  I 
features ,  a  categorizatio n abead y learne d i n phas e one . 
I n phas e four ,  th e stimul i  ca n b e categorize d o n th e 
basi s o f  whethe r  the y contai n A  o r  C  features ,  a 
categorizatio n alread y leame d i n phas e three .  Hence , 
throug h analog y t o selectiv e learnin g effect s i n task s 
wit h feedback ,  on e migh t  conside r  tha t  E  an d F  develo p 
littl e contro l  ove r  responding . 

Method 

D ue t o spac e limitations ,  w e ar e unabl e t o repor t  th e 
pilo t  studie s performed .  Report s m a y b e foun d i n 
McCooe(2000 )  an d Zwicke l  (2001) . 

Participants and apparatus 
Sixtee n first-year  Psycholog y student s from  th e 
Universit y o f  Exete r  participate d t o ftilfil  a  cours e 
requirement .  Participant s wer e teste d i n group s i n a 
quie t  compute r  room .  Stimulu s presentatio n wa s o n 17 " 
colo r  monitor s connecte d t o Tin y Pentiu m II I  PC s 
nmnin g th e D M D X softwar e packag e (Forste r  & 
Forster ,  2000 ,  versio n 2) .  Response s wer e collecte d vi a 
th e lef t  an d right  C T R L key s o n standar d P C keyboards . 
Participant s sa t  approximatel y 50c m from  th e screen . 

Phas e 
Cat. l 
Cat .  2 

1 
GH 
U 

2 
GE 
IF 

3 
AB 
CD 

4 
AE 
CF 

5 
CE 
AF 

Figur e 2 :  Desig n o f  th e experiment .  Letter s represen t 
set s o f  features ,  henc e categor y 2  i n phas e 3  contain s 

featur e set s C  an d D . 

The Rumelhart & Zipser system provides the null 
hypothesi s fo r  thi s experimen t  becaus e i t  predict s tha t 

Stimul i 
Eac h stimulu s wa s mad e u p o f  1 2 smal l  picture s 
(hereafte r  "elements" )  take n from a  se t  o f  7 2 tha t  hav e 
bee n use d i n a  numbe r  o f  previou s experiment s (se e 
Jones ,  Will s  &  McLaren ,  199 8 fo r  th e fiill  set) .  Fo r  an y 
give n stimulus ,  th e 1 2 element s wer e randoml y 
arrange d i n a  squar e o f  3  row s wit h 4  icon s i n eac h row , 
and wer e surrounde d b y a  gra y rectangl e outlin e S.Sc m 
i n heigh t  an d 4 c m i n width .  Figur e 3  show s a n exampl e 

984 



stimulus .  Throughou t  al l  fiv e phases ,  n o stimulu s 
containe d mor e tha n on e cop y o f  an y give n element . 

Figur e 3 :  A n exampl e stimulu s 

Each of the letters A to J in Figure 2 represent a set of 
si x elements .  Th e assignmen t  o f  element s t o letter s wa s 
randoml y determine d fo r  eac h o f  8  pair s o f  participants , 
wit h th e remaining  1 2 element s (7 2 element s -  1 0 lette r 
set s X  6  element s pe r  set )  bein g use d fo r  practic e trials . 

I n orde r  t o contro l  fo r  possibl e effect s o f  differentia l 
saUenc e o f  th e elements ,  on e participan t  i n eac h pai r 
received  th e stimul i  describe d i n Figur e 2  whils t  th e 
othe r  received  a  desig n wher e E  wa s transpose d wit h A , 
and F  wa s transpose d wit h C .  Hence ,  th e putativel y 
redundant  element s wer e E  an d F  fo r  on e m e m b er  o f 
th e participan t  pair ,  whils t  the y wer e A  an d C  fo r  th e 
othe r  member .  Thi s mean s tha t  an y preferenc e reveale d 
i n phas e fiv e caimo t  b e du e t o A  an d C  element s bein g 
mor e sahen t  overal l  tha n E  an d F  elements .  T o ai d 
clarity ,  al l  participan t  dat a i s reporte d a s i f  E  an d F  wer e 
tfie  putativel y redundant  elements . 

Th e stimul i  actuall y presente d t o participant s wer e 
generate d b y rando m distortio n o f  th e bas e pattern s 
describe d i n Figur e 2 .  Eac h elemen t  i n a  bas e patter n 
was give n a  1 0 % chanc e o f  bein g replace d b y a 
randoml y selecte d elemen t  fro m th e othe r  bas e patter n 
(n o elemen t  occurre d mor e tha n onc e i n an y give n 
stimulus) . 

An exampl e m a y b e helpful .  T o creat e a n A F stimulu s 
i n phas e five ,  th e si x A  element s an d th e si x F  element s 
wer e randoml y arrange d i n th e four-by-thre e gri d o f  th e 
stimulus .  Eac h elemen t  wa s the n give n a  1 0 % chanc e o f 
bein g replace d b y a  randoml y selecte d elemen t  fro m se t 
C o r  E .  Thi s metho d o f  stimulu s constructio n produce s 
trainin g exan^le s whic h ar e compose d predominatel y 
of  element s characteristi c  o f  a  particula r  categor y bu t 
whic h als o exhibi t  considerabl e variability . 

Procedure 
The fiv e phase s describe d i n Figur e 2  wer e precede d b y 
some genera l  writte n instruction s an d a  brie f  practic e 
phas e t o familiariz e participant s wit h th e procedure . 
The experimen t  the n proceede d i n block s o f  2 4 trials . 

On eac h trial ,  a  stimulu s wa s presente d fo r  800m s an d 
followe d b y a  mid-gray  mas k tha t  wa s presente d fo r 
1200ms.  I f  a  respons e wa s no t  detecte d withi n 2000m s 
of  stimulu s onset ,  th e tria l  terminate d wit h th e messag e 
"Yo u responde d to o slowly ,  pleas e spee d up! "  an d th e 
participan t  wa s move d o n t o th e nex t  trial . 

Each bloc k comprise d th e sequentia l  presentatio n o f 
24 stimuli ,  1 2 fro m eac h o f  th e tw o categories .  A t  th e 
end o f  eac h bloc k a  shor t  messag e appeare d statin g th e 
percentag e o f  correc t  responses  mad e b y th e participan t 
i n tha t  block ,  an d tha t  the y neede d t o scor e mor e tha n 
8 0 % t o procee d t o th e nex t  par t  o f  th e experiment . 

Clearly ,  percen t  correc t  ha s a  slightl y differen t 
interpretatio n i n a  free  classificatio n tas k t o a  tas k wit h 
trial-specifi c  feedbac k a s th e relationship  betwee n 
categorie s 1  an d 2  an d th e tw o respons e key s i s 
arbitrary .  Hence ,  percen t  correc t  wa s compute d unde r 
th e assiunptio n tha t  categor y 1  woul d receiv e a 
particula r  response ,  an d th e resultin g nimibe r  wa s 
subtracte d fro m 10 0 i f  i t  wa s les s tha n SO. 

W h en a  participant' s scor e exceede d 8 0 % the y wer e 
moved o n t o th e nex t  phas e o f  th e experiment ,  afte r 
havin g bee n presente d wit h th e messag e "Yo u di d ver y 
well !  Y o u ar e n o w enterin g th e nex t  phase" .  I f 
participant s complete d 1 0 block s withou t  eve r  reachin g 
th e 8 0 % criterio n the y wer e move d o n t o th e nex t  phas e 
wit h th e messag e "Yo u ar e enterin g th e nex t  phas e a s 
yo u hav e bee n i n th e las t  bloc k o f  thi s phase" . 

Results 

Conside r  Figur e 2  again .  Th e centra l  nul l  hypothesi s w e 
ar e attemptin g t o rejec t  i s  that ,  i n th e firs t  tria l  o f  phas e 
live ,  a  participan t  wil l  b e n o mor e likel y t o categoriz e 
A F usin g th e respons e typicall y mad e t o A E i n phas e 
fou r  tha n th e response  typicall y mad e t o C F i n phas e 
four .  Similarly ,  the y wil l  b e n o mor e likel y t o 
categoriz e C E usin g thei r  typica l  A E respons e tha n thei r 
typica l  C F response. 

Of  th e 1 6 participant s tested ,  1 2 use d th e sam e 
respons e ke y fo r  C E tha t  the y ha d typicall y use d fo r  C F 
(o r  th e A E respons e ke y fo r  a n A F stimulus) .  Thre e 
participant s showe d th e opposit e response ,  usin g th e C F 
ke y fo r  a n A F stimulu s o r  th e A E ke y fo r  a  C E 
stimulus .  Th e remainin g participan t  coul d no t  b e 
describe d a s havin g a  preferenc e fo r  an y i n ke y i n 
respons e t o A E o r  C F a s the y score d exactl y 5 0 % 
acros s phas e four .  Treatin g thi s participan t  i n th e 
manner  tha t  make s i t  hardes t  t o rejec t  th e nul l 
hypothesis ,  w e ca n stat e tha t  a t  leas t  1 2 participant s 
emitte d th e C F - » C E (o r  A E - » A F )  response ,  whils t  n o 
mor e tha n 4  participant s emitte d th e opposit e response . 
Give n th e nul l  hypothesi s woul d predic t  8  response s o f 
eac h type ,  th e probabilit y  o f  th e nul l  hypothesi s bein g 
correc t  i s  smalle r  tha n 0.05 ,  x \ l )  =  4.0 .  Th e effec t  i s 
als o significan t  wit h a n exac t  binomia l  test . 

Participant s complete d a  mea n o f  5.8 8 block s i n phas e 
one ,  4.1 3 block s i n phas e two ,  6.1 2 block s i n phas e 
three ,  5.7 5 block s i n phas e four ,  an d 5.5 6 block s i n 
phas e five .  Th e numbe r  o f  participant s failin g t o 
achiev e mor e tha n 8 0 % correc t  i n th e fiv e phase s wer e 
6,  3 ,  7 ,  7  an d 7  respectively . 
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Discussio n 

The result s o f  th e curren t  experimen t  appea r  t o b e 
problemati c fo r  thos e tha t  woul d attemp t  t o explai n free 
classificatio n behavio r  i n term s o f  th e competitiv e 
learnin g algorith m o f  Rumelhar t  &  Zipse r  (1986) .  Th e 
model  predict s n o preferenc e fo r  whic h o f  th e tw o 
categorie s develope d i n phas e fou r  ar e use d t o 
categoriz e th e firs t  stimulu s i n phas e five ,  ye t  a  clea r 
preferenc e wa s observed .  Th e directio n o f  th e 
preferenc e i s tha t  predicte d i f  on e assume s th e presenc e 
o f  selectiv e learnin g i n fre e classificatio n 

O ne possibl e defens e o f  th e Rumelhar t  &  Zipse r 
algoritlu n i s  tha t  it s prediction s wer e derive d fo r  a 
situatio n wher e learnin g i n eac h phas e i s  essentiall y 
complet e befor e th e nex t  phas e begins .  Give n th e 
relatively  hig h number s o f  participant s failin g t o reach 
criterion ,  i t  migh t  reasonabl y b e argue d tha t  asymptoti c 
prediction s ar e no t  appropriate .  Doe s thi s mak e a 
difference ? Thi s i s on e o f  th e question s addresse d i n th e 
followin g section . 

Modeling 

We enq>loye d simulatio n technique s t o mor e 
thoroughl y investigat e whethe r  Rumelhar t  &  Zipser* s 
(1986 )  con:q>etitiv e learnin g algorith m coul d accuratel y 
reproduc e th e categorizatio n preferenc e observe d i n ou r 
experimen t  T o thi s en d w e se t  u p a  networ k wit h 7 2 
inpu t  unit s (on e fo r  eac h element )  an d 2  outpu t  unit s 
(on e fo r  eac h category) .  Eac h inpu t  uni t  ha d a  forwar d 
connectio n t o eac h outpu t  unit ,  an d th e connectio n 
weight s wer e initialize d t o small ,  rando m values . 

O ne networ k simulatio n wa s performe d fo r  eac h 
participan t  i n th e experiment ,  wit h weight s bein g 
initialize d fo r  eac h participant .  Th e natur e o f  th e stimul i 
presente d t o a  simulate d participant ,  an d th e orde r  i n 
whic h the y wer e presented ,  wer e determine d b y th e 
specifi c  stimul i  presente d t o a  correspondin g hiuna n 
participan t  Afte r  th e presentatio n o f  eac h stimulus ,  th e 
winnin g categor y nod e wa s determine d i n th e sam e 
manner  a s Rumelhar t  &  Zipse r  (1986) .  I n othe r  words , 
i t  wa s determine d b y calculatin g th e tota l  interna l  inpu t 
t o eac h unit ,  an d selectin g th e uni t  wit h th e large r  total . 
The weight s from  eac h o f  th e inpu t  unit s t o th e winnin g 
categor y uni t  wer e the n update d i n accordanc e wit h 
Equatio n 3 .  Th e weight s o f  th e losin g uni t  remaine d 
unchanged . 

The valu e o f  ̂  (th e learnin g rate )  etaploye d b y 
Rumelhar t  &  Zipse r  wa s 0.05 .  A t  thi s value ,  n o 
preferenc e i n th e categorizatio n response  t o th e firs t 
stimulu s i n phas e fiv e wa s found .  Si x  simulate d 
participant s mad e C F - > C E o r  A F - » A E response s 
wliils t  si x mad e th e opposit e response .  Th e natur e o f  th e 
response  mad e b y fou r  simulate d participant s coul d no t 
be determine d becaus e i n phas e fou r  the y employe d 
bot h categor y node s equall y fo r  bot h stimulu s types . 

Hence ,  unlik e th e huma n participants ,  th e network s di d 
not  displa y a  categorizatio n preferenc e i n phas e five . 

The Rumelhar t  &  Zipse r  (1986 )  algorith m wa s 
applie d t o ou r  dat a wit h a  wid e rang e o f  learnin g rate s 
(0.00 1 t o 0.00 9 i n step s o f  0.001 ,  0.0 1 t o 0.0 9 i n step s 
of  0.01 ,  an d 0. 1 t o 0. 9 i n step s o f  0.1) .  I n n o cas e di d 
th e algorith m displa y a  categorizatio n preferenc e i n 
phas e S . 

An error-correcting competitive algoritlim 

We als o attempte d t o simulat e ou r  result  usin g a n 
algorith m tha t  combine d th e error-correctin g principl e 
of  Equation s 1  an d 2  wit h th e basi c propertie s o f  th e 
competitiv e learnin g algorith m o f  Equatio n 3 .  O n an y 
trial ,  th e winnin g uni t  wa s determine d i n th e sam e 
manner  a s th e Rumelhar t  &  Zipse r  model .  Th e weight -
updat e algorith m employe d o n eac h connectio n from  a n 
inpu t  unit y  t o th e winnin g uni t  wa s 

'' n 

for coimections fix>m active input units and 

Ayvj=-rj{l-i)x -
m 

fo r  coimection s from  inactiv e inpu t  units .  I n thes e 
equations ,  T |  i s  th e learnin g rate ,  i  i s  th e tota l  interna l 
inpu t  t o th e winnin g unit ,  n  i s th e numbe r  o f  activ e 
inpu t  unit s an d m i s th e numbe r  o f  inactiv e inpu t  units . 
Th e weight s from  inpu t  unit s t o th e losin g uni t  ar e no t 
changed .  Thi s chimer a o f  a n algorith m i s no t  equivalen t 
i n behavio r  t o eithe r  o f  it s component s bu t  doe s 
preserv e som e o f  th e propertie s o f  each . 

Removin g th e weigh t  updat e algorith m o f  Equation  3 
from  ou r  previou s simulation ,  an d replacin g i t  wit h th e 
algorith m describe d i n Equation s 4  an d S ,  w e fin d a 
dramati c chang e i n behavior .  N o w ,  a t  a  learnin g rat e o f 
O.OS,  al l  1 6 simulate d participant s mak e C F - > C E o r 
A F - » A E responses.  I n othe r  words ,  th e simulatio n n o w 
reproduce s th e behavio r  observe d i n ou r  huma n 
participants ,  althoug h th e overal l  leve l  o f  learnin g i s 
slightl y highe r  i n ou r  simulation .  A  reliable  preferenc e 
i s foun d fo r  a  wid e rang e o f  learnin g rate s -  from  0.0 1 
t o abou t  0.4 . 

Conclusion 

Th e experimen t  reporte d i n thi s pape r  provide s 
preliminar y evidenc e tha t  th e ubiquit y o f  selectiv e 
learnin g effect s i n task s wit h immediate ,  trial-specifi c 
feedbac k extend s t o som e categorizatio n task s wher e 
feedbac k i s scarc e an d no t  trial-specific .  T o th e exten t 
thi s phenomeno n i s  foun d t o b e genera l  t o fre e 
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classificatio n tasks ,  i t  cast s som e doub t  o n th e adequac y 
of  certai n type s o f  competitiv e learnin g algorithm i  a s 
account s o f  free  classificatio n behavior .  I n particular ,  o n 
algorith m suggeste d b y Rumelhar t  &  Zipse r  (1986 )  wa s 
foun d t o hav e difficult y i n reproducin g th e result s 
found .  W e sugges t  tha t  a  competitiv e algorith m whic h 
include s som e aspec t  o f  error-correctio n ma y b e a  mor e 
)̂propriat e account .  On e simpl e algorith m o f  thi s typ e 

was described ,  tested ,  an d foun d t o b e abl e t o reproduc e 
our  results . 

The tw o mai n avenue s o f  futur e researc h suggeste d b y 
th e result s an d simulation s i n thi s pape r  ar e a ) 
investigatio n o f  th e generalit y o f  selectiv e learnin g 
effect s i n fre e classification ,  b )  consideratio n o f 
wliethe r  othe r  unsupervise d system s (e.g .  Adaptiv e 
Resonanc e Theory ,  Grossberg ,  1976 )  ar e capabl e o f 
accountin g fo r  th e result s s o fa r  found . 
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I S A A C ('Integrate d Schem a fo r  Affectiv e Artifi -
cia l  Cognition' )  i s a  mathematica l  mode l  o f  intelli -
gent  agents ,  whic h give s ris e t o a  forma l  theor y tha t 
coul d b e implemente d computationally . 

Simila x t o th e natura l  evolutionar y context ,  th e 
schema start s from  a  simpl e mode l  o f  correspond -
in g sensation s an d reactions .  I t  the n structure s 'up -
grades '  (e.g .  handl e conflictin g reactions ,  interna l 
representation ,  an d s o on )  o n to p o f  that ,  usin g 
generativ e reasonin g t o systematicall y obtai n an d 
stud y th e propertie s o f  thes e upgr£ide d structures . 
A m o ng othe r  things ,  thi s approac h yield s a  contin -
uou s bridg e from  lo w leve l  t o hig h leve l  intelligence . 

A perceptio n snapsho t  i s  structure d a s a  se t  o f 
worl d element s tha t  constitute s a n environmen t 
(rea l  o r  imagined) ,  a  se t  o f  connotation s tha t  con -
stitute s a  collectio n o f  discriminations ,  an d a  se t  o f 
behaviors .  Behavior s ar e conjure d u p o n th e basi s o f 
a perceptio n predicat e tha t  relate s betwee n worl d ele -
ment s an d thei r  connotation s i n a  thre e value d man -
ner  (true ,  false ,  undefined) .  Wit h rea d environments , 
tha t  basi c schem a approximate s model s o f  simpl e 
form s o f  intelligence .  Fo r  highe r  leve l  form s o f  intel -
ligence ,  min d activitie s (cognitive ,  behavioral ,  aflFec -
tive )  ar e modele d a s stream s o f  perceptions .  Alon g 
thes e strezuns ,  al l  th e component s mentione d abov e 
coul d adap t  dynamically :  b e modified ,  extended , 
merged ,  jui d s o on .  I n mathematica l  terminology , 
perception s sur e objects ,  an d passage s from  on e per -
ceptio n t o anothe r  ar e modele d a s morphisms . 

I n th e cours e o f  a  fe w year s o f  ongoin g research , 
a variet y o f  min d processe s hav e bee n modele d o n 
th e basi s o f  thes e uniform ,  ye t  flexible,  premises , 
capturin g menta l  activitie s from  stream s o f  interpre -
tations ,  throug h behavio r  developmen t  an d integra r 
tion ,  representatio n formation ,  imaginativ e desig n 
and anticipation ,  analog y maJcing ,  t o socia l  an d sel f 
perception .  Eac h publicatio n ha s bee n appraise d a s 
a mode l  o f  th e relevan t  min d aspect ,  bu t  a s a  col -
lectio n the y als o featur e a n additiona l  valu e o f  a n 
integrate d whole :  becaus e the y shar e unifor m mod -
elin g premises ,  th e variou s processe s ca n b e neatl y 
compose d an d alternate d between ,  modelin g multi -
facete d intelligences . 

Mathematica l  treatment s ar e naturall y expecte d 
t o com e u p wit h equations .  Th e equationa l  re -

sult s o f  ISAA C ar e categorica l  commutativ e diagram s 
tha t  stat e wher e on e formalize d min d proces s i s a 
'paraphrase '  o f  emother .  Thes e diagram s ar e lik e 
hig h leve l  'blu e prints '  tha t  provid e a  computa -
tionz d schem a wit h basi c structura l  guideline s fo r 
nea t  agen t  architectures . 

Mathematizatio n has ,  indeed ,  prove n a  powerfu l 
modelin g too l  fo r  othe r  scientifi c  domains .  I n cog -
nitiv e science ,  however ,  th e ope n ende d diversit y o f 
phenomen a tha t  nee d t o b e modele d ha s m a d e i t 
difficul t  t o captur e thing s i n a  unifor m manner .  I f 
on e wer e t o overcom e tha t  obstacle ,  the n thi s woul d 
probabl y b e b y finding  a  suitabl e leve l  o f  abstrac -
tion :  hig h enoug h t o absor b a  variet y o f  phenomena , 
but  no t  to o hig h s o tha t  meaningfu l  thing s coul d 
stil l  b e stated .  Mathematica l  categorizatio n i s a  too l 
tha t  ha s bee n develope d precisel y fo r  suc h purpose s 
withi n mathematic s itself ,  isaa c deploy s wel l  devel -
ope d categor y theoretica l  tool s fo r  cognitiv e scienc e 
purposes ,  3deldin g a  general ,  ye t  rigorous ,  schema . 

Pre-theoretically ,  ISAA C i s grounde d b y intuitions . 
As a  theory ,  th e treatmen t  proceed s a s i f  th e seman -
ti c primitive s wer e contex t  independent :  Al l  defi -
nitions ,  construction s an d result s ar e tidil y  oper -
ate d withi n th e abstrac t  mathematica l  framework. 
Then ,  the y ar e invariabl y examine d wit h regsu' d 
t o th e groundin g intuitions ,  pre-theoretica l  concep -
tions ,  an d existin g knowledg e abou t  th e modele d 
processes .  Result s tha t  hav e no t  bee n anticipate d 
at  th e outse t  provid e supportin g argument s tha t  th e 
proposa l  i s  apparentl y o n a  promisin g track . 

Substitutio n instance s o f  th e schem a coul d b e ap -
plie d t o describe ,  o r  t o design ,  particulau :  agents ,  fill-
in g i n detaile d domain-specifi c  feature s t o approxi -
mat e particula r  agents .  T h e foundationa l  schem a 
avoid s ove r  determinis m an d capture s abstracte d 
structure s an d mechanism s tha t  ar e share d b y in -
telligen t  agents .  Thi s yield s a  unifyin g theor y and , 
hopefully ,  contribute s to : 
(1 )  Cognitiv e scienc e becomin g a  science ,  an d t o 
(2 )  Integrativ e artificia l  intelligenc e tha t  doe s no t 
los e th e bi g pictur e b y ove r  fragmentation. 
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Distinc t  Error s Arisin g F r o m a  Singl e Misconcept io n 
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Dat a an d Introductio n 

We presen t  a n accoun t  o f  th e mistake s student s hav e bee n 
observe d t o mak e whe n generatin g scatterplots ,  an d giv e 
evidenc e tha t  somewha t  disparat e erro r  behavior s ca n b e 
trace d t o th e sam e strategi c decision . 

I n tw o prio r  studie s (Baker ,  Corbett ,  &  Koedinge r  2001 , 
2002) ,  w e observe d middle-schoo l  student s attemptin g t o 
generat e scatterplot s (whic h hav e a  quantitativ e variabl e o n 
eac h axis )  bu t  makin g tw o conceptuall y simila r  errors . 
W h en give n bot h categorica l  an d quantitativ e variable s bu t 
DO advic e o n whic h t o plac e i n thei r  graph ,  1 5 % mad e wha t 
we cal l  th e choic e error ,  incorrectl y choosin g a  categorica l 
variabl e for  th e X  -  0 % use d th e correc t  variables .  Namin g 
th e variable s t o us e i n th e questio n di d no t  eliminat e thi s 
error ,  bu t  7 7 % use d th e correc t  variables .  1 3 % o f  thos e 
students ,  however ,  the n mad e wha t  w e ter m th e 
representatio n error :  treatin g th e value s o f  th e quantitativ e 
X variabl e a s i f  the y wer e categorical .  The y wrot e th e 
variable' s value s alon g th e axi s i n th e orde r  the y appeare d i n 
th e dat a table ,  rathe r  tha n numerica l  order ,  e.g. ,  placin g "2 2 
2 0 2 3 2 5 2 4 1 9 2 3 "  alon g di e axi s rathe r  tha n "1 9 2 0 2 1 2 2 
23 2 4 25" .  Labelin g th e axi s variable s fo r  th e studen t  di d no t 
significantl y reduc e th e representatio n error' s frequency . 

Our  conjectur e wa s tha t  student s mad e bot h error s du e t o 
a substantiall y  greate r  familiarit y wit h ba r  graphs ,  leadin g t o 
th e belie f  tha t  graph s alway s hav e a  categorica l  x-axis .  A 
possibl e alternat e conjectur e fo r  th e representatio n erro r  i s 
tha t  student s don' t  understan d th e differenc e betwee n 
categorica l  an d quantitativ e variables .  However ,  thi s 
conflict s wit h thei r  conq)arativel y greate r  abilit y t o 
represen t  th e Y  axi s quantitatively ,  a s i s don e i n a  ba r  graph . 

Modeling 

I n drawin g eac h axi s o f  a  scatterplot ,  ther e ar e tw o ke y 
decision s fo r  th e studen t  t o mak e ~  whic h variabl e t o grap h 
and h o w t o represen t  it s values .  W e develope d a n A C T - R 
(Lebier e &  Anderson ,  1998 )  mode l  o f  thes e decision s an d 
fi t  i t  t o th e students '  behavio r  displaye d i n Tabl e 1 .  I n 
alternat e fit s w e modele d th e tw o correc t  decision s (correc t 
variabl e choic e an d quantitativ e valu e representation )  a s tw o 
differen t  production s (if-the n rules )  o r  th e sam e production . 
Similarly ,  w e modele d th e tw o error s (categorica l  variabl e 
choic e an d categorica l  representatio n o f  a  quantitativ e 
variable )  a s tw o production s o r  th e sam e production . 
Modelin g th e tw o correc t  decision s a s diflFeren t  production s 
produce s a  significantl y bette r  fi t  tha n modelin g the m a s a 

singl e productio n (F(l,30)-39.853 ,  p<0.001) .  Th e mode l 
wher e th e tw o error s ste m fro m th e sam e strategi c 
productio n ha s equa l  fi t  bu t  superio r  parsimon y t o th e mode l 
wher e the y ste m fro m differen t  strategi c productions .  (Bi C 
(same)=77.00 ,  BiC(difTerent)=79.28 )  Th e forme r  mode l 
achieve s a n excellen t  fi t  t o th e overal l  patter n o f  dat a fro m 
th e tw o experiments .  (r=0.990 ,  mea n absolut e de v =.057 ) 

Thi s mode l  i s generall y consisten t  wit h bu t  clarifie s ou r 
earl y conjectures .  A s show n i n th e to p ro w o f  th e table , 
student s neve r  pic k a  quantitativ e variabl e fo r  th e x-axi s 
unles s on e i s suggested .  Thi s implie s tha t  i n thes e studie s 
correc t  selectio n o f  a  quantitativ e variabl e jus t  reflect s th e 
abilit y  t o follo w directions ;  treatin g a  quantitativ e variabl e 
as quantitative ,  o n th e othe r  hand ,  i s  modele d a s activ e 
knowledg e o f  th e differenc e betwee n quantitativ e an d 
categorica l  variables .  Th e tw o error s i n thi s account , 
selectin g a  categorica l  variabl e an d treatin g a  quantitativ e 
variabl e a s categorical ,  reflec t  a  singl e misconception . 
Thes e student s kno w th e differenc e betwee n categorica l  an d 
qitantitativ e variables ,  bu t  ar e biase d t o mak e th e X  axi s 
categorica l  i n an y wa y possible ,  consisten t  wit h thei r  prio r 
experienc e wit h ba r  graphs . 

Thus ,  i n thi s domai n multipl e erro r  behavior s aris e fro m 
a singl e misconception ,  a n overgeneralizatio n o f  thei r  prio r 
knowledg e o f  ba r  graphs . 

Table 1: Percent occurrence of behaviors 

Correc t 
Choic e efTo r 
Rep error ,  X  axi s onl y 
Rep error ,  Y  axi s onl y 
Rep error ,  bot h axe s 
Other /  Giv e U p 

No 
prompt i 

0 
15 
0 
0 
0 
85 

No 
Ubel i 

53 
27 
10 
0 
3 
7 

X 
labe l 
59 
9 
14 
0 
4 
14 

Y 
labe l 
62 
27 
12 
0 
0 
0 

Bot h 
labe l 

61 
8 
10 
0 
6 
15 
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Belie f  i n th e Ho t  H a n d Improve s Performance :  A  Matliematica l  Mode l 
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The widel y hel d belie f  i n th e "ho t  hand "  i n basketbal l 
suggest s tha t  a  playe r  experiencin g a  strea k shoul d b e give n 
th e nex t  shot .  Howeve r  Gilovich ,  Vallon e &  Tversk y (1985 ) 
foun d tha t  streak s o f  hit s i n basketbal l  shootin g wer e n o 
more likel y tha n chance ,  s o basketbal l  shot s ar e independen t 
events .  Thu s i t  ha s bee n widel y accepte d tha t  belie f  i n th e 
hot  han d i s a  fallacy .  Startin g wid i  th e questio n o f  wha t  ar e 
th e goal s o f  basketbal l  players ,  Bimi s (2001 )  argue d dia t  th e 
dat a onl y demonstrate d tha t  th e ho t  han d i s invali d a s a n 
individua l  cu e t o whe n a  playe r  wil l  hi t  a  shot ,  no t  tha t  i t  i s 
an invali d allocatio n cu e fo r  decidin g wh o t o giv e th e nex t 
sho t  to .  Streak s shoul d occu r  mor e ofte n fo r  goo d shooters . 

B u ms (2001 )  use d compute r  simulation s t o sho w tha t 
givin g th e nex t  sho t  t o player s w h o hi t  thei r  las t  sho t 
improve d a  basketbal l  team' s scoring .  Howeve r  thes e 
simulation s ha d tw o weaknesses .  First ,  occasionall y th e 
simulation s utilizin g th e ho t  han d di d no t  outperfor m thos e 
not  usin g it .  Althoug h les s tha n 1 % o f  th e simulations ,  the y 
raise d question s abou t  th e clai m tha t  belie f  i n th e ho t  han d 
woul d alway s b e expecte d t o help .  Second ,  i n orde r  t o limi t 
th e numbe r  o f  fre e parameter s an d m a k e th e entir e 
paramete r  spac e explorable ,  som e simplifyin g assumption s 
had t o b e made .  Aldioug h i t  wa s possibl e t o argu e tha t  thes e 
assumption s wer e no t  critical ,  i t  woul d b e bette r  t o 
demonstrat e thi s directly . 

A Markov Model 

To addres s concern s abou t  th e simulation s I  constructe d a 
Marko v mode l  o f  th e first  tw o shot s i n basketball .  Th e first 
tw o shot s wer e modele d becaus e a t  leas t  on e sho t  i s 
necessar y befor e ther e ca n b e a  ho t  hand ,  an d i f  scorin g i s 
improve d i n th e first  tw o shot s i t  shoul d b e improve d ove r 
any numbe r  o f  shots .  M y analysi s doe s no t  howeve r  assum e 
tha t  th e ho t  han d i s define d b y jus t  on e hit .  Th e mode l  coul d 
be applie d t o an y definitio n o f  th e ho t  han d i n whic h i t 
represent s a  temporar y elevatio n i n th e probabilit y  o f  givin g 
a playe r  th e nex t  sho t  tha t  i s  triggere d b y recen t  success . 

The mode l  ha s foiu *  parameter s an d represent s Playe r  X 
and Playe r  (o r  Players )  Y .  A  bia s paramete r  b  represent s th e 
probabilit y  o f  givin g th e nex t  sho t  t o Playe r  X ,  wherea s th e 
same probabilit y  fo r  Playe r  Y  i s 1-b .  TTi e bia s paramete r 
represent s an y bia s t o giv e th e bal l  t o a  playe r  (e.g. ,  hig h 
shootin g percentage ,  perceive d ability ,  friendship ,  etc )  tha t 
i s  independen t  o f  recen t  success .  Th e mode l  doe s no t 
incorporat e a  paramete r  fo r  belie f  i n a  "cold "  han d becaus e 
ther e i s n o empirica l  evidenc e fo r  thi s belie f 

The mode l  ha s separat e parameter s fo r  th e shootin g 
percentage s fo r  th e tw o players ,  s ,  an d s ,  fo r  Player s X  an d 
Y respectively .  Th e ho t  han d paramete r  h  temporaril y 

elevate s th e probabilit y  o f  a  playe r  bein g give n th e nex t  sho t 
afte r  a  hit .  Thu s th e probabilit y  o f  Playe r  X  bein g give n th e 
nex t  sho t  afte r  &  hi t  i s b + h( l  -  b) .  Al l  parameter s hav e a 
rang e o f  0. 0 t o 1.0 .  Th e expecte d numbe r  o f  hit s afte r  tw o 
shots ,  calculate d b y summin g th e expecte d outcome s o f  al l 
16 possibl e state s is : 

E(hits after two shots) = 2(b(s, - Sy) + Sy) + h(b - b^)( s, - s,)^ 

The h(b - b')(s, - s,/ component is never negative, thus 
belie f  i n th e ho t  han d ca n neve r  lowe r  th e expecte d numbe r 
of  hits .  A n y positiv e valu e o f  h  wil l  rais e th e expecte d 
outcom e s o belie f  i n th e ho t  han d increase s expecte d 
scoring ,  jus t  a s wa s show n i n th e simulations .  Howeve r 
ther e ar e th e sam e tw o exception s t o this :  h  wil l  hav e n o 
effec t  whe n S x =  Sy (i f  ther e i s n o differenc e betwee n player s 
the n i t  doe s no t  matte r  h o w shot s ar e allocated) ,  an d whe n 
b = ]  o r  b=0 .  Thi s pur e strateg y o f  alway s givin g th e bal l  t o 
one playe r  i s neithe r  observe d (eve n whe n i t  i s  optimal )  no r 
woul d b e desirabl e i n N B A basketball .  G a m e theor y 
predict s tha t  fo r  mos t  interestin g competitiv e game s ther e i s 
a mixe d strateg y equilibrium . 

Conclusions 

Thi s Marko v mode l  provide s a  mathematica l  proo f  tha t 
belie f  i n th e ho t  han d i s beneficia l  i f  shot s ar e independen t 
events .  I n thi s wa y i t  expand s o n B u m s '  (2001 )  simulations . 
I t  als o make s clea r  tha t  givin g th e bal l  t o goo d shooter s an d 
t o player s experiencin g th e ho t  han d ar e no t  mutuall y 
exclusiv e strategies .  Instea d allocatin g shot s betwee n 
player s i s a  multi-cu e decisio n makin g tas k i n whic h bot h 
players '  base-rate s o f  succes s ove r  th e lon g ter m an d short -
ter m streak s ar e vali d allocation s cues .  Givin g weigh t  t o 
bot h o f  thes e allocatio n cue s wil l  improv e th e amoun t  tha t  a 
tea m wil l  b e expecte d t o score .  Fals e belief s tha t  shot s ar e 
dependen t  ma y b e a  wa y t o maintai n utilizatio n o f  streaks . 
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I n thi s pape r  w e investigat e th e hiima n reasonin g applie d t o th e mathematica l  problem -

resolution  process .  O u r  approac h i s base d o n t w o m a i n settings :  a .  th e investigation  o f 

menta l  processe s involve d i n th e h u m a n reasonin g applie d t o prob le m resolution ;  b .  th e 

analysi s o f  difference s i n th e categorizatio n an d resolutio n o f  mathematica l  prob lem s b y 

novicesr s an d experts . 

In a. we sought to contribute for the rupture of the logical-formal reasoning paradigm. In 

fact ,  w e sough t  t o contribut e fo r  th e ruptur e o f  th e ide a tha t  identifie s th e h u m a n a s a 

completel y rationa l  entity ,  w h i c h invoke s a  thinkin g w a y tha t  adhere s th e rule s o f  a n 

explici t  form .  O u r  result s s h o w tha t  th e h u m a n reasonin g i s no t  determine d exclusivel y 

b y logical-forma l  guidelines ,  bu t  i s  rathe r  determine d b y characteristic s an d pragmatic s 

aspect s o f  th e context . 

In b. we sought to analyze more effectively the problem-resolution process. We 

concentrate d ovi r  discussio n o n th e difference s i n th e categorizatio n an d resolutio n o f 

mathematica l  prob lem s b y novice s an d experts .  O u r  results  indicat e fo r  a  p rob le m 

categorizatio n an d subsequen t  resolution :  expert s ar e guide d b y organize d logica l 

principles ,  a n d novice s ar e guide d b y superficia l  element s foim d i n it s enunciation . 
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Belie f  Revisio n 
Belie f  revisio n occur s whe n on e move s from  on e belie f  stat e 
t o anothe r  afte r  oicounterin g som e dat a tha t  ar e inconsisten t 
wit h one' s initia l  belie f  set .  Experiment s i n belie f  revisio n 
hav e demonstrate d tha t  th e initia l  logica l  structur e o f  a n 
argumen t  affect s ho w reasoner s revis e thei r  beliefs .  W h e n 
argument s fo r  changin g belief s ar e mad e i n a  logica l  form , 
th e typica l  findin g i s tha t  th e majo r  premis e i s revise d mor e 
frequently  tha n th e mino r  premise .  Thi s i s eviden t  whe n th e 
modus ponen s (MP )  inferenc e i s contradicte d (i f  p  the n q ;  p ; 
therefore ,  q) ,  whil e ther e i s n o clea r  preferenc e whe n th e 
modus tollen s ( M T )  inferenc e i s contradicte d (i f  p  the n q ; 
not  q ;  therefore ,  no t  p )  (Dieussaert ,  Schaeken ,  D e Neys ,  & 
d'Ydewalle ,  2000 ;  Eli o &  Pelletier ,  1997 ;  Politz w &  Carles , 
2001) .  Other s hav e reporte d a  differen t  finding :  reasoner s 
revis e belie f  i n th e majo r  an d mino r  premise s equall y ofte n 
i n M P problems ,  bu t  prefe r  t o disbeliev e th e mino r  premis e 
i n M T problem s (Revli n &  Calvillo ,  2002 ;  Revlin ,  Gate ,  & 
Rouss ,  2001) .  I n thre e experiments ,  w e explor e possibl e 
explanation s fo r  thes e tw o differen t  pattern s o f  results . 

Thre e possibl e explanation s fo r  th e inconsisten t  result s 
ar e th e type s o f  majo r  premises ,  th e revisio n alternative s 
presente d t o participants ,  an d th e prio r  believabilit y  o f  th e 
majo r  premises .  Th e majo r  premise s use d b y Eli o an d 
Pelletie r  (1997) ,  Dieussaer t  e t  al .  (2000) ,  an d Politz w an d 
Carle s (2001 )  wer e conditiona l  (i f  p  the n q )  an d somewha t 
neutra l  i n believability .  Participant s i n thes e experiment s 
wer e allowe d t o expres s uncertaint y towar d premises .  Th e 
majo r  premise s use d b y Revli n e t  al .  (2001 )  an d Revli n an d 
Calvill o (2002 )  wer e universa l  quantifier s (al l  p  ar e q )  an d 
considerabl y mor e believable .  Participant s i n thes e 
experiment s wer e force d t o decide ,  wit h certainty ,  t o 
disbeliev e th e majo r  o r  mino r  premise . 

I n ExpCTimen t  1 ,  w e assigne d 8 0 introductor y psycholog y 
student s from  th e Universit y o f  California ,  Sant a Barbar a 
int o fou r  groups .  logica l  structur e ( M P o r  M T )  an d typ e o f 
majo r  premis e (conditiona l  o r  quantifier )  wer e twtween -
participant s variables .  Th e majo r  premis e revisio n rate s ar e 
presente d i n Tabl e 1 .  Th e rate s fo r  bot h quantifier s an d 
conditional s wer e simila r  t o thos e foun d b y Revli n e t  al . 
(2001) .  Logica l  structur e ha d a  significan t  effect ,  typ e o f 
majo r  premis e di d not ,  an d th e tw o variable s di d no t 
interact .  Thi s rule d ou t  th e us e o f  differen t  majo r  premis e 
type s a s a n explanatio n fo r  th e differen t  previou s findings . 

I n Experimoi t  2 ,  w e assigne d 5 0 participant s t o tw o 
group s an d presente d the m wit h M P an d M T problem s lik e 

i n Experimen t  1 ,  bu t  gav e the m th e revisio n alternative s 
use d b y Politze -  an d Carle s (2001) .  A s see n i n Tabl e 1 , 
logica l  structur e ha d a  reliabl e effec t  o n revisio n rate s an d 
th e maJOT premis e revisio n rate s wer e simila r  t o thos e o f 
Revli n e t  al .  (2001) ,  rulin g ou t  di e us e o f  differen t  revisio n 
alternative s a s a n explanatio n fo r  th e inconsisten t  results . 

Table 1: Major premise revision rates by logical structure. 

Experimen t  1 :  Conditiona l 

Experimen t  1 :  Quantifie r 

Experimen t  2 
Experimen t  3 :  L o w believabilit y 

MP 

0.32 9 

0.26 3 

0.46 5 
0.75 1 

MT 

0.04 4 

0.10 7 

0.12 3 
0.70 1 

I n Experiment s 1  an d 2 ,  th e majo r  premise s use d wer e 
highl y believable .  I n Experimen t  3 ,  w e gav e 4 7 participant s 
eithe r  M P o r  M T problem s wit h majo r  premise s o f  low -
believability .  Th e results ,  a s see n i n Tabl e 1 ,  wer e simila r  t o 
thos e o f  Eli o an d Pelletie r  (1997) .  Ther e wa s a  preferenc e t o 
revis e Ijelie f  i n th e majo r  premis e i n bot h M P an d M T 
problem s an d ther e wa s n o effec t  o f  logica l  structure . 

Experiment s 1  an d 2  rule d ou t  th e us e o f  differen t  type s o f 
majo r  premise s an d revisio n alternative s explanation s fo r 
th e varyin g result s i n th e lito'ature .  Experimm t  3  showe d 
tha t  believabilit y  o f  th e majo r  premis e i s a  likel y sourc e o f 
th e differen t  pattern s o f  results ,  demonstratin g th e nee d fo r 
model s o f  belie f  revisio n t o includ e initia l  premis e 
believabilit y  t o accoun t  fo r  ho w reasoner s revis e beliefs . 
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Introductio n 
H o w d o w e mentall y represen t  an d reaso n abou t  domain s fo r 
whic h littl e sensor y informatio n i s available ? On e suggestio n 
i s tha t  ou r  understandin g o f  abstrac t  domain s i s intimatel y 
dependen t  o n ou r  understandin g o f  richer,  mor e experience -
base d domain s (Boroditsky ,  2000 ,  2001 ;  Gentne r  e t  al. ,  2001 ; 
Gibbs ,  1994 ;  Holyoa k &  Thagard ,  199S ;  Lakof T &  Johnson , 
1980 ,  1999) .  Fo r  example ,  people' s understandin g o f  tim e 
appear s t o b e dependen t  o n spatia l  knowledg e (Boroditsky , 
2000 ;  Boroditsk y &  Ramscar ,  2002) .  Previou s evidenc e 
suggest s tha t  ther e i s a n asymmetri c relationshi p betwee n th e 
domain s o f  spac e an d time .  Wherea s spatia l  knowledg e wa s 
foun d t o b e usefu l  fo r  reasonin g ^ou t  time ,  tempora l 
knowledg e di d no t  facilitat e spatia l  reasonin g (Boroditsky , 
2000) . 

The presen t  studie s investigat e whethe r  thi s asymmetri c 
relationshi p betwee n spac e an d tim e hold s eve n fo r  low-leve l 
representation s o f  th e tw o domains . 

I n a  serie s o f  simpl e psychophysica l  tasks ,  participant s 
viewe d a  movin g stimulu s an d estimate d eithe r  it s 
displacemen t  o r  it s duration .  Result s sho w tha t  tempora l 
estimate s wer e strongl y modulate d b y th e displacemen t  o f  th e 
movin g stimulus ,  eve n whe n participant s wer e encourage d t o 
atten d selectivel y t o tempora l  information .  I n contrast ,  spatia l 
estimate s wer e no t  modulate d b y th e duratio n o f  th e movin g 
stimulu s whe n instruction s encourage d selectiv e attentio n t o 
spatia l  information .  Spatia l  estimate s wer e onl y weakl y 
correlate d wit h stimulu s duratio n whe n participant s wer e 
require d t o atten d t o bot h tempora l  an d spatia l  informatio n 
simultaneously . 

E x p e r i m e n t  1 
M e t h o d s 
Movin g line s wer e presente d o n a  C R T monitor .  Lin e 
duration s an d displacement s wer e varie d parametrically . 
Duration s range d firo m 1  t o 5  second s i n O. S secon d 
increments .  Displacement s range d from  20 0 t o 80 0 pixels ,  i n 
75 pixe l  increments .  Nin e duration s wer e full y crosse d wit h 
nin e displacement s t o produc e 8 1 distinc t  lines .  Line s 'grew ' 
horizontall y acros s th e scree n on e pixe l  a t  a  time ,  from  right  t o 
left ,  a t  rates  rangin g from  4 0 pixels/secon d t o 80 0 
pixels/second .  Eac h lin e remaine d o n th e scree n unti l  it s 
max imu m displacemen t  wa s reached . 

Participant s viewe d 16 2 movin g lines ,  on e lin e a t  a  time . 
Immediatel y afte r  eac h lin e event ,  a  promp t  appeare d 
indicatin g tha t  th e participan t  shoul d reproduc e eithe r  it s 
duratio n o r  it s  displacemen t  b y clickin g th e mous e t o indicat e 

th e beginnin g an d en d o f  th e estimate d tempora l  o r  spatia l 
interval . 

Results 
Participants '  tempora l  an d spatia l  estimate s wer e highl y 
accurate .  Targe t  duratio n correlate d positivel y wit h 
estimate d duratio n (rM).96) ,  an d targe t  displacemen t 
correlate d positivel y wit h estimate d displacemen t 
(r̂ N).97) .  Th e effec t  o f  targe t  displacemen t  o n estimate d 
duratio n (r̂ =0.72 )  wa s greate r  tha n th e effec t  o f  targe t 
duratio n o n estimate d displacemen t  (r̂ =0.36) . 

Experiment 2 
Me thod s 
Material s an d desig n wer e exactl y a s describe d i n 
Experimen t  I .  Th e procedur e wa s identica l  wit h th e 
followin g exception :  i n Experimen t  2 ,  participant s wer e 
notifie d befor e eac h tria l  whethe r  the y woul d nee d t o 
reproduc e th e duratio n o r  displacemen t  o f  th e movin g 
line . 

Results 
Again ,  participants '  tempora l  an d spatia l  estimate s wer e 
highl y accurate .  Targe t  duratio n correlate d positivel y 
wit h estimate d duratio n (r̂ =0.96) ,  an d targe t  displacemen t 
correlate d positivel y wit h estimate d displacemen t 
(r̂ =0.99) .  Th e effec t  o f  targe t  displacemen t  o n estimate d 
duratio n (r̂ =0.82 )  wa s muc h greate r  tha n th e effec t  o f 
targe t  duratio n o n estimate d displacemen t  (rM).01) . 
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As computin g platform s continuousl y gro w i n processin g 
power ,  diminis h i n size ,  an d ar e creativel y integrate d int o 
ever y face t  o f  th e huma n experience ,  popula r  deman d als o 
increase s fo r  unfettere d acces s t o informatio n o f  interest , 
necessitatin g insightfu l  desig n fo r  a  variet y o f  displays . 
Whil e engage d i n thei r  dail y discourse ,  occupie d wit h 
activitie s suc h a s driving ,  deskto p computing ,  o r  interactin g 
wit h others ,  peopl e ofte n wan t  t o remai n notifie d abou t 
news items ,  collaborativ e efforts ,  an d othe r  changin g 
information .  Decisio n requirement s withi n ne w setting s o r 
situation s ma y promp t  immediat e interes t  i n accessin g 
relate d data .  Notificatio n system s i n th e for m o f  ubiquitou s 
computin g devices ,  t o includ e wearabl e computers ,  vehicl e 
informatio n systems ,  an d handhel d devices ,  ar e relie d o n 
suppor t  thes e informatio n needs .  Deskto p compute r  user s 
als o depen d o n small-size d secondar y displa y application s 
t o provid e simila r  notificatio n information . 

However ,  informatio n conveye d throug h thes e device s 
and application s i s ofte n perceive d wit h short ,  discret e 
attentio n shift s an d glance s rathe r  tha n longe r  period s o f  ful l 
attentio n perceptio n tha t  ha s bee n considere d typica l  o f 
human-con^ute r  interaction .  Certainly ,  thi s paradig m ha s 
implication s fo r  informatio n design ,  roote d i n cognitiv e 
processin g an d huma n attentio n limitations .  Addin g t o thi s 
challenge ,  use r  goal s ar e difficul t  t o predic t  an d ofte n 
conflicting .  Fo r  example ,  user s ma y no t  wan t  t o b e 
interrupte d fro m a  primar y task ,  althoug h the y stil l  wis h t o 
maintai n awarenes s o f  informatio n ove r  a  perio d o f  time  o r 
recogniz e specifi c  informatio n states .  I n othe r  usag e 
scenarios ,  user s ma y wis h t o b e alerte d abou t  informatio n 
and attracte d t o som e interaction .  Platfor m capabilitie s ma y 
als o mandat e minimalis t  informatio n representation , 
presentin g a n imperativ e fo r  reevaluatio n o f  desig n 
guideline s fo r  a  wid e arra y o f  emergin g compute r  interface s 
withi n thes e constraints . 

Objectives and Related Work 

Throug h empirica l  study ,  w e see k t o understan d ho w 
variou s option s fo r  informatio n encodin g an d design , 
presente d withi n a  dual-tas k situation ,  simultaneousl y affec t 
user  interruptio n whil e enablin g reactio n an d 
comprehensio n o f  notifications .  Althoug h muc h wor k ha s 
been don e t o understan d relativ e effectivenes s an d 
expressivenes s o f  visua l  primitive s withi n th e human -
compute r  interactio n field ,  ther e ar e fe w empiricall y 
establishe d desig n guideline s availabl e fo r  digita l  display s 
tha t  ar e typicall y no t  a  user' s mai n attentio n focus . 
Clevelan d an d McGill' s  orderin g o f  grap h attribute s 
provide s guidanc e fo r  primar y tas k display s (1984) ,  an d 

Clevelan d ha s extende d consideratio n o f  graphica l  attribut e 
effectivenes s t o specifl c  informatio n extractio n task s (1994) . 

However ,  th e dual-tas k natur e o f  notificatio n system s 
usag e require s evaluatio n o f  man y othe r  syste m variable s 
fo r  stron g empirica l  stud y validity .  Fo r  example ,  variou s 
combination s o f  menta l  an d physica l  workloa d levels ,  cross -
modal  o r  intramoda l  presentatio n o f  th e tw o tasks ,  an d 
competin g deman d fo r  sensor y chaimel s an d short-ter m 
memory (Wicken s &  Hollands ,  2000 )  wil l  certainl y hav e 
implication s fo r  fulfillin g objectiv e informatio n desig n 
requirements .  Empirica l  method s allowin g reliabl e 
replication ,  measurement ,  an d modelin g o f  thes e variable s 
ar e pivota l  fo r  creatin g notificatio n system s guidelines . 

Continuing Work 

Initia l  finding s fro m ou r  wor k sho w tha t  Clevelan d an d 
McGill' s  guideline s fo r  us e o f  visua l  attribute s d o no t  hol d 
fo r  dual-tas k situation s wher e a  distractio n t o a  primar y tas k 
requirin g hig h attentio n an d manua l  interactio n mus t  b e 
minimize d (Tessendor f  e t  al. ,  2002) .  Additionally ,  w e hav e 
seen evidenc e tha t  informatio n desig n fo r  decision-suppor t 
notificatio n system s i s bes t  accomplishe d wit h cross-moda l 
representation s a s a  primar y task' s visua l  sensor y deman d 
leve l  increase s (task s teste d withi n a  C A V E virtua l 
environmen t  an d o n a  deskto p computer) .  Continuin g 
studie s wil l  lea d t o developmen t  o f  regressio n model s an d 
tables ,  supportin g rule-base d presentatio n adaptivity , 
complementar y t o effort s suc h a s Horvitz' s PRIORITIE S 
system ,  whic h make s inference s abou t  a  user' s attentio n 
stat e an d calculate s expecte d cos t  o f  a n interruptio n t o 
determin e th e mos t  suitabl e presentatio n metho d ̂ Horvitz , 
Jacob s &  Hovel ,  1999) . 
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Int roduct io n 

The tw o hemisphere s m a y hav e differen t  strategie s 
allowin g variou s perception s t o b e processe d 
independently ,  suc h a s nea r  an d far ,  ambien t  an d focal , 
and low-leve l  subcortica l  communications ,  contraste d 
t o high-leve l  cognition .  The n wha t  happe n whe n th e 
ambien t  processin g o f  th e larg e character ,  an d th e foca l 
processin g o f  smal l  character s ar e merged ? Thi s stud y 
hypothesize d tha t  tw o repeate d item s shoul d facilitat e 
th e recognition .  Additionally ,  larg e stimulu s capture s 
visua l  attention ,  whic h shoul d speed  u p th e recognitio n 
of  larg e characters ,  con^are d t o smal l  characters ,  an d 
becaus e thi s wa s a  preattentiv e factor ,  th e effec t  shoul d 
not  hav e a  gende r  difference . 

Experiment 

Thirty-tw o Chines e characters ,  hal f  hig h frequenc y an d 
hal f  lo w fiequency,  wer e presente d i n thre e versions : 
Larg e (400*400 ,  unit s define d b y Psyscope) ,  Smal l 
(50*50 )  an d Overla p version .  Th e Overla p versio n wa s 
a larg e characte r  overlappe d b y a  smal l  identica l 
characte r  i n th e centre .  A n d th e centr e wa s emptie d 
beforehan d t o mak e sur e tha t  th e smal l  characte r  wa s 
not  obscure d b y th e larg e one .  Character s an d version s 
wer e arrange d b y Lati n squar e design .  A  fixatio n poin t 
was presente d i n th e centr e o f  th e monito r  fo r  50 0 msec , 
followe d b y a  characte r  laste d fo r  15 0 msec ,  an d the n 
followe d b y a  mas k pictur e laste d fo r  50 0 msec .  Nativ e 
Chines e speakers ,  te n male s an d eleve n females , 
participate d i n thi s study .  The y mad e a  lexica l  decisio n 
by clickin g th e butto n o n th e respons e bo x wit h thei r 
inde x fingers ,  button s wer e counterbalance d betwee n 
people ,  an d th e respons e time s wer e recorde d b y 
Psyscq)e . 

Analysis and results 

Frequenc y effec t  wa s significan t  b y subject s an d b y 
item s (p < .01) ,  a s Hig h frequenc y character s wer e 
recognize d faste r  tha n L o w frequenc y characters .  Siz e 
effec t  wa s significan t  onl y b y subject s (p < .01 )  a s 
Overlappe d character s wer e recognize d slowe r  tha n 
Larg e an d Smal l  versions .  Gende r  differenc e wa s 
insignifican t  (p > .05) .  A  two-wa y interactio n betwee n 
Gender  an d Siz e wa s significan t  i n th e by-item s 
analysi s (p < .05) .  Pos t  ho c test s sho w tha t  female s 
recognize d Over l y character s quicke r  tha n Larg e an d 
Smal l  ones ,  bu t  n o significan t  differenc e fo r  males . 

Discussio n 

That  larg e character s wer e recognize d slightl y quicke r 
tha n smal l  character s support s ou r  hypothesi s tha t  th e 
visua l  attentio n wa s mor e likel y caugh t  b y large r 
objects ,  compare d t o smal l  objects .  A n d a s presumed , 
Gender  effec t  wa s no t  significant . 
However ,  ther e wer e larg e character s i n th e overlappe d 
versions ,  bu t  th e recognitio n o f  overlappe d versio n wa s 
slowest .  Thi s suggest s tha t  i n th e overlappe d versio n 
th e smal l  character s interfere d wit h thei r  recognition , 
resultin g i n th e dela y o f  th e respons e latency .  Th e 
degre e o f  interferenc e wa s greate r  i n female s tha n i n 
males .  Male s di d no t  sho w facilitatio n o f  recognitio n i n 
th e overlsqipe d condition .  I t  migh t  b e reasonabl e t o 
interpre t  tha t  i n general ,  female s performed  mor e 
cautiousl y i n doin g th e recognitio n tas k tha n males .  I t 
migh t  b e th e cognitiv e styl e o f  th e sexe s tha t 
differentiat e th e results . 

Conclusion 

The resul t  showe d tha t  Overlappe d character s 
lengthene d th e respons e latenc y an d seeme d t o interfer e 
wit h th e recognitio n process . 
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Introductio n 

I s phoneti c informatio n encode d b y distributiona l  biase s i n 
th e lexicon ? Ar e phonotacti c constraint s robus t  enoug h t o 
hel p a  learne r  infe r  th e phoni c patter n o f  a  language ? Ou r 
wor k i n progres s attempt s t o she d ligh t  o n thes e question s 
via :  (i )  statistica l  descriptio n o f  th e distributiona l  biase s i n 
phon e sequence s i n a  lexica l  databas e an d (ii )  connectionis t 
simulation .  Th e simulatio n focuse s o n V-to- V relation s i n 
V(C)'C(C) V phon e string s sinc e bot h harmon y an d contou r 
constraint s (th e tendenc y fo r  th e vowel s t o shar e o r  avoi d 
repetitio n o f  phoni c properties ,  respectively )  hav e bee n 
foun d i n th e distributiona l  stud y (Albano ,  2002) . 

Experiment and Current Results 

An S R N (Elman ,  1995) ,  wit h a  compressio n laye r  adde d 
betwee n th e inpu t  an d th e hidde n layers ,  wa s traine d t o 
predic t  th e nex t  phon e i n th e word .  Th e 370 0 penultimat e 
stresse d word s i n th e trainin g se t  wer e fe d t o di e networ k 
phon e b y phone .  Th e contex t  laye r  activatio n wa s rese t  afte r 
each word .  Phone s wer e encode d a s 3 5 orthogona l  vectors ; 
so n o phoneti c informatio n wa s supplie d t o th e network . 
The trainin g se t  consiste d o f  trisyllabi c noun s only .  Sinc e 
th e focu s o f  th e experimen t  wa s th e intervocali c transitions , 
testin g wa s performe d b y presentin g th e networ k wit h 1 2 
non-word s [pV'pVpV] ,  thu s controllin g fo r  th e effect s o f 
consonants .  Th e hidde n uni t  activation s produce d fo r  eac h 
phon e i n th e tes t  se t  wer e the n analyse d usin g P C A , 
averagin g fo r  th e 5  harmoni c an d 7  contou r  non-word s 
(mean s wer e teste d fo r  significanc e wit h A N O V A ) . 

r 

I t  i s  possibl e t o identif y dimension s i n th e principa l 
componen t  spac e whic h discriminat e fo r  Harmon y an d 
Contour .  Figur e 1  depict s th e transitio n betwee n vowel s 
alon g th e dimension s code d b y th e 4t h an d 8t h principa l 
components .  I t  ca n b e see n tha t  harmoni c vowe l  pair s ar e 
not  strongl y distinguishe d i n an y dimension .  I n contrast , 
contou r  vowe l  pair s diffe r  significantl y  i n bot h dimensions . 

The trajectorie s associate d t o transition s i n th e subspac e 
spawn b y th e 4 *  an d 8 *  component s (Figur e 2 )  sho w tha t 
th e dynamic s fo r  harmon y i s opposit e t o th e on e fo r  contour . 
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Figur e 1 :  V I  t o V 2 Transition s accordin g t o P C s 4  an d 8 . 

Figur e 2 :  H a r m o n y vs .  Contou r  dynamic s fo r  P C s 4  an d 8 . 
T h e directio n o f  th e V I V 2 vector s i s oppose d fo r  harmoni c 

an d contou r  vowe l  pairs . 

Phonotactics is best described by non-categorical, 
probabilisti c  biases ,  embodie d i n th e lexico n a s constraint s 
on lexica l  form s whic h ar e emergen t  propertie s o f  th e 
operatio n o f  dynamica l  system s tha t  shap e languag e 
behaviour .  So ,  understandin g phonotatic s depend s o n 
adoptin g a  dynamica l  poin t  o f  view . 
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Introductio n 

Plausibilit y  play s a  centra l  rol e i n huma n cognition , 
whethe r  on e i s considerin g th e alib i  o f  a  murde r  suspec t  i n a 
crim e novel ,  o r  assessin g th e answer s o f  a  candidat e i n a  jo b 
interview .  Othe r  studie s hav e mentione d plausibilit y 
judgement s i n th e servic e o f  othe r  phenomen a (e.g .  Reder , 
1982) ,  bu t  ofte n withou t  bein g investigate d i n thei r  o w n 
right.  Thi s pape r  present s evidenc e tha t  plausibilit y 
judgement s depen d o n inferentia l  coherenc e an d 
distributiona l  information .  I n th e firs t  experiment ,  w e sho w 
tha t  th e typ e o f  inferenc e bein g mad e affect s th e plausibilit y 
of  a  sentenc e pair .  Th e secon d experimen t  demonstrate s 
tha t  th e distributiona l  propertie s o f  th e word s i n a  sentenc e 
pai r  directl y influenc e plausibility . 

Experimeds 

T wo experiment s advanc e a  nove l  paradig m i n whic h 
peopl e mak e plausibilit y  judgement s abou t  sentenc e pairs . 
Thes e sentenc e pair s ar e manipulate d t o invit e differen t 
bridgin g inference s an d t o contro l  thei r  distributiona l  score s 
(a s determine d b y th e Laten t  Semanti c Analysi s mode l 
L S A;  Landaue r  &  Dumais ,  1997) . 

I n Experimen t  1 ,  4 0 participant s wer e aske d t o judg e th e 
plausibilit y  o f  sentenc e pair s o n a  scal e from  0 - 1 0 tha t  ha d 
bee n manipulate d t o suppor t  causal ,  attributa l  o r  tempora l 
inferences ,  o r  no t  t o invit e an y obviou s inference s a t  al l  (i.e . 
imrelate d pairs) .  Th e distributiona l  informatio n o f  eac h pai r 
(th e L S A scor e o f  th e firs t  sentenc e agains t  th e second )  wa s 
controlle d acros s inferenc e types . 

I n Experimen t  2 ,  w e manipulate d distributiona l 
informatio n acros s th e causa l  an d attributa l  sentence s t o 
loo k a t  th e actio n o f  bot h factor s together .  2 4 participant s 
sa w tw o version s o f  eac h sentenc e pai r  pe r  pag e (se e Tabl e 
1) ,  on e o f  whic h ha d a  relativel y hig h L S A scor e betwee n 
th e sentence s ( a stron g distributiona l  link )  an d th e othe r  o f 
whic h ha d a  relativel y lo w scor e ( a wea k distributiona l 
link) .  Participant s wer e aske d t o juidg e th e plausibilit y o f 
eac h pai r  a s before ,  bu t  t o mak e certai n tha t  an y perceive d 
differenc e i n plausibilit y  betwee n th e tw o version s o f  eac h 
sentenc e pai r  wa s reflecte d i n th e scores . 

Results & Discussion 

Experimen t  1  ' s  result s demonstrat e tha t  differen t  inferenc e 
type s differentiall y  affec t  th e perceive d plausibilit y o f  a 
discourse .  Th e causa l  pair s wer e rate d th e highes t  i n 

plausibilit y  (M=7.8) ,  followe d a s predicte d b y attributa l 
(M=5.5) ,  tempora l  (M=4.2 )  an d unrelate d (M=2.0) .  A n 
analysi s o f  varianc e yielde d a  significan t  effec t  o f  inferenc e 
typ e o n plausibilit y  scores ,  F  (3 ,  472 )  =  93.683,/ ? <  0.0001 . 

Table 1: Sample Experiment 2 sentence pair variants. 

Sentenc e 1  Sentenc e 2 Inferenc e X 
Distributio n 

The hound s growled .  Causa l  Stron g 
The pac k Th e hound s snarled .  Causa l  W e a k 
sa w th e fox .  Th e hound s wer e fierce .  Attributa l  Stron g 

The hound s wer e vicious .  Attributa l  W e a k 

Experiment 2's results show that the distributional 
informatio n o f  a  sentenc e pai r  affect s ho w plausibl e i t  i s 
perceive d t o be .  W e examine d th e proportio n o f  time s a 
participan t  judge d eithe r  th e stron g o r  wea k versio n o f  a 
sentenc e pai r  t o b e nor e plausible .  Thi s analysi s show s 
tha t  i n bot h th e causa l  pair s [M=59.4% ,  r(10)=4.893 , 
;?<0.001 ]  an d i n th e attributa l  pair s [M=60.3% ,  f( l  1)=3.753 , 
;><0.005] ,  th e wea k sentenc e pai r  wa s proportionall y rate d 
mor e plausibl e tha n th e stron g pair . 

Thi s give s rise  t o a  ver y interestin g explanatio n o f  th e 
join t  effect s o f  coherenc e an d distributiona l  strength .  W e 
sugges t  tha t  whe n ther e i s a  stron g distributiona l  link ,  ther e 
i s a n expectatio n tha t  a  coheren t  inferenc e wil l  b e found , 
and thi s expectatio n suggest s a n initia l  leve l  o f  plausibility . 
W h en th e expectatio n i s bora e ou t  -  b y findin g a  bridgin g 
inferenc e fo r  a  stron g link ,  o r  b y no t  findin g on e fo r  a  wea k 
lin k -  the n th e leve l  o f  plausibilit y  suggeste d b y th e 
expectatio n remain s unchanged .  O n th e othe r  hand ,  whe n 
th e expectatio n i s contradicte d -  b y unexpectedl y fmdin g a 
bridgin g inferenc e fo r  a  wea k link ,  o r  failin g t o find  on e fo r 
a stron g lin k -  the n th e leve l  o f  plausibilit y rises  o r  fall s 
accordingly .  Whil e distributiona l  informatio n play s a n 
essentia l  rol e i n th e judgemen t  process ,  th e degre e o f 
coherenc e i s wha t  ultimatel y validate s th e plausibilit y  level . 
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Cognitiv e capabilitie s var y considerabl y du e t o people' s 
differen t  level s o f  expertis e an d aptitude .  Als o th e cognitiv e 
capabilitie s o f  an y on e perso n wil l  var y greatl y ove r  tim e 
becaus e o f  stress ,  fatigue ,  injuries ,  attentio n l^ses ,  an d 
distractions .  I n orde r  t o augmen t  th e cognitio n o f  an y 
individual ,  on e strateg y i s t o firs t  asses s th e real-tim e 
cognitiv e ciq>abilitie s o f  tha t  individua l  an d the n tailo r  an y 
augmentatio n t o th e curren t  cognitiv e capabilitie s o f  th e 
individual . 

The firs t  majo r  proble m i n real-tim e adaptiv e augmente d 
cognitio n i s  assessin g cognitiv e capabilitie s o f  th e perso n 
instantaneously .  A  numbe r  o f  sensor s hav e detecte d a 
student' s physiologica l  state s an d actions .  Riseber g e t  al . 
(1998 )  frustrated  highl y motivate d user s o f  a  gam e interfac e 
by degradin g mous e performanc e a t  irregula r  intervals . 
Galvani c ski n conductivity ,  bloo d volum e pressure ,  an d 
muscl e tensio n wer e recorde d an d correlate d t o frustration  an d 
non-friistratio n states .  Ark ,  Dryer ,  an d L u (1999 )  establishe d 
th e feasibilit y  o f  correlatin g physiologica l  measurement s t o 
emotions .  Crosby ,  Chi n an d Idin g (2001 )  demonstrate d h o w 
ey e fixation s ca n b e use d t o analyz e users '  strategies .  Othe r 
researc h project s b y Crosby ,  e t  al .  (2001 )  sugges t  tha t  a 
person' s pressur e o n a  mous e i s als o a  goo d candidat e fo r  real -
tim e biometric s t o predic t  cognitiv e load .  Identifyin g 
emotion s i s a  comple x proces s an d i t  m a y no t  alway s b e 
necessar y t o k n o w th e precis e emotion .  I f  othe r  informatio n 
suc h a s performanc e dat a an d focu s o f  attentio n ar e available , 
i t  ma y b e sufficien t  t o onl y sens e change s i n di e physiologica l 
data . 

The dat a collecte d b y ou r  project s includ e ten:q>erature , 
hear t  waveform ,  galvani c ski n respons e an d physica l  pressure s 
applie d t o a  mouse .  Sensor s ar e connecte d t o a n electricall y 
isolate d micro-controller ,  whic h convert s th e analo g senso r 
signal s t o digita l  dat a fo r  processing ,  b y a  maste r  computer . 
The first  senso r  i s o n th e finge r  ti p t o monito r  periphera l 
temperature ,  th e secon d senso r  i s attache d t o th e wris t  a s a 
referenc e t o bod y temperatur e an d th e thir d senso r  monitor s 
th e ambien t  temperatur e a t  a  distanc e o f  abou t  5  c m awa y 
from  th e wrist .  Th e sensor s ar e no t  attache d t o a  substantia l 
therma l  mas s tha t  woul d reduc e th e respons e rate ,  an d th e 
min imu m detectabl e chang e o f  temperatur e i s calculate d t o b e 
0.00 5 C . 

Th e hear t  wavefor m i s  monitore d usin g a n infr̂ ire d 
reflectiv e ligh t  senso r  tha t  i s  mounte d o n th e sam e elasti c ban d 
as th e fingertip  temperatur e sensor .  Th e chang e i n bloo d flo w 

i s measure d b y change s i n reflecte d ligh t  a t  th e ski n surfac e 
wher e bloo d flo w i s apparent .  Th e hear t  bea t  rat e i s extracte d 
by measurin g th e tim e betwee n peak s an d th e relativ e bloo d 
volum e chang e ca n b e determine d b y integratin g th e hear t 
wavefor m ove r  th e desire d time.  W h e n th e senso r  i s presse d 
agains t  th e fmgertip ,  to o m u c h forc e wil l  obstruc t  bloo d flo w 
an d to o littl e forc e wil l  produc e unreliabl e data .  Th e senso r 
als o detect s th e mea n reflecte d light ,  whic h i s  use d t o 
determin e th e optimu m amoun t  o f  pressur e t o b e applie d t o th e 
sensor . 

Th e experiment s performe d i n ou r  project s sho w tha t  simpl e 
physiologica l  measurement s o f  G S R ,  hear t  rate ,  temperature , 
and pupi l  diamete r  provid e informatio n o n change s i n user' s 
emotiona l  an d subjectiv e state s whil e engage d i n cognitiv e 
tasks .  A  subject' s physiologica l  stat e an d action s ca n b e 
indicativ e o f  thei r  cognitiv e performance .  Physiologica l  data , 
collecte d from  peopl e a s the y us e computer s t o for m thei r 
tasks ,  migh t  no t  consistentl y predic t  thei r  emotiona l  state . 
However ,  result s from  ou r  experiment s sugges t  tha t  i t  i s 
possibl e t o provid e th e compute r  wit h informatio n abou t  th e 
users '  cognitiv e stat e i n rea l  time . 
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Introductio D 

Reasonin g wit h conditional s involvin g causa l  conten t 
i s know n t o b e affecte d b y retrieva l  o f  counterexample s 
from  semanti c memory .  Thi s stud y focuse s o n th e 
characteristic s  o f  thi s searc h process . 

I n Maiicovits '  (2000 )  recen t  specificatio n o f  th e 
memory searc h process ,  th e numbe r  o f  store d 
counterexample s i s importan t  becaus e i t  determine s th e 
probabilit y  tha t  a t  leas t  on e ca n b e retrieved .  Thi s 
specificatio n doe s no t  addres s th e impac t  o f  additiona l 
counterexampl e retrieval .  Indeed ,  th e searc h proces s i s 
assumed t o sto p afte r  th e successfu l  retrieva l  o f  a  singl e 
counterexample . 

The presen t  stud y test s a n altemativ e specificatio n o f 
th e searc h process .  W e examin e th e assumptio n tha t  th e 
searc h proces s doe s no t  terminat e afte r  th e retrieva l  o f  a 
singl e counterexampl e an d tha t  ever y retrieve d 
counterexampl e ha s a n additiona l  impac t  o n th e 
reasonin g process .  Here ,  th e numbe r  o f  store d 
counterexample s wil l  b e importan t  becaus e i t 
determine s th e numbe r  o f  counterexample s tha t  ca n b e 
retrieve d an d thi s numbe r  woul d determin e th e degre e 
t o whic h inference s wil l  b e accepted . 

Experiment 

A generatio n pretes t  measure d th e numbe r  o f 
coimterexample s (altemativ e cause s o r  disablin g 
conditions )  participant s coul d retriev e fo r  a  se t  o f  causa l 
conditionals .  On e mont h afte r  th e pretest ,  participant s 
wer e presente d a  reasonin g tas k wit h th e sam e 
conditionals .  W e looke d a t  participant s inferenc e 
acceptanc e rating s fo r  eac h conditiona l  i n functio n o f 
th e numbe r  o f  counterexample s the y coul d retriev e fo r 
tha t  conditional . 

Result s showe d tha t  ever y altemativ e o r  disable r  tha t 
can b e retrieve d ha s a n impac t  o n th e inferenc e 
acceptance .  Acceptanc e o f  Modu s Ponen s an d Modu s 
Tollen s linearl y decrease d wit h ever y additionall y 
retrieve d disabler .  Likewise ,  Affirmatio n o f  th e 

Consequen t  an d Denia l  o f  th e Anteceden t  acceptanc e 
linearl y decrease d i n functio n o f  th e numbe r  o f 
retrieve d alternatives . 

Thes e grade d effect s o f  u p t o fou r  differen t  number s 
of  availabl e counterexample s ca n no t  b e explaine d i f 
th e semanti c searc h proces s durin g conditiona l 
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Figure 1. Inference acceptance (7-point scale) in 
functio n o f  th e numbe r  o f  alternative s  (2a )  o r  disabler s 
(2b )  participant s coul d retriev e fo r  a  conditional . 

reasoning would stop after successful retrieval of a 
singl e counterexample .  Thi s make s i t  clea r  tha t 
Markovits '  (2000 )  conditiona l  reasonin g mode l  need s 
t o b e revised . 
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Introductio n 

Chi  an d Rosco e (2002 )  propose d tha t  on e reaso n fo r  th e 
persistenc e o f  scientifi c  misconception s i s tha t  student s 
classii y scientifi c  phenomen a int o incorrec t  ontologica l 
categories .  I n particular ,  Ch i  (submitted )  ha s hypothesize d 
tha t  man y commonl y misiuiderstoo d scienc e concept s (lik e 
evolutio n an d electri c current )  ar e emergen t  processe s i n 
whic h a  macro-leve l  phenomen a emerge s fi-om  comple x 
interaction s betwee n entitie s a t  a  micro-level .  Rathe r  tha n 
correctl y categorizin g the m thi s way ,  student s ar e though t  t o 
miscategoriz e the m a s non-emergen t  processe s i n whic h 
ther e i s a  mor e direc t  relationshi p betwee n th e tw o levels . 

To tes t  thi s hypothesis ,  w e ar e conductin g a  stud y 
comparin g ho w participant s a t  differen t  level s o f  expertis e 
categoriz e scienc e problem s acros s domains ,  usin g a  car d 
sortin g tas k modele d o n Chi ,  Feltovic h &  Glase r  (1981) . 
The predictio n o f  Chi' s theor y i s tha t  participant s wit h mor e 
expertis e wil l  b e mor e likel y t o distinguis h emergen t  firom 
non-emergen t  problem s whil e thos e wit h les s expertis e wil l 
ofte n conflat e them .  Expert s wil l  als o b e mor e likel y t o refe r 
t o th e 1 1 feature s o f  th e emergen t  schem a (e.g. ,  disjointness , 
parallelism ;  se e Chi ,  submitted )  i n definin g thei r  categories . 

Method 

Participants 

Participant s consiste d o f  1 0 undergraduat e an d 9  doctora l 
student s fi-om  th e biology ,  chemistry ,  o r  physic s 
department s a t  a  loca l  university .  Undergraduate s ha d al l 
complete d 1 *  yea r  course s i n biology ,  chemistry ,  an d 
physics .  Eigh t  wer e singl e major s i n on e o f  thes e discipline s 
and tw o wer e doubl e major s i n biolog y an d chemistry . 
Doctora l  student s wer e i n thei r  thir d yea r  o r  above . 

Materials 

Participant s sorte d 2 4 scienc e problems ,  8  draw n fi-om  eac h 
discipline' s 1 "  yea r  course .  Withi n eac h discipline ,  hal f 
wer e emergen t  an d hal f  wer e non-emergen t  processes . 

Procedure 

Participant s wer e aske d t o sor t  th e problem s int o pile s wit h 
simila r  mechanism s fo r  linkin g th e macr o an d micr o levels . 
I n th e l "  sort ,  the y wer e allowe d t o mak e a s man y pile s a s 
the y wished .  I n th e 2" *  sort ,  the y wer e aske d t o divid e th e 
card s int o jus t  tw o piles .  I n th e 3" "  sort ,  th e experimente r 
sorte d th e card s int o emergen t  vs .  non-emergen t  processes , 
and participant s wer e aske d t o infe r  th e distinction .  I n al l 

cases ,  participant s wer e aske d t o explai n th e explanator y 
mechanis m eac h pil e represente d an d wh y eac h proble m fit. 

Results 

As a  preliminar y measur e o f  th e degre e t o whic h 
participant s distinguishe d emergen t  ft-om  non-emergen t 
processes ,  w e calculate d a  weighte d averag e (b y pil e size ) 
of  th e absolut e differenc e betwee n th e numbe r  o f  emergen t 
versu s non-emergen t  processe s i n eac h pil e b y th e numbe r 
of  card s i n th e pile .  Fo r  example ,  3  piles—on e wit h 5 
emergen t  &  5  non-emergen t  problems ,  a  2° ^  wit h 1 
emergen t  &  7  non-emergen t  problems ,  an d a  3" *  wdt h 6 
emergen t  &  0  non-emergen t  problems—woul d ge t  a  scor e 
of  [10(0/10 )  +  8(6/8 )  +  6(6/6) ]  /  2 4 =  12/2 4 =  .50 .  A  valu e 
of  1  o n thi s scor e represent s perfec t  separatio n o f  emergen t 
versu s non-emergen t  processe s whil e 0  represent s perfec t 
50/5 0 mixing .  Mea n separatio n score s wer e .5 8 fo r  doctora l 
students ,  .5 3 fo r  singl e majors ,  an d .7 3 fo r  doubl e majors , 
althoug h non e o f  thes e difference s ar e statisticall y reliable . 

A complicatin g facto r  i s tha t  participant s sometime s put , 
fo r  example ,  onl y emergen t  problem s i n a  give n pil e fo r 
reason s uiu-elate d t o thei r  emergence .  Thus ,  w e analyze d 
participants '  definition s o f  thei r  categorie s t o determin e 
whethe r  the y referre d t o an y o f  th e 1 1 feature s o f  th e 
emergen t  schema .  Doctora l  students '  categorie s referre d t o 
more emergen t  feature s (1.78 )  tha n singl e major s (0.13 ;  t(9 ) 
= 3.08 ,  p  <  .05) .  Doubl e major s referre d t o eve n mor e o f 
the m (3.50) ,  bu t  mor e dat a i s neede d t o se e i f  thi s i s  reliable . 

Discussion 

Doctora l  smdent s an d doubl e major s use d mor e feature s o f 
th e emergen t  schem a i n sortin g scienc e problem s tha n singl e 
majors ,  althoug h the y wer e n o mor e likel y tha n singl e 
major s t o creat e pile s tha t  distinguishe d emergen t  an d non -
emergen t  processes .  I n futur e work ,  w e wil l  includ e i n ou r 
sampl e mor e doubl e major s a s wel l  a s professor s t o furthe r 
investigat e th e natur e o f  expertis e i n emergen t  processes . 
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Ar t  an d Cognitiv e Science . 
Ar t  present s a  challeng e an d a n opportunit y fo r  stud y i n 
cognitiv e scienc e (Espinel ,  1994 ;  1996 ;  1998) .  Thi s 
researc h concern s th e creatio n o f  abstrac t  art .  On e tha t 
i s suppose d t o impac t  th e viewe r  withou t  recognizable , 
withou t  memory-evokin g image s (Schapiro ,  1980) . 
Thi s idea l  wa s achieve d b y Jackso n Pollock ,  wh o wit h i t 
pioneere d m o d e m America n art .  Hi s paintings ,  tangle s 
of  smear s o f  pain t  o n canvas ,  hav e bee n explaine d a s 
unconsciou s expression s (Schapiro ,  198 0 &  0  Conno r 
FV,  T h a w EV ,  (Eds.) ,  1978) .  A n Autonoeti c 
Hypothesi s o n creativit y woul d sugges t  otherwise . 
Her e i s a  stud y o f  a  paintin g representativ e o f  Polloc k s 
abstracts .  Lavende r  Mist ,  a t  th e Nationa l  Galler y o f 
Ar t  (Figur e 1) . 

Method. 
An investigativ e approac h wa s devise d previousl y t o 
stud y work s o f  ar t  (Espinel ,  1994 ;  1996 ;  1998 ;  2002) . 
Thi s metho d i s  applie d t o analyz e concernin g 
Lavende r  Mis t  :  1 .  Reports ,  Polloc k s  ow n an d ar t 

experts ,  abou t  hi s creation ;  2 .  I n th e painting ,  b y direc t 
observation ,  photography ,  an d digita l  technique s 
devise d b y th e autho r  (Espinel ,  2002) :  a )  physica l  an d 
aestheti c characteristics ,  an d b )  systematically ,  cue s o f 
spac e an d form ;  3 .  Othe r  work s b y Pollock ,  exhibite d 
and published . 

Results. 
1.  Report s di d no t  disclos e memories ,  thought s o r 
experience s tha t  migh t  hav e originate d Polloc k s 
creation .  2 .  I n Lavende r  Mist :  a )  Direc t  observatio n 
and photograph y showe d n o recognizabl e spac e o r  for m 
cue s (Figur e 1) ;  b )  Digita l  analysi s b y colo r  reveale d 9 
layer s o f  smears ,  calle d here ,  digita l  painting s (Figur e 
2) ;  c )  O f  these ,  8  showe d n o recognizabl e spac e o r 
form ;  bu t  d )  I n th e ninth ,  Th e Pink ,  th e imag e o f  a 
homed anima l  wa s discovere d (Figur e 3) .  3 .  I n a 
Polloc k drawin g from  hi s  symboli c stage ,  1 0 year s 
before ,  a n imag e wa s foun d tha t  i s reminiscen t  o f  th e 
one hidde n i n Lavende r  Mis t  (Figur e 4) . 

Conclusions . 
1.  Th e discover y o f  th e home d anima l  imag e unde r 
tangle s o f  smear s suggest s Polloc k s  awarenes s o f  it , 
and a  conscious ,  deliberat e concealment .  2 .  Tha t  th e 
imag e ca n b e trace d t o a  pas t  event ,  t o a  contextuall y 
specifi c  stag e o f  hi s artisti c development ,  suggest s 
Polloc k s  autonoeti c recall .  3 .  Th e image ,  perhap s a s a 
for m o f  episodi c memor y (Tulving ,  2001) ,  migh t  hav e 
been germina l  t o th e creatio n o f  Lavende r  Mist . 

T h e Autonoeti c Hypo thes is . 
Autonoesi s entail s th e consciou s re-experienc e o f  pas t 
event s i n th e present .  A  for m o f  episodi c memor y 
migh t  b e crucia l  t o th e creatio n o f  abstrac t  art . 
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Introductio n 

Peopl e ten d t o believ e tha t  membershi p i n a n artifac t 
categor y (e.g. ,  FURNITURE)  i s a  subjectivel y decide d matte r 
of  opinion ,  whil e membershi p i n a  natura l  categor y (e.g. , 
FRUIT)  i s a n objectivel y determine d matte r  o f  fac t  (Malt , 
1990) .  I  argu e tha t  thes e differen t  belief s acros s domain s 
affec t  categorizatio n i n importan t  an d predictabl e ways .  F 
membershi p i n a  natura l  categor y i s a n objective ,  right-or -
wron g matter ,  the n categorizatio n shoul d b e a n absolute ,  all -
or-non e decision .  Bu t  i f  membershi p i n a n artifac t  categor y 
i s a  subjectiv e matte r  o f  opinion ,  the n categorizatio n nee d 
not  b e absolute ,  bu t  rathe r  ma y b e a  matte r  o f  degree . 
Epistemi c belie f  ma y als o affec t  th e confidenc e wit h whic h 
categor y membershi p i s judged .  I f  membershi p i n a  natura l 
categor y i s objective ,  the n i t  i s  possibl e fo r  th e categor y 
judgmen t  t o b e incorrect ,  an d therefor e peopl e ma y 
sometime s lac k confidenc e i n thei r  categor y judgments .  Bu t 
i f  membershi p i n a n artifac t  categor y i s subjective ,  the n 
individual s ar e entitle d thei r  ow n opinion s o f  th e matter . 
Becaus e opinion s ar e no t  ope n t o verificatio n o r  rejection , 
peopl e ma y hav e confidenc e i n thei r  categor y judgments . 
Thus ,  peopl e ma y b e mor e confiden t  i n thei r  judgment s o f 
artifact s tha n o f  natura l  kinds . 

Experiment 1 

I n Experimen t  1 ,  participant s judge d th e categor y 
membershi p o f  artifact s an d natura l  kinds ,  an d als o rate d 
thei r  confidenc e i n thos e categor y judgments .  Result s 
indicate d tha t  artifac t  categorie s wer e mor e grade d tha n 
natura l  categories .  Artifac t  categorie s wer e als o judge d wit h 
more certaint y tha n natura l  categories .  Thi s patter n o f 
result s i s precisel y wha t  on e woul d predict ,  give n th e prio r 
evidenc e tha t  peopl e conside r  membershi p i n artifac t 
categorie s t o b e subjectivel y decided ,  whil e membershi p i n 
natura l  categorie s i s believe d t o b e objectivel y determined . 
Thus ,  on e ma y infe r  tha t  belie f  affect s categorization . 

Experiment 2 

Experimen t  2  attempte d t o predic t  a n individual' s tendenc y 
t o giv e grade d membershi p ratings ,  o n th e basi s o f  hi s o r  he r 
epistemi c beliefs .  Epistemi c belief s wer e measure d b y 
Schommer' s (1998 )  "certaint y o f  knowledge "  questionnaire , 
whic h consiste d o f  statement s intende d t o measur e one' s 
belie f  tha t  trut h i s objectiv e an d certai n (e.g. ,  "trut h i s 
unchanging,") .  Participant s rate d th e exten t  t o whic h the y 
agree d wit h thes e statements .  The y the n complete d th e sam e 
categorizatio n tas k iBe d i n Experimen t  1 .  Th e correlatio n 
betwee n "certaint y o f  knowledge "  score s an d th e proportio n 

of  grade d response s t o artifac t  categorie s di d no t  approac h 
significance ,  r  =  -.01 .  Critically ,  however ,  th e correlatio n 
betwee n participants '  "certaint y o f  knowledge "  score s an d 
thei r  proportion s o f  grade d membershi p response s t o natura l 
categorie s wa s significant ,  r  =  -.37 ,  p  =  .02 .  Th e mor e a 
participan t  believe d tha t  knowledg e i s certai n o r  objective , 
th e les s likel y sh e wa s t o provid e grade d judgment s fo r 
natura l  categories .  Thus ,  th e belie f  tha t  knowledg e i s certai n 
reliabl y predicte d categorizatio n behavior . 

Discussion 

People' s categorizatio n behavio r  wa s consisten t  wit h thei r 
epistemi c belief s (Experimen t  1) ,  an d moreover ,  one' s 
epistemi c belief s predicte d hi s ow n categorizatio n behavio r 
(Experimen t  2) .  Thus ,  epistemi c belie f  ma y determin e 
semanti c categorization .  Th e clai m tha t  la y philosophica l 
belief s affec t  categorizatio n i s no t  withou t  precedent . 
Psychologica l  Essentialis m (se e e.g. ,  Medi n &  Atran ,  1999 ) 
posit s tha t  peopl e hol d essentiahs t  beliefs ,  an d tha t  thes e 
belief s affec t  cognition .  Th e presen t  argumen t  i s similar . 
The belie f  tha t  membershi p i n a  natura l  categor y i s a n 
objectivel y determine d matte r  o f  fac t  lead s peopl e t o 
provid e absolut e judgment s o f  natura l  kinds ,  despit e th e fac t 
tha t  peopl e hav e relativel y lo w confidenc e i n thi s objectiv e 
knowledge .  An d th e belie f  tha t  membershi p i n a n artifactua l 
categor y i s a  subjectivel y decide d matte r  o f  opinio n lead s 
peopl e t o provid e grade d judgment s o f  artifacts ,  an d peopl e 
hav e hig h confidenc e i n thes e subjectiv e opinions .  Th e 
presen t  experiments ,  b y showin g a  correlatio n betwee n 
epistemi c belie f  an d categorizatio n behavior ,  provid e th e 
firs t  direc t  demonstratio n o f  th e relatio n betwee n epistemi c 
belie f  an d semanti c categorization . 
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I n thi s researc h tw o differen t  solutio n format s fo r  instruc -
tiona l  worked-ou t  example s wer e compare d experimentall y 
wit h regar d t o severa l  measure s o f  learnin g outcomes .  A 
typica l  exampl e proble m fro m th e domai n o f  probabilit y 
theor y use d fo r  experimentatio n i s th e following : 

Proble m statement :  A t  th e Olympics ,  7  sprinter s participat e i n th e 
lOOm-sprin t  What  i s th e probabilit y  o f  correctl y guessin g th e 
winne r  o f  th e gold ,  silver ,  an d th e bronz e medal ? 

The worked-out solution designed for this type of problem 
accordin g t o th e transformationa l  exampl e forma t  wa s in -
spire d b y a  "structur e mappin g view "  o f  analogica l  transfe r 
(Gentner ,  1983) .  Accordin g t o thi s view ,  transformation s o f 
comple x proble m representation s int o anothe r  (i n term s o f 
structur e mapping /  schem a induction )  ar e pivota l  processe s 
fo r  learnin g an d proble m solving .  Instructiona l  worked-ou t 
example s designe d fto m thi s perspectiv e m a y ai m a t  con -
veyin g structura l  proble m feature s necessar y t o recogniz e 
proble m categories .  Proble m categorie s compris e classe s o f 
isomorphi c problem s tha t  ca n b e transforme d int o anothe r 
(usin g analogy )  an d tha t  ca n b e represente d i n a  mor e ab -
strac t  wa y (usin g problem-typ e schemas) .  A  problem-typ e 
schema consist s o f  informatio n abou t  th e definin g structura l 
feature s an d th e appropriat e solutio n procedure s fo r  a  clas s 
of  problems .  I n ou r  experiment s th e transformationa l  exam -
pl e solution s ha d th e followin g structure : 

Proble m features :  Selectio n o f  3  sprinter s ou t  o f  seve n 
sprinters ;  orde r  o f  selectio n i s important ;  eac h sprinte r 
can onl y b e selecte d onc e (yvî tou t  replacement ) 
Formula :  A  =  n!/(n-k) ! 
Inserting :  / i  =  7,) t  =  3 = > A =  7! /  (7-3) !  =21 0 
Result :  1/21 0 =  0.48 % 

Learners are known to have difficulties in acquiring struc-
tura l  proble m feature s an d proble m categorie s a s wel l  a s i n 
adaptin g solutio n procedure s t o nove l  problem s tha t  diffe r 
from  th e proble m categorie s conveyed .  Thus ,  w e compare d 
th e transformationa l  approac h t o a  differen t  instructiona l 
approac h tha t  wa s inspire d b y A I  model s o f  derivationa l 
analog y (Carbonell ,  1984) .  Th e mai n ide a o f  th e deriva -
tiona l  approac h i s t o conve y knowledg e o n ho w t o deriv e 
solution s fo r  problem s regardles s o f  thei r  proble m categor y 
and t o abando n th e mapping /  categorizatio n o f  problem s a s 

wel l  a s th e applicatio n o f  category-specifi c  solutio n proce -
dures .  I n ou r  experiment s th e basi c rational e fo r  th e deriva -
tiona l  exampl e forma t  i s t o decompos e a  comple x even t  int o 
a sequenc e o f  individua l  events .  Th e overal l  probabilit y  i s 
calculate d b y multiplyin g th e individual-even t  probabilities . 
Contrar y t o th e transformationa l  approach ,  th e solutio n 
strateg y conveye d i n th e derivationa l  approac h i s no t  see n a s 
a solutio n schem a tha t  i s applie d t o th e proble m a s a  whole . 
Instea d i t  i s presente d a s a  sequenc e o f  solutio n step s wher e 
eac h ste p ca n b e justifie d (an d modified )  b y concret e fea -
ture s o f  th e proble m a t  hand .  Therefore ,  th e derivationa l 
exampl e forma t  i s characterize d b y a  hig h modularity .  Th e 
derivationa l  exampl e forma t  ha d th e followin g structure : 

Rationale :  Calculat e probabilit y  o f  correctl y guessin g th e winne r 
of  eac h medal ;  eac h meda l  ca n b e take n int o accoun t  separately . 
Ste p 1 :  7  possibl e choice s (sprinters) ,  1  acceptabl e (winner )  = ^  1/ 7 
Ste p 2 :  6  possibl e choice s (winne r  can' t  wi n tw o medals) , 

1 acceptabl e choic e = » 1/ 6 
Additiona l  steps :  Analogou s procedur e 
Result :  Overal l  probability :  1/ 7 *  1/ 6 •  1/ 5 =  1/21 0 =  .48 % 
I n orde r  t o compar e bot h exampl e format s tw o hypertext -
base d experiment s usin g differen t  dependen t  measure s (e.g. , 
learnin g time ,  exampl e processin g strategies ,  problem -
solvin g performance ,  proble m classification ,  proble m com -
parison )  wer e conducted .  Th e result s sho w a  clea r  superior -
it y o f  th e derivationa l  exampl e forma t  wit h regar d t o learn -
in g tim e an d problem-solvin g performance . 
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T h e Ro l e o f  Cognitiv e Mode l in g i n E n h a n c i n g D y n a m i c Decision s 

Cleotild e Gonzale z (coty@cmu.edu ) 
Socia l  an d Decisio n Science s Departmen t 

Carnegi e Mello n Universit y 
5000 Forbe s Ave .  Pittsburgh ,  P A 15213-389 0 US A 

Dynami c Decisio n Makin g i s characterize d b y multipl e an d 
interdependen t  decisions ,  autonomou s environments ,  an d 
real-tim e evaluatio n an d actio n (Brehmer ,  1990 > Ther e 
seems t o b e increasin g agreemen t  o n h o w w e mak e 
decision s i n thi s typ e o f  situations .  Decisio n maker s i n 
dynami c environment s recogniz e typica l  situation s an d 
typica l  response s an d us e thei r  knowledg e t o adap t  thei r 
strategie s "o n th e fly "  (Payne ,  Bettman ,  an d Johnson ,  1993 ; 
Klein ,  1998) . 

Many cognitive models have been developed in the past 
decad e t o investigat e differen t  aspect s o f  cognitio n i n thes e 
environments :  attentio n an d multitaskin g (Lebiere , 
Anderso n an d Bothell ,  2001 ;  Altman n an d Gray ,  2000) ; 
judgmen t  an d choic e i n decisio n makin g (Gonzalez ,  Lerc h 
and Lebiere ,  submitted) ;  an d skil l  acquisitio n i n dynami c 
situation s (Wallac h an d Lebiere ,  2000 ;  Schoppek ,  Holt , 
Die z an d Boehm-Davis ,  2001) .  Thes e effort s ar e 
commendabl e fo r  focusin g o n complex ,  rea l  worl d tasks . 
However ,  th e rol e o f  cognitiv e modelin g i n enhancin g 
decision-makin g i n thes e situation s ha s bee n ver y stati c an d 
limited . 

Traditionally, cognitive models are developed within the 
contex t  o f  a  task .  A  syntheti c versio n o f  th e tas k exist s i n 
th e for m o f  a  compute r  program ,  an d a  cognitiv e mode l  i s 
develope d t o interac t  wit h suc h a  tool .  O n th e othe r  hand , 
th e syntheti c tas k environmen t  support s th e collectio n o f 
behaviora l  dat a an d th e developmen t  o f  th e cognitiv e model . 
Theorie s expan d an d conclusion s ar e reache d abou t  huma n 
cognitio n base d o n th e comparison s betwee n huma n an d 
model  data .  I  believ e tha t  cognitiv e modelin g m a y an d 
shoul d tak e a  mor e dynami c rol e i n enhancin g decision -
making .  Creatin g cognitiv e model s t o perceiv e a  situation , 
combin e goal s an d beliefs ,  choos e a  cours e o f  action ,  an d 
reac t  ove r  th e environment ,  i s a  challeng e tha t  w e shoul d 
overcome . 

In my current research, I intend to enhance existent 
cognitiv e model s t o tak e a n active ,  real-tim e rol e i n decisio n 
makin g an d learning .  A n exampl e o f  thi s effor t  i s  th e 
cognitiv e mode l  o f  instance-base d decision-making , 
develope d i n th e Wate r  purificatio n Plan t  ( W P P )  tas k 
(Gonzalez ,  Lerc h an d Lebiere ,  submitted) .  W P P i s a 
resourc e allocation ,  schedulin g task ,  isomorp h o f  a  rea l 
worl d tas k i n a n organizatio n wit h large-scal e logistica l 
operation s (th e Unite d State s Posta l  Service :  U S P S )  (Lerch , 
Ballou ,  an d Harter ,  1997) .  W P P i s highl y dynami c becaus e 
of  exogenou s event s occurrin g withou t  th e decisio n maker' s 
contro l  an d i t  i s  comple x becaus e o f  th e numbe r  o f  option s 

and alternative s t o conside r  a t  an y give n time .  Al l  thes e 
element s interac t  wit h th e decisio n maker' s action s i n a  real -
tim e environment ,  an d event s occu r  a s th e simulatio n cloc k 
i s running .  Base d o n a n hstance-Base d Decisio n Makin g 
framework ,  I  hav e develope d a  cognitiv e mode l  (buil t  o n 
A C T - R)  t o interac t  wit h th e W P P task .  A t  present ,  th e 
model  accuratel y simulate s th e variabilit y  o f  choic e i n thi s 
dynami c situatio n an d allow s strateg y adaptatio n an d 
flexibility .  But ,  th e mode l  work s off-line ,  no t  directl y 
incorporate d i n monitorin g th e statu s o f  a  rea l  decisio n 
maker  i n real-time . 

I intend to use this cognitive model to help track and adapt 
th e condition s o f  W P P i n real-time ,  accordin g t o th e 
cognitiv e necessitie s o f  a  huma n decisio n make r  interactin g 
wit h th e task .  B y trackin g eac h o f  th e action s take n b y a 
human decisio n make r  an d monitorin g th e statu s o f  th e tas k 
environment ,  th e cognitiv e mode l  woul d b e abl e t o predic t 
th e possibl e content s o f  workin g m e m o r y an d th e stat e o f 
knowledg e i n th e for m o f  instance s (Se e figure).  Base d o n 
th e predicte d cognitiv e statu s o f  huma n decisio n makers ,  th e 
cognitiv e mode l  m a y giv e advic e t o th e decisio n make r  i n 
th e for m of : 

1. 

3. 

attractin g attentio n t o th e part s o f  th e scree n tha t 
hav e no t  bee n acte d o n an d requir e awarenes s 
accordin g t o th e environmenta l  statu s 
Presentin g informatio n i n multipl e modalitie s t o 
sprea d th e loa d t o multipl e channel s 
Perfor m urgen t  action s tha t  th e decisio n make r 
woul d no t  hav e tim e o r  resource s t o reac t  t o 

Althoug h simpl e an d limited ,  I  believ e that ,  thi s effor t  m a y 
demonstrat e a n activ e an d dynami c rol e o f  cognitiv e 
modelin g i n comple x situations . 

SyntJw k 

Cognitivt Hunum 

Lewnen 

Trac e 

Moddsof 
Leamert 

R e f e r e n c e s 

D ue t o spac e limitations ,  I  hav e no t  include d th e references . 
Pleas e reques t  thi s lis t  to :  coty@cmu.ed u 
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Developin g a  F r a m e w o r k fo r  Understandin g Scientifi c  an d Technologica l  Thinking : 
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Divisio n o f  T C C ,  SEAS ,  Universit y  o f  Virgini a 

Charlottesville ,  V A 22904-474 4 U S A 

Alexandra Kincannon (kincannon@virginia.edu) 
Departmen t  o f  Psychology ,  Universit y  o f  Virgini a 

P.O.  Bo x 400400 ,  Charlottesville ,  V A 22904-440 0 U S A 

On Marc h 24 ,  2001 ,  Alexandr a Kincannon ,  Rya n Twene y 
and Michae l  Gorma n convene d a  worksho p o n cognitiv e 
studie s o f  scienc e an d technolog y a t  th e Universit y o f 
Virgini a (Gorman ,  Kincannon ,  &  Mehalik ,  2001) .  W e 
assemble d a  multi-disciplinar y grou p o f  practitioner s t o 
discus s th e lates t  researc h an d methodologies ,  identif y th e 
stumblin g block s t o advancemen t  i n thi s area ,  an d thin k 
abou t  direction s fo r  th e future .  Th e worksho p wa s 
dedicate d t o Her b Simon ,  wh o wa s slate d t o participate . 

T wo question s becam e centra l  themes .  First ,  ho w ca n w e 
combin e i n vitr o experiment s wit h i n viv o cas e studie s o f 
actua l  practice ? Result s obtaine d i n th e laborator y m a y 
hav e lo w ecologica l  validity .  Fine-graine d cas e studie s ar e 
ofte n domain-specifi c  an d har d t o generalize . 

Second ,  h o w ca n w e dea l  wit h academic s attachment s t o 
thei r  o w n hypothese s an d methods ? Researcher s ten d t o 
overgeneraliz e hypothese s develope d imde r  specifi c  i n vitr o 
or  i n viv o conditions . 

One wa y o f  avoidin g thi s kin d o f  overgeneralizatio n i s t o 
combin e i n vitr o an d i n viv o methods .  Wit h hel p fro m 
worksho p participan t  Davi d Klah r  an d others ,  w e develope d 
a preliminar y framewor k base d o n th e ide a o f  searche s i n 
multipl e proble m spaces ,  an d identiHe d whic h ha d bee n 
investigate d i n vitr o an d whic h i n vivo .  Fo r  example , 
hypothesi s an d experimen t  space s hav e bee n investigate d 
bot h i n vitr o an d i n vivo ,  bu t  fiinction  an d desig n space s 
hav e onl y bee n studie d i n vivo .  Thi s approac h help s 
identif y area s fo r  futur e research . 

The worksho p illustrate d tha t  framework s ca n b e share d 
and tha t  i n vitr o an d i n viv o studie s hav e t o complemen t  on e 
another .  Theorie s nee d t o dea l  rigorousl y wit h th e 
distribute d characte r  o f  scientifi c  an d technologica l  proble m 
solving .  W e hop e thi s worksho p wil l  sugges t  direction s fo r 
futur e application s a s wel l  a s research . 

Seehttp://rep9-nt.tcc.virginia.edu/pogwksh9p/index,htm l 
fo r  mor e informatio n abou t  th e worksho p an d th e 
participants . 
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When solvin g problems ,  peopl e ofte n us e a  wid e arra y o f 
differen t  strategies .  Effectiv e teachin g ofte n require s 
isolatin g wha t  strategie s student s ar e usin g (o r  no t  using )  i n 
orde r  t o mor e effectivel y structur e th e instructiona l 
intervention .  Nowher e i s  thi s true r  tha n i n th e real m o f 
intelligen t  adaptiv e tutors .  Th e classificatio n o f  strateg y us e 
i n comple x domain s present s a n interestin g challeng e t o 
intelligen t  tutors .  Thi s i s mad e eve n greate r  i f  th e strategie s 
ar e t o b e extracte d fro m fre e tex t  response s give n b y th e 
students . 

To thi s end ,  w e hav e bee n usin g Laten t  Semanti c Analysi s 
(LSA )  a s a n automati c strateg y classificatio n tool .  L S A i s a 
computationa l  too l  tha t  extract s th e co-occurrenc e o f  word s 
i n a  corpus .  Throug h high-dimensiona l  matri x 
decomposition ,  L S A i s abl e t o produc e a  "semantic-space " 
allowin g al l  experience d words ,  phrases ,  an d sentence s t o b e 
represente d a s vector s withi n tha t  space .  Th e mor e simila r 
th e vector s ar e t o eac h other ,  th e mor e simila r  thei r 
meanings .  A s L S A ha s matured ,  som e hav e suggeste d tha t  i t 
may b e a  psychologicall y plausibl e theor y o f  semanti c 
learning .  W e remai n noncommitta l  i n thi s regard ,  choosin g 
instea d t o rel y upo n L S A i n it s origina l  capacit y a s a  fas t 
and efficien t  text-processin g tool . 

Strategy Classification 

Our  curren t  endeavo r  i s t o us e L S A t o intelligentl y 
classif y strateg y us e i n day-to-da y militar y operations .  Th e 
hop e i s  tha t  b y accuratel y classifyin g youn g officers ' 
strateg y uses ,  w e ca n develo p tutorin g system s t o broade n 
thei r  rang e o f  strategie s a s wel l  a s trai n the m t o mor e 
appropriatel y appl y th e strategies . 

The strateg y classificatio n syste m relie s upo n a  serie s o f 
ke y steps .  Firs t  th e L S A semanti c spac e wa s generate d 
base d o n a  se t  o f  militar y handbooks ,  trainin g documents , 
and pedagogica l  examples .  Fre e tex t  response s t o militar y 
scenario s wer e collecte d fro m officer s i n trainin g a s wel l  a s 
experience d militar y officers .  Thes e wer e the n huma n code d 
int o differen t  strateg y categories .  Th e response s wer e the n 
fe d int o L S A t o generat e thei r  vecto r  representation s i n th e 
semanti c space .  Thes e tw o source s yielde d tw o database s o f 
semanticall y code d (vector s i n semanti c space )  strategies . 
The novic e databas e (officer s i n training )  i s  use d a s a 
descriptiv e reference ,  whil e th e exper t  databas e 
(experience d officers )  provide s th e normativ e references . 
The fma l  step s ar e t o tak e th e fre e tex t  response s o f  othe r 

novice s t o th e sam e vignettes ,  transfor m the m int o vector s 
i n semanti c space ,  an d the n eac h o f  thes e vector s i s 
compare d agains t  thos e i n th e databases .  Sinc e the y ar e 
vectors ,  th e cosin e betwee n th e tw o serve s a s a  simpl e 
similarit y score .  A s similarit y increases ,  th e cosin e valu e 
wil l  approac h one .  Thi s proces s yield s a  rankin g o f 
similaritie s t o th e descriptiv e database ,  wher e th e classifie d 
strateg y i s merel y th e mos t  similar .  Additionally ,  sinc e w e 
hav e a  sampl e o f  strateg y exemplars ,  w e ca n als o loo k a t  th e 
distributio n o f  similarit y score s acros s strategies .  Thi s yield s 
a simpl e measur e o f  confidence :  th e greate r  th e numbe r  o f 
hig h similarit y matche s withi n a  give n strateg y gets ,  th e 
mor e confiden t  w e ca n b e tha t  i t  i s  representativ e o f  tha t 
strategy . 

At  thi s earl y stag e i n th e developmen t  o f  th e system ,  w e 
wer e please d t o se e tha t  L S A wa s classifyin g strategie s 
abou t  a s wel l  a s ou r  huma n coders ,  wit h almos t  equivalen t 
inter-rate r  reliabilities .  Thi s i s a  significan t  accomplishmen t 
give n h o w limite d ou r  semanti c spac e i s  currentl y (onl y 
100,000 + words ,  i n compariso n t o th e million s o f  mos t 
othe r  L S A corpora) ,  an d th e limite d scal e o f  ou r  descriptiv e 
databas e (1 0 strategies ,  approx .  1 6 exemplar s each) . 

F u t u r e Direction s 

Asid e from  increasin g th e scal e o f  bot h th e semanti c spac e 
and th e referenc e databases ,  w e hop e t o begi n workin g o n 
th e mtorin g syste m proper .  Thi s wil l  mea n developin g a 
trainin g syste m tha t  adapt s t o th e strateg y us e o f  th e 
individua l  t o provid e sufficien t  scaffoldin g t o enabl e the m 
t o explor e alternativ e strategies ,  a s wel l  a s t o lear n h o w t o 
appropriatel y appl y them .  Then ,  a s th e studen t  progresse s 
throug h th e tutor ,  th e normativ e databas e (provide d b y 
experience d militar y officers )  wil l  com e int o greate r  play . 
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ACT-R /S :  A  Computationa l  an d Neurologicall y 
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The field  o f  cognitiv e modelin g ha s see n a  recen t  pus h i n 
tw o majo r  areas :  embodie d cognition ,  an d neurologica l  re -
alism .  N o longe r  i s i t  sufficien t  t o sho w tha t  a  mode l  o f 
cognitio n ca n produc e a  specifi c  behavio r  withou t  actuall y 
interactin g wit h it s environmen t  i n someway ,  b e i t  a  rea l 
environmen t  o r  simulated .  No r  ca n psychologist s ignor e th e 
fac t  tha t  fo r  ever y system ,  representation ,  rule ,  an d compu -
tatio n propose d ther e mus t  b e som e underlyin g neurologica l 
realit y behin d i t  Wit h bot h thes e constraint s i n mind ,  w e se t 
out  t o develo p a n extensio n t o A C T - R (Anderso n &  Le -
biere ,  1998 )  allowin g i t  t o ente r  int o a  three-dimensiona l 
worl d i n a  neurologicall y plausibl e manner . 

ACT-R/ S (spatial )  relie s specificall y upo n thre e process -
in g modules ,  onl y tw o o f  whic h ar e ne w t o th e architecture . 
Each o f  thes e module s ha s bee n show n t o b e bot h behavior -
all y an d neurologicall y separate .  Th e representation s an d 
computation s o f  eac h o f  th e system s ar e similarl y distinct . 

Three Visiospatial Systems 

Visua l  Syste m Th e primar y functio n o f  a  visua l  syste m i s t o 
identif y a  se t  o f  visua l  feature s a s a n object .  Th e visua l  sys -
te m need s t o b e abl e t o tak e fine-grained  detai l  an d throug h 
specia l  processing ,  recogniz e a n object .  A  featur e o f  thi s 
syste m i s tha t  i t  i s  abl e t o perfor m it s tas k base d of f  o f  basi c 
two-dimensiona l  retinotopi c information .  A n object' s dept h 
or  spatia l  exten t  i s no t  typicall y necessar y fo r  it s accurat e 
identification .  Thi s functionalit y i s currentl y availabl e i n 
Mik e Byrne' s A C T - R / P M (perceptua l  &  moto r  extension) . 

Neurologically ,  th e visua l  syste m i s seate d i n th e primar y 
visua l  area s a s wel l  a s th e ventra l  visua l  processin g strea m 
whic h limit s processin g t o fine  detail ,  colo r  perception ,  loca l 
for m perception ,  visua l  scannin g an d visua l  feamr e analysi s 
(se e Previc ,  199 7 fo r  review) . 

Manipulative System When it comes to grasping and ma-
nipulatin g objects ,  w e nee d t o b e abl e t o represen t  the m i n a 
manner  tha t  wil l  enabl e u s t o effectivel y prepar e th e moto r 
syste m fo r  th e tas k ahead .  Th e manipulativ e syste m i s con -
cerne d entirel y wit h a  metric ,  geon-base d (Biederman , 
1987) ,  three-dimensiona l  representatio n o f  objects .  Thes e 
representation s ar e the n typicall y fe d t o th e moto r  syste m 
permittin g th e developmen t  o f  comple x moto r  programs . 
The manipulativ e syste m ca n represen t  almos t  an y three -
dimensiona l  object ,  bu t  it s  primar y purpos e i s t o suppor t 
actua l  manua l  manipulation . 

The manipulativ e syste m relie s upo n th e dorso-latcra l 
visua l  strea m a s wel l  a s th e parieta l  cortex .  Th e involvemen t 
of  th e parieta l  corte x i s no t  surprisin g give n tha t  thes e task s 
ofte n involv e actua l  manipulation .  However ,  whe n subject s 
ar e aske d t o imagin e objec t  rotations ,  th e parieta l  corte x i s 
stil l  ofte n activate d (se e Previc ,  199 7 fo r  review) . 

Configural System The configural system is concerned 
wit h representin g object s i n spac e t o facilitat e navigation .  I t 
represent s th e worl d aroun d u s a s spatia l  blob s tha t  nee d t o 
be navigate d around ,  above ,  o r  below .  It s representation s ar e 
nowher e nea r  a s precis e a s thos e foun d i n th e manipulativ e 
system .  I t  encode s th e location s o f  object s i n term s o f  ego -
centri c vector s tha t  ar e continuousl y update d throug h path -
integration .  Th e utilizatio n o f  multipl e landmark s allow s th e 
syste m t o uniquel y positio n itsel f  i n spac e an d retur n t o lo -
cation s a t  late r  point s i n time . 

The discover y o f  "place-cells "  i n th e ra t  hippocampu s ha s 
bee n viewe d a s th e definitiv e locatio n o f  cognitive-map s i n 
th e brai n (O'Keef e &  Nadel .  1978) .  Recen t  researc h ha s 
shown tha t  th e parahippocampa l  region s ar e mor e importan t 
i n primat e navigatio n bu t  the y stil l  represen t  som e for m o f  a 
m ap o f  th e environment .  Ou r  o w n meta-analysi s bring s th e 
"egocentric "  assumptio n o f  "place-cells "  int o question , 
henc e ou r  usag e o f  egocentri c vector s i n th e configura l  rep -
resentations . 

Summary 
Wit h th e proposa l  o f  tw o additiona l  processin g system s tha t 
specializ e specificall y i n three-dimensiona l  processing ,  i t  i s 
hope d tha t  w e wil l  b e abl e t o expan d th e rang e o f  phenome -
non tha t  computationa l  cognitiv e model s ca n represent .  W e 
presen t  thi s no t  onl y fo r  th e A C T - R architecture ,  bu t  als o s o 
tha t  othe r  architecture s migh t  ge t  a  foothol d i n three -
dimensiona l  embodiment . 
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Whic h belie f  d o yo u abando n whe n yo u discove r  tha t 
thei r  consequence s conflic t  wit h th e facts ? Suppose ,  fo r 
example ,  yo u hav e th e followin g beliefs : 

Belie f  1 :  I f  di e drin k i s cold ,  the n i t  i s caffeinated . 
Belie f  2 :  Th e drin k i s cold . 

You mak e a n inferenc e o f  th e for m know n a s modu s ponen s 
(MP) :  Th e drin k i s caffeinated .  Bu t  the n yo u discover : 

Fact :  Th e drin k i s no t  caffeinated . 
You ar e likel y t o rejec t  an y belie f  tha t  i s dubiou s o r  fro m a 
dubiou s source .  Peihap s yo u wil l  b e mor e likel y t o rejec t  a 
simpl e categorica l  assertion ,  suc h a s belie f  2 ,  tha n a 
generalization ,  suc h a s belie f  1  (Revlis ,  1974) .  Conversely , 
you wil l  b e mor e likel y t o retai n believabl e generalization s 
(Dieussaer t  e t  al. ,  2000 ,  Politze r  &  Carles ,  2001) .  But ,  i f 
you r  belief s ar e equall y plausible ,  the n a  pertinen t  facto r  i s 
whethe r  ther e i s a n apparen t  conflic t  betwee n th e fact s an d 
you r  beliefs .  Accordin g t o di e theor y o f  menta l  models , 
suc h conflict s ca n occu r  (Girott o e t  al. ,  2000) .  Th e mode l 
theor y postulate s tha t  belie f  1  call s  fo r  tw o menta l  models : 

Col d Caffeinate d 

The first model represents the possibility in w^ich the 
anteceden t  i s true ;  th e secon d mode l  ha s n o explici t  contoi t 
but  represent s th e possibilitie s i n whic h th e anteceden t  i s 
false .  Th e mode l  o f  th e fact : 

Not  caffeinate d 
conflict s wit h th e explici t  mode l  above ,  an d s o yo u shoul d 
rejec t  th e conditional .  I n fact ,  th e ctwiflic t  i s  apparent ,  no t 
real . 

Conside r  a  contrastin g cas e i n whic h yo u believe : 
Belie f  1 :  I f  di e drin k i s cold ,  the n i t  i s  caffeinated . 
Belie f  2 :  Th e drin k i s no t  caffeinated . 

You ca n mak e a n inferenc e o f  th e for m know n a s modu s 
tollen s (MT) ,  bu t  it s conclusicx i  i s contradicte d b y th e fact : 

Fact :  Th e drin k i s cold . 
The fac t  matche s th e explici t  mode l  o f  th e conditional ,  bu t  i s 
not  represente d i n th e mode l  o f  th e categorica l  premis e 
(belie f  2) .  Hence ,  di e theor y predict s tha t  yo u wil l  b e mor e 
likel y t o rejec t  di e categorica l  {vemise . 

We carrie d ou t  experiment s t o tes t  dies e predictions . 
Participant s wer e presente d wit h scenario s suc h a s th e ern e 
above ,  an d wer e aske d t o decid e whic h o f  di e belief s the y 
foun d mor e aedible .  Hal f  o f  th e scenario s wer e i n di e for m 
of  conflict s wit h M P inferoices ,  an d hal f  o f  the m wer e i n 
th e for m o f  conflict s Avit h M T inferences .  I n addition ,  th e 
consequen t  o f  th e conditiona l  statemen t  wa s eidie r 

affirmativ e o r  negative .  An d i n hal f  th e scenarios ,  th e 
conditiona l  statemen t  wa s th e first  belie f  i n th e set ,  an d i n 
th e othe r  hal f  i t  wa s th e secon d belie f 

The participant s wer e m w e likel y t o rejec t  th e 
COTiditional s i n di e M P scenario s (60 % rejected )  dia n i n di e 
MT scenario s (47 % rejected ;  se e als o Dieussaer t  e t  al. , 
2000 ;  Eli o &  Pelletier ,  1997) ,  bu t  di e differenc e wa s 
reduce d whe n di e conditional s ha d negativ e consequents . 
Ther e wa s als o a  bia s t o believ e wdiicheve r  statemen t  wa s 
presente d first:  fo r  M P scenarios ,  th e conditiona l  wa s mor e 
believabl e whe n i t  cam e firs t  i n th e set ,  bu t  les s believabl e 
when i t  cam e second .  But ,  fo r  M T scenarios ,  th e effec t  o f 
orde r  wa s diminished . 

When individual s notic e di e M P inconsistency ,  die n die y 
can readil y rejec t  th e conditional ,  especiall y whe n i t  i s  di e 
most  recen t  statemen t  i n th e set .  M T inference s ar e harder , 
but  individual s ca n als o notic e di e inconsistoic y by ,  i n 
effect ,  convertin g th e scenario s int o M P inconsistencies . 
They us e di e fac t  an d th e conditiona l  t o dra w a  conclusion , 
and die n the y notic e tha t  th e conclusio n conflict s wit h di e 
categorica l  belie f  An d s o the y rejec t  dii s  belie f 

We conclud e dia t  belie f  revisio n depend s o n ho w 
individual s represen t  thei r  beliefs ,  an d o n ho w the y reaso n 
about  diem .  The y ma y rejec t  a  belie f  becaus e i t  merel y 
appear s t o b e inconsisten t  wid i  th e facts . 
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Recency Effect s (REs )  hav e bee n wel l  establishe d i n bot h 
memory an d probabilit y  learnin g paradigms .  However , 
thes e effect s hav e receive d relativel y littl e attention ,  an d 
virtuall y n o empirica l  investigation ,  i n researc h o n multiple -
cu e categor y learning . 

S o me categor y learnin g model s d o m a k e specifi c a  prior i 
prediction s regardin g REs .  I n particular ,  simple ,  stati c R E s 
aris e naturall y i n model s incorporatin g th e 5-rule ,  a n error -
drive n learnin g mechanis m (Gluc k &  Bower ,  1988 ; 
Kruschke ,  1992) .  Specifically ,  th e 5-rul e implie s tha t 
response s ar e base d o n a  weighte d averag e o f  pas t  cases , 
wit h recen t  case s receivin g mor e weight .  Weight s dro p a t 
an exponentia l  rat e wit h tempora l  distance .  Exempla r 
model s m a k e n o a  prior i  prediction s regardin g R E ,  bu t  ca n 
mimi c 6-rul e prediction s b y explicitl y  incorporatin g 
exponentia l  trac e deca y (Nosofsky ,  Kruschke ,  &  McKinley , 
1992) .  Bot h o f  thes e approache s predic t  R E t o b e 
unresponsiv e t o characteristic s o f  th e tas k environment . 

Th e presen t  researc h contrast s thi s assumptio n wit h th e 
alternativ e possibilit y  tha t  peopl e explicitl y  tes t  hypothese s 
concernin g th e predictiv e validit y o f  recen t  outcomes .  Th e 
latte r  ide a implie s tha t  th e magnitud e o f  recenc y effect s wil l 
adap t  t o th e leve l  o f  autocorrelatio n i n th e categor y 
sequence . 

Method 

Participant s (n=100 )  engage d i n a  simulate d medica l 
diagnosi s tas k i n whic h the y assigne d eac h o f  a  serie s o f  15 0 
hypothetica l  patient s t o on e o f  tw o fictitiou s disease s base d 
on th e presenc e o r  absenc e o f  3  symptoms ,  wit h outcom e 
feedbac k give n afte r  eac h trial . 

Th e experimen t  consiste d o f  thre e condition s base d o n th e 
manner  o f  autocorrelatio n presen t  i n th e sequenc e o f  diseas e 
outcomes .  I n th e positiv e condition ,  eac h patient' s diseas e 
matche d tha t  o f  th e previou s patien t  wit h 7 0 % probability ; 
i n th e negativ e conditio n tha t  probabilit y wa s 3 0 % .  Trial s 
i n th e contro l  conditio n wer e independentl y sample d (i.e. ,  a 
5 0 % transitio n probability) .  Fo r  eac h subject ,  th e diseas e 
wer e fu-s t  randoml y generate d accordin g t o th e condition , 
and the n th e symptom s wer e randoml y generate d wit h 
probabilitie s dependen t  o n diseas e outcomes . 

Results 

A logisti c regressio n mode l  wa s fitte d t o th e dat a fro m eac h 
subjec t  t o determin e th e degre e o f  influenc e o f  bot h presen t 
an d pas t  informatio n o n tha t  subject' s responses .  Th e 
predictor s i n thi s mode l  wer e th e thre e symptoms ,  th e 

diseas e o f  th e previous  patien t  (Diseaseg.]) ,  th e similarit y o f 
th e previou s patient' s sympto m profil e wit h tha t  o f  th e 
presen t  patien t  (C .̂i ,  give n a s th e numbe r  o f  matchin g 
minu s th e numbe r  o f  mismatchin g sympto m dimensions) , 
and th e interactio n Disease. )  x  C .̂i . 

Th e regressio n coefficien t  fo r  Diseas«i,. i  wa s significantl y 
highe r  fo r  subject s i n th e Positiv e conditw n a s compare d t o 
Control ,  indicatin g a  heightene d recenc y effec t  (Fig .  1) . 
Th e revers e effec t  wa s no t  foun d fo r  th e Negativ e condition , 
despit e it s logica l  symmetr y wit h th e Positiv e condition . 

I n addition ,  th e coefficien t  fo r  Diseas^. i  x  Ĉ . i  wa s 
significantl y positiv e i n al l  3  conditions ,  showin g tha t  cu e 
commonalit y moderate s R E . 

Positiv e 
Neganv e 
Contro l 

-0. 2 
E>iseas4 4 Diseas^. i  x  C- i 

Figure 1: Subjects' use of past information, by condition 

Discussion 

Relianc e o n recen t  outcome s increase d dramaticall y whe n 
thos e outcome s wer e positivel y relate d t o th e curren t  case . 
No correspondin g effec t  wa s foun d fo r  negativel y relate d 
recen t  outcomes .  I n fact ,  n o overal l  R E wa s foun d i n th e 
negativ e an d contro l  conditions .  Thes e effect s ar e no t 
anticipate d b y th e standar d proposa l  tha t  impac t  o f 
outcome s simpl y decay s exponentiall y  wit h time .  Peopl e 
appea r  t o asses s th e predictiv e validit y o f  recen t  events ,  bu t 
ar e nevertheles s biase d toward s expectin g a  positiv e 
relationship . 
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Introductio n 

Probabilit y  matching ,  wher e a  participant' s choic e 
frequenc y matche s th e probabilit y  o f  a n alternative ,  i s th e 
modal  respons e strateg y i n man y probabilisti c  choic e tasks . 
Accordin g t o traditiona l  norms ,  th e probabilit y  matchin g 
strateg y results  i n a  sub-optima l  payoff ,  compare d t o th e 
utilit y  maximizin g strateg y o f  alway s choosin g th e mos t 
probabl e alternative .  Som e researchers ,  however ,  hav e 
argue d tha t  probabilit y  matchin g i s evolutionaril y  adaptiv e 
i n certai n environment s (e.g. ,  Gigerenzer ,  1996 )  an d recen t 
evidenc e suggest s tha t  us e o f  th e matchin g strateg y i s 
sensitiv e t o differen t  kind s o f  feedbac k an d incentive s 
(Gallistel ,  1990 ;  Wolford ,  N e w m a n ,  Cutler ,  &  Miller , 
2001) . 

Other s hav e applie d a  dual-system s approac h t o explai n 
th e strategie s tha t  participant s us e i n probabilisti c  choic e 
and othe r  task s (Stanovic h &  West ,  2000) ,  findin g tha t  thos e 
w ho us e a  utilit y  maximizin g strateg y hav e highe r  cognitiv e 
abilit y o n averag e tha n thos e w h o us e a  probabilit y 
matchin g strategy .  Thi s evidenc e support s th e theor y tha t 
th e tw o strategie s ar e product s o f  tw o differen t  reasonin g 
processes ;  on e tha t  i s rule-base d an d analyti c an d on e tha t  i s 
base d o n evolutionaril y  derive d heuristics . 

The presen t  experimen t  explore s th e role s o f  workin g 
memory an d tas k contex t  i n probabilit y  matching .  Thes e 
factor s ar e propose d t o differentiat e betwee n th e tw o 
reasonin g processes .  Analyti c processin g require s workin g 
memory resources ;  thu s taxin g thes e resource s wit h a 
secondar y tas k shoul d reduc e th e us e o f  th e maximizin g 
strateg y i n th e probabilisti c  choic e task .  Heuristi c 
processin g require s a  meaningful ,  sociall y relevant  context ; 
thu s a n enriche d contex t  shoul d increas e th e us e o f  th e 
matchin g strateg y i n thi s task . 

Metliod 

A 2x 2 between-participant s desig n wa s use d wit h tw o level s 
fo r  eac h o f  th e independen t  variables .  Participant s wer e 
assigne d a t  rando m eithe r  t o d o th e probabilisti c  choic e tas k 
by itsel f  o r  i n paralle l  wit h a  rando m numbe r  generatio n tas k 
(singl e vs .  dua l  tas k condition) .  Hal f  th e participant s sa w a 
contextuall y spars e versio n o f  th e choic e tas k i n whic h ther e 
wer e tw o blan k square s o n a  compute r  scree n an d the y ha d 
t o gues s whic h squar e woul d no t  chang e color .  Th e othe r 
hal f  sa w a  contextuall y enriche d versio n i n whic h ther e wer e 
tw o parkin g lot s an d the y ha d t o gues s whic h lo t  woul d no t 
be ticketed .  Participant s receive d feedbac k afte r  eac h trial . 
The experimen t  wa s programme d t o mak e th e targe t  even t 
occu r  7 5 % o f  th e tim e a t  th e locatio n o n th e lef t  sid e o f  th e 
screen . 

Result s a n d Discussio n 

The 15 0 trial s wer e divide d int o five  block s o f  3 0 an d a 
differenc e fro m matchin g scor e wa s calculate d fo r  eac h 
bloc k b y subtractin g th e numbe r  o f  time s th e lef t  sid e wa s 
chose n fro m th e numbe r  o f  time s th e targe t  even t  occurre d 
on th e left .  Ther e wa s a  significan t  mai n effec t  fo r  bot h th e 
tas k conditio n an d th e contex t  conditio n (se e Figur e 1.) .  I n 
th e first  block ,  participant s i n al l  condition s chos e eithe r 
sid e wit h equa l  frequency.  I n th e las t  block ,  participant s i n 
th e singl e task/ric h contex t  conditio n wer e mor e likel y t o 
use a  maximizin g strategy ,  wherea s participant s i n th e othe r 
condition s wer e mor e likel y t o us e a  matchin g strategy . 

Thes e findings  sugges t  tha t  analyti c processin g resource s 
ar e neede d t o us e th e maximizin g strategy ,  a s wa s predicted . 
Surprisingly ,  th e enriche d contex t  facilitate d a  maximizing , 
rathe r  tha n a  matchin g strategy . 

^ 

ao.o o 

Figur e 1 :  Singl e tas k conditio n an d ric h tas k contex t 
facilitat e a  utilit y  maximizin g strategy .  Fille d shape s = 
Spars e context ,  ope n shape s =  Ric h context ;  circle s =  Dua l 
task ,  triangle s =  Singl e task . 
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Introduct io n 

Althoug h i t  i s  no t  clea r  whethe r  ou r  syste m o f  spatia l 
representatio n a s a  whol e (integrate d spatia l  representation ) 
i s structure d initiall y  b y perceptio n o r  b y language ,  i t  i s 
certai n tha t  form s o f  spatia l  representatio n generall y ar e 
ultimatel y base d largel y o n perception ,  especiall y o n vision , 
and o n language .  Furthermore ,  whe n w e encod e o r 
categoriz e form s o f  spatia l  representation ,  w e d o s o 
followin g systemati c rule s tha t  ar e founde d o n th e structure s 
of  spatia l  representatio n forme d b y vision ,  languag e an d s o 
on. 

The questio n remains ,  then ,  whethe r  thes e spatia l 
structure s resembl e eac h other ? I f  so ,  ar e the y groupe d i n 
any way ? I n addition ,  d o the y connec t  wit h eac h other ,  and , 
i f  the y do ,  wha t  i s th e natur e o f  th e relatio n betwee n th e 
specî c spatia l  representationa l  structure s forme d b y visio n 
and b y language ? Accordin g t o Haywar d an d Tar r  (1995) , 
th e spatia l  structur e encode d b y languag e (e.g. ,  above , 
below )  seem s t o b e base d on ,  an d t o correspon d to ,  th e 
spatia l  representationa l  structur e base d o n perception . 
Crawford ,  Regie r  an d Huttenloche r  (2000) ,  however ,  hav e 
insiste d tha t  thes e structure s d o no t  correspond . 

Bot h Haywar d an d Tar r  (1995 )  an d Crawfor d e t  a l  (2000 ) 
examine d thi s issu e fro m th e viewpoin t  o f  categorica l 
prototyp e an d boundary .  I n linguisti c spatia l  categorization , 
prototype s an d boundarie s ar e dependen t  o n wha t  spatia l 
term s ar e used .  Therefore ,  thei r  metho d i s no t  appropriat e 
fo r  comparin g spatia l  structures . 

I n thi s study ,  instea d o f  prototype s an d boundaries ,  w e 
examine d fit  pattern s fo r  fou r  Japanes e spatia l  term s (ue , 
shita ,  hidari ,  migi )  usin g Thurstone' s la w o f  comparativ e 
judgmen t  (cas e V ) .  Fro m thi s fit  distributio n an d th e 
prototypica l  spatia l  structur e o f  visua l  representatio n 
(Huttenloche r  ,  Hedges ,  an d Duncan ,  1991) ,  w e investigate d 
whethe r  th e spatia l  structur e o f  perceptua l  representatio n 
correspond s t o tha t  o f  linguisti c representation . 

Method 

Ten Japanes e graduat e an d undergraduat e student s 
participated .  Stimul i  wer e generate d b y a n IBM/P C 
compatibl e compute r  an d presente d o n a  C R T a t  a  viewin g 
distanc e o f  approximatel y 115cm .  Fo r  eac h trial ,  a n 
instructio n wor d woul d first  appea r  i n th e cente r  o f  th e 
scree n fo r  1000ms .  Then ,  a  blac k squar e ( 1 rx i rs ide )  wa s 
centere d a s a  referenc e object ,  an d tw o blac k dot s 
(0.12''x0.12' '  diameter )  wer e randoml y presente d a s targe t 
objects ,  occupyin g 2 1 fixe d location s tha t  wer e base d o n a 
forme r  experimen t  (Kojim a &  Kusumi ,  2002) .  Fou r  Chines e 
character s (  ) ,  eac h o f  whic h expresse s spatia l 

location s (e.g., "  (ue) "  i n Japanes e i s nearl y equa l  t o 
"above "  i n English ,  and ,  i n th e sam e way ,  "  (shita) "  t o 
"below", "  (A/V/an)"to"left"and "  (m/g/) "  t o right)  wer e 
use d a s th e instructio n word s i n a  squar e ( 1 l°x l  l°side) .  Th e 
participant s wer e require d t o compar e th e location s o f  th e 
tw o dot s i n relatio n t o th e referenc e object ,  an d t o choos e 
th e do t  tha t  bes t  suite d th e locatio n expresse d b y th e prio r 
instructio n word . 

Results and Discussion 

The paire d compariso n dat a wer e processe d an d scale d b y 
Thurstone' s la w o f  comparativ e judgmen t  (cas e V ) .  Th e fit 
pattern s o f  th e fou r  Japanes e spatia l  term s ar e show n i n Figl , 
base d o n scale d value .  Here ,  th e widt h an d dept h ar e 
equivalen t  t o th e horizonta l  an d vertica l  fi-ame  line s o n th e 
C R T.  Th e heigh t  expresse s th e scale d valu e (fi-o m -3.0 0 t o 
3.00) .  Thi s fit  patter n differ s fro m tha t  o f  th e prototypica l 
structure ;  I t  show s a  les s simpl e gradien t  pattern . 

Fro m thi s patter n an d forme r  studies '  resul t  (Huttenloche r 
et  al ,  1991) ,  w e supporte d th e suggestio n o f  Crawfor d et.a l 
(2000) .  Tha t  is ,  w e als o foim d tha t  th e structur e o f  visua l 
spatia l  representatio n doe s no t  correspon d t o th e structur e o f 
linguisti c spatia l  representation . 

-.14 1 3. S 
Figur e 1  :Th e fit  patter n o f  fou r  Japanes e spatia l  term s 

Reference s 

Regier ,  T. ,  &  Huttenlocher ,  J . (2000) . 
categorization . 

Crawford ,  L. , 
Linguisti c an d non-linguisti c spatia l 
Cog7i/f/o«,73(5),209-235 . 

Hayward ,  W. ,  &  Tarr ,  M .  (1995) .  Spatia l  languag e an d 
spatia l  representation .  Cognition,55,39-S4 . 

Huttenlocher ,  J. ,  Hedges ,  L. ,  &  Duncan ,  S .  (1991) . 
Categorie s an d particulars :  prototyp e effect s i n estimatin g 
spatia l  location .  Psychologica l  Review,9i(3),352-376 . 

101 3 

mailto:kojima@cpsy.nibox.niedia.kyoto-u.ac.jp
mailto:n50609@9akura.kudpc.kyoto-u.ac.jp


T h e E f fec t  o f  A t t e n t i o n a l  D i s t r ac t i o n i n t h e T e m p o - N a m i n g T a s k 

Laura Leach (Ueach@ginu.edu) and Christopher Kello (ckello@gmu.edu) 
Departmen t  o f  Psychology ,  Georg e Maso n Universit y 

440 0 Universit y Drive ,  Fairfax ,  V A 2203 0 U S A 

Error s i n wor d namin g ca n revea l  dysfiinction s i n th e 
componen t  processe s o f  wor d reading .  A n abundanc e o f 
regularizatio n error s (e.g. ,  namin g PIN T t o rhym e wit h 
M I N T)  suggest s a n over-emphasi s o n sub-lexica l  spelling -
soun d correspondence s relativ e t o lexica l  knowledge .  A n 
abundanc e o f  lexicalizatio n error s (e.g. ,  namin g WIF E a s 
W H I T E)  suggest s a  malfunctio n i n th e influenc e o f  lexica l 
knowledge .  A n abundanc e o f  positiona l  error s (e.g. ,  namin g 
B R O AD a s B O A R D)  suggest s a  malfunctio n i n th e 
positionin g o f  letter s and/o r  sounds . 

Kell o an d Plau t  (2000 )  introduce d th e tempo-namin g tas k 
as a  metho d fo r  inducin g namin g error s unde r  extrem e 
pressur e fo r  speede d responding .  Th e result s o f  thre e 
experiment s showe d tha t  lexicalizatio n error s predominate d 
con:q>are d wit h regularizatio n errors .  The y interprete d thi s 
patter n a s indicatin g tha t  pressur e fo r  spee d cause d a n 
increas e i n th e emphasi s o n lexica l  knowledg e i n th e proces s 
of  convertin g prin t  t o sound .  Emphasi s o n lexica l 
knowledg e ca n als o b e foun d unde r  manipulation s o f 
strategi c contro l  (Herdman ,  1992) ,  an d i n th e readin g error s 
tha t  defin e phonologica l  dyslexi a (Coltheart ,  1996) . 

I n th e curren t  study ,  w e examine d th e effec t  o f  distractio n 
of  visua l  attentio n o n performanc e i n th e tempo-namin g 
task .  Attentiona l  distractio n wa s hypothesize d t o interfer e 
wit h th e proces s o f  identifyin g an d positionin g th e letter s o f 
a wor d stimulus .  Error s wer e use d a s windo w int o th e effec t 
of  attentiona l  distractio n o n processe s o f  wor d reading . 

Method 

Participant s 

Twent y undergraduate s participate d i n th e experimen t  fo r 
cours e credi t  Al l  participant s reporte d Englis h a s thei r 
nativ e language ,  an d al l  ha d norma !  o r  correcte d vision . 

StimuU 

Th e experimen t  consiste d o f  60 0 monosyllabi c words , 
sample d from  a  ful l  corpu s o f  Englis h word s t o preserv e th e 
distributiona l  characteristic s o f  th e flil l  corpus .  Word s 
varie d i n frequency  an d regularity .  Fo r  eac h participant , 
eac h wor d wa s randoml y assigne d t o on e o f  si x block s suc h 
tha t  ther e wer e 10 0 word s pe r  block . 

Procedure 

On eac h trial ,  five  beat s o f  a  simpl e audiovisua l  temp o wer e 
presented ,  an d a  printe d wor d wa s displaye d o n th e fifth 
bea t  Th e temp o wa s varie d betwee n 20 0 m s an d 65 0 m s (i n 
step s o f  5 0 ms) ,  an d eac h wor d wa s assigne d t o eac h temp o 

rwic e acros s participants .  Participant s wer e instructe d t o 
name th e wor d i n tim e wit h th e sixt h beat ,  an d feedbac k o n 
timin g wa s give n o n ever y trial .  Visua l  distractio n wa s 
create d b y flashin g whit e disk s o f  varyin g siz e i n rando m 
position s o n th e scree n durin g stimulu s presentation . 

Results and Discussion 

As temp o decrease d (i.e. ,  mor e pressur e fo r  speed) ,  namin g 
latencie s an d duration s decreased ,  an d overal l  erro r  rate s 
increased .  Thes e result s replicate d Kell o an d Plau t  (2000) . 

The percentag e o f  differen t  type s o f  error s i s graphe d a s a 
fimctio n o f  temp o i n th e figure  below .  Lexicalization s wer e 
much mor e frequent  compare d wit h regularizations ,  an d 
lexicalization s increase d wit h faste r  tempos ,  bu t  regular -
ization s di d no t  Th e rat e o f  lexicalization s wa s greate r  tha n 
tha t  foun d i n a  conqjarabl e experimen t  (no t  reporte d here )  i n 
whic h ther e wa s n o attentiona l  distraction .  Otiie r  erro r  type s 
include d nonwords ,  stutters ,  an d garble d pronunciations . 

25 

. 1 

20 

IS 
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5 
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Results indicated that attentional distraction caused an 
increas e i n th e emphasi s o n lexica l  knowledge .  Futur e 
analyse s ar e planne d t o examin e th e effec t  o f  attentiona l 
distractio n o n th e rat e o f  positiona l  errors . 
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Backgroun d 

Past  researc h ha s show n tha t  picture s i n genera l  enhanc e 
learnin g wit h text .  Glenber g &  Langsto n (1992 )  foun d tha t 
picture s con^atibl e wit h tex t  facilitat e th e learnin g o f  a 
procedura l  concep t  wit h concurren t  steps .  Glenber g & 
Krule y (1992 )  evince d tha t  picture s assis t  anapho r 
resolution ,  thereb y improvin g comprehension. 

One o f  th e majo r  theoretica l  construct s adopte d t o accoun t 
fo r  suc h facilitator y effec t  i s  th e dual-cod e theor y b y Paivi o 
(1971) ,  whic h suggest s tha t  informatio n coul d b e store d 
eithe r  verball y o r  visually ,  an d tha t  thes e code s togethe r  lea d 
t o bette r  retentio n tha n eithe r  on e alone . 

Owin g t o th e advancemen t  i n informatio n technology , 
multimedi a instructiona l  materials ,  suc h a s con^uter -
generate d animation ,  hav e becom e popular .  G)mpare d wit h 
stati c pictures ,  animatio n facilitate s learnin g onl y unde r 
more specifi c  conditions .  Riebe r  (1991 )  showe d tha t 
student s wit h animate d presentatio n outperforme d thos e 
wit h stati c presentation ,  bu t  onl y whe n frame s wer e 
presente d i n chunks .  Schnotz ,  e t  al .  (1999 )  showe d tha t 
animatio n bette r  assist s learnin g tha n stati c picture s fo r 
individua l  learning ,  bu t  no t  cooperativ e one ,  whic h lead s t o 
cognitiv e overload .  Maye r  an d Sim s (1994 )  demonstrate d 
tha t  high-spatia l  abilit y  student s benefi t  mor e fro m 
contiguou s animatio n tha n thei r  counterparts .  Large ,  e t 
a/ .  (1996 )  foim d tha t  animatio n inq)rove s th e comprehensio n 
of  a  procedura l  tex t  mor e tha n a  descriptiv e one . 

Hypotheses 

The aforementione d fmding s converg e t o sugges t  tha t 
animatio n learnin g demand s additiona l  cognitiv e processin g 
tha t  consume s extr a cognitiv e resources ,  compare d wit h 
static-pictur e learning .  I n th e ligh t  o f  1 )  th e advantageou s 
positio n o f  high-spatia l  abilit y  students ,  2 )  th e facilitator y 
effec t  upo n learnin g sequentia l  concepts ,  an d 3 )  th e essentia l 
disparit y betwee n animate d an d stati c pictures ,  i t  i s 
postulate d tha t  th e animation-over-static-pictur e advantage , 
when i t  occurs ,  i s  attributabl e t o bette r  spatial-tempora l 
codin g i n th e forme r  condition . 

Methodology and Findings 

The desig n wa s a  modifie d versio n fro m th e stud y b y 
Moren o an d Maye r  (1999) .  Th e participant s wer e forty-fou r 
undergraduate s enrollin g i n Introductio n t o Psycholog y a t 
th e Universit y o f  Hon g Kong .  Participant s i n th e animation -
narratio n conditio n viewe d a n animatio n o f  19 0 second s o n 
lighmin g formation ,  whil e participant s i n th e static-picture -
narratio n conditio n viewe d 1 1 stati c picture s tha t  wer e 
snapshot s representin g critica l  step s o f  lightnin g formatio n 
extracte d fro m th e animation .  Afte r  th e learnin g section , 
participant s wer e teste d wit h thre e tasks :  1 )  matchin g verba l 

label s wit h to-be-circle d objects ,  2 )  verba l  recal l  o f  narratio n 
and 3 )  sortin g th e sequenc e o f  1 1 pictures ,  whic h wer e th e 
picture s show n i n di e stati c condition .  Th e las t  measure , 
whic h ha d no t  bee n adopte d i n previou s studies ,  wa s 
develope d t o asses s spatial-tempora l  coding . 

One-taile d independent-sample s t  test s showe d tha t  th e 
animation-narratio n grou p ouQ>erforme d static-picture -
narratio n group ,  o n th e matchin g tas k ( t  (42 )  =  2.630 ,  p  = 
0.006) ,  th e verbal-retentio n tas k ( t  (42 )  =  3.077 ,  p  =  0.02 ) 
and th e visual-spatial-retentio n tas k ( t  (42 )  =  1.895 ,  p  = 
0.0325) . 

Discussion 
Result s showe d tha t  animatio n plu s narratio n i s a  bette r 

combinatio n tha n stati c picture s plu s narratio n i n facilitatin g 
learning .  Th e forme r  le d t o stronge r  verba l  an d visua l 
representationa l  connections ,  an d close r  referentia l 
connection s betwee n th e tw o modules ,  al l  o f  whic h ar e 
beneficia l  t o th e learnin g o f  a  sequentia l  concept .  I n addition , 
animatio n wa s foun d t o b e superio r  t o stati c grŝ )hic S i n 
assistin g spatial-tempora l  coding .  Thes e finding s ar e 
consisten t  wit h a  modifie d versio n o f  Paivio' s dual-cod e 
theory . 
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Introductio n 

Many studie s hav e demonstrate d th e powe r  o f 
schema o r  knowledg e structur e i n organizin g incomin g 
inibmiation ,  whic h le d t o variou s kind s o f  memor y errors . 
What  a  perso n alread y kne w determine d whethe r  an d ho w 
informatio n woul d b e remembered .  Thus ,  i t  i s  clea r  tha t 
ther e i s a  clos e lin k betwee n cognitiv e processe s an d 
structure s an d th e type s o f  memor y error s committed . 
Based o n thi s logic ,  th e presen t  stud y examine d ho w par -
ticipants '  prio r  knowledg e affect s memor y errors .  Thi s 
stud y use d th e D R M paradig m t o examin e fals e memor y 
produce d b y a  grou p o f  industria l  desig n expert s a s com -
pare d t o th e contro l  group . 

I n th e D R M paradigm ,  participant s stud y lis t  o f  se -
manti c relate d word s (bed ,  awake ,  rest... )  tha t  ar e al l  relat -
ed t o a  critica l  wor d tha t  i s no t  presente d (sleep) .  Hig h 
level s o f  fals e memor y fo r  lure s (e.g .  sleep )  hav e bee n de -
monstrate d i n test s suc h a s fre e recal l  an d recognitio n (e.g. , 
Roedige r  &  McDermott ,  1995) .  Studyin g exper t  behavior s 
offer s a  uniqu e windo w int o huma n cognition .  Whil e ex -
perts '  behavior s o n ches s wer e di e mos t  researche d area ,  a 
wid e rang e o f  domain s ha s bee n examine d an d variou s 
method s hav e bee n use d i n thi s area .  Th e cleares t  findin g 
from  thes e studie s wa s tha t  memor y performanc e o n 
meaningfu l  stimul i  ha s foun d t o b e correlate d wit h domai n 
expertise .  However ,  ver y fe w studie s i n thi s are a hav e 
focuse d o n th e patter n o f  error s a s affecte d b y domai n ex -
pertise . 

McEvoy ,  Nelson ,  an d Komats u (1999 )  looke d a t  th e 
influenc e o f  preexistin g knowledg e o n th e productio n o f 
fals e memory .  The y foun d tha t  th e probabiht y o f  produc -
in g fals e memorie s i n free  recal l  varie d wit h th e strengt h o f 
connection s from  th e lis t  word s t o th e critica l  wor d an d th e 
densit y o f  th e interconnection s amon g th e lis t  words .  I n 
addition ,  fals e recognitio n wa s mor e likel y whe n th e lis t 
word s wer e mor e densel y interconnected .  McEvo y e t  al . 
(1999 )  determine d th e associatio n strengt h base d o n th e 
wor d associatio n nor m an d examine d ho w th e strengt h 
relates  t o fals e memory .  Sinc e th e associatio n strengt h 
betwee n word s develop s thoug h experiences ,  i t  i s  reason -
abl e t o assum e tha t  fo r  ± e word s tha t  com e from  specifi c 
domai n knowledge ,  expert s o f  tha t  domai n an d novice s 
woul d hav e differen t  type s an d strengt h o f  association . 
Thi s woul d lea d t o differen t  type s an d amoun t  o f  fals e 
memory.  Thi s stud y investigate d whethe r  domai n qiecifi c 
knowledg e woul d induc e o r  reduce  fals e memories .  A 
grou p o f  expert s an d novice s wer e teste d o n word s eithe r 
relate d o r  unrelate d t o thei r  knowledg e o f  expertise . 

Result s an d Discussio n 

T wo type s o f  semanticall y relate d lis t  item s wer e use d i n 
thi s study .  On e typ e o f  item s wer e word s selecte d from 
technica l  term s use d i n th e domai n o f  industria l  desig n 
wherea s th e othe r  typ e wer e commo n words .  Fou r  group s 
of  participant s wer e recruited :  senio r  an d junio r  non -
industria l  desig n student s an d industria l  desig n students . 
Result s showe d tha t  fo r  th e design-relate d Usts ,  senio r  in -
dustria l  desig n student s no t  onl y performe d bette r  o n bot h 
recal l  an d recognition,  bu t  als o ha d a  highe r  rat e o f  fals e 
recognition.  I n addition ,  ag e ha d a n effec t  o n th e fals e 
recognitio n o f  commo n words ,  wliil e th e rat e o f  felse  rec -
ognitio n o f  design-relate d term s wa s mainl y determine d b y 
participants '  domai n knowledge .  Thes e results  suppor t  th e 
vie w Uia t  domai n knowledg e play s a n importan t  rol e i n 
creatin g fals e memory . 

Table.  Mean Percentages of Correct Recall, Recognition 
and Fals e Recognitio n a s a  Functio n o f  Ag e an d Domai n 
Knowledg e 

non-expert s 
expei U 

non-exper u 
expert s 

correc t 

common 
word s 

.71 

.73 

.72 

.72 

recal l 
design -
relate d 
word s 

.49 

.69 

.52 

.52 

correc t  recognitio n 

common 
word s 

.95 

.94 

94 
.93 

design -
relate d 
word s 

.86 

.92 

.86 

.89 

fals e recognitio n 

common 
word s 

.50 

.57 

.35 

.38 

design -
reUte d 
word s 

.29 

.44 

.28 

.28 
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Int roduct io n 

Rout e map s hav e recentl y gaine d muc h attentio n a s 
effectiv e tool s t o conve y rout e information .  Benefit s o f 
maps ar e attribute d t o thei r  ubiquitou s existenc e i n cultur e 
and thei r  analogou s propertie s representin g spatia l 
knowledge .  Rout e map s hav e becom e widel y availabl e 
throug h th e interne t  an d withi n on-boar d navigatio n 
systems .  Despit e thei r  prevalence ,  optima l  desig n criteri a 
ar e stil l  missing . 

For  example ,  rout e map s integrate d i n on-boar d 
navigatio n system s presen t  route s dynamicall y wit h a 
movin g do t  tha t  traverse s a  map .  I n contrast ,  interne t  map s 
presen t  informatio n staticall y wit h line s representin g th e 
route .  A t  firs t  glance ,  dynamic ,  animate d presentatio n 
seems t o b e mor e effectiv e tha n stati c one .  (e.g .  Nathan , 
Kintsch ,  &  Young ,  1992) .  However ,  advantage s o f 
animatio n m a y b e du e t o othe r  factors ,  suc h a s interactivit y 
or  inclusio n o f  informatio n no t  presen t  i n stati c conditions . 
Furthermore ,  othe r  studie s fai l  t o demonstrat e superiorit y o f 
animation s a t  al l  (e.g .  Morrison ,  2000) . 

Extendin g researc h o n effect s o f  stati c  vs .  dynami c rout e 
presentatio n o n conceptualizatio n an d memor y (Klippel , 
Tappe ,  Habel ,  submitted) ,  w e examine d th e influenc e o f 
presentatio n m o d e o n memor y fo r  landmarks . 

Dynamic vs. Static Presentation of Maps 

Material and Procedure 

Participant s learne d a  rout e from  a  m a p o f  a  fictitiou s town . 
The rout e wa s presente d t o the m eithe r  a s a  soli d lin e (i.e . 
static) ,  a  movin g do t  (dynamic) ,  o r  a  do t  superimpose d o n a 
lin e (mixed) . 

The participant s viewe d th e m a p thre e times ,  eac h fo r  1. 5 
minutes .  Afterwards ,  the y wer e give n a  blan k m a p wit h 
onl y th e street s an d wer e aske d t o recal l  th e landmarks . 

Recall Memory of Landmarks 

I n th e dynami c condition ,  landmark s a t  turnin g an d non -
turnin g intersection s wer e recalle d equall y wel l  (49.4 % vs . 
48.8%) ,  bu t  i n th e stati c conditio n landmark s a t  turnin g 
intersection s wer e remembere d mor e ofte n (52.9% )  tha n a t 

non-turnin g intersection s (43.8% )  (se e Tabl e 1) .  Sinc e 
landmark s a t  turn s ar e mor e critica l  t o rout e directions ,  w e 
conclud e tha t  stati c display s o f  rout e informatio n i s 
preferabl e ove r  dynami c displays . 

Dynami c 
Stati c 
Mixe d 

Turn s 
49. 4 
52. 9 
57. 7 

Non-turn s 
48. 8 
43. 8 
41. 5 

Tota l 
49. 1 
48. 4 
49. 6 

Tabl e 1 :  Proportio n o f  recalle d landmaric s (i n % ) 

Surprisingly,  in the mixed condition participants recalled 
eve n mor e landmark s a t  turn s (57.7% )  tha n a t  non-turn s 
(41.5%) .  Th e combinatio n o f  differen t  presentatio n mode s 
and th e resultin g memor y improvemen t  fo r  vita l  rout e 
informatio n suppor t  findings  o n th e benefit s o f  redundan t 
informatio n display s (Hirtle ,  1999) . 
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B o n g a r d problem s an d symboli c approaches :  a  skeptica l  look . 
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Introductio n t o Bongar d Problem s 

Three decades ago the intelligence theorist Mikhail 
Bongar d (1970 )  pose d a n outstandin g challeng e t o 
artificia l  intelligence ,  bringin g a  remarkabl e se t  o f  10 0 
visua l  patter n understandin g problem s wher e tw o 
classe s o f  figures  ar e presente d an d th e patter n 
recognize r  (eithe r  a  huma n o r  a  machine )  i s  a^e d t o 
identif y th e conceptua l  distinctio n betwee n them . 
Sometime s th e classe s ar e opposit e i n term s o f  thi s 
coaceftut l  distinction ,  suc h a s larg e figures  versu s 
smal l  figures,  an d othe r  time s ther e m a y b e propertie s 
or  relation s holdin g betwee n boxe s i n on e class ,  bu t  no t 
i n th e other ,  suc h tha t  ther e i s  alway s som e aspec t  t o 
distinguis h th e classes . 
Figur e 1  display s tw o ver y sinq)l e Bongar d problems . 
O ne o f  th e mos t  importan t  characteristic s o f  suc h 
problem s i s diat ,  althoug h human s ca n generall y solv e 
die m intuitively ,  thei r  automatio n i s  singl y daunting : 
ther e i s  alway s nsic h relevan t  informatio n t o b e 
perceive d an d m u c h irrelevan t  informatio n t o b e 
discarded . 

A . 

o 
A 

A 

A 

1 1  1 

o V 

° A 

o . 

® ' o 

38 m p 
w 

91 

n 

^ 

O 

) ^ (X)0 0 

Figur e 1 :  Bongar d problem s BP#9 1 an d BP#38 . 
What  abstrac t  a^>ec t  distinguishe s th e boxe s o n th e 
ri^ t  (clas s 1 )  fro m th e boxe s o n th e lef t  (clas s 2) ? 
[ F r o m M . M .  Bongar d (\910 )  Patter n Recognition , 

Sparta n books ] 

A philosophical problem 

Let  u s focu s o n th e followin g issue :  suf^os e tha t  a 
specifi c  Bongar d proble m include s th e followin g bo x 
shown i n figure  2 .  Woul d i t  b e appropriat e (a s don e i n 
Sait o an d Nakan o 1994 ;  Sait o an d Nakan o 1995 )  t o 

discar d th e ra w geometrica l  informatio n i n favo r  o f  a 
simpl e symboli c description ,  suc h a s tha t  presented ? 

A 

:  TRIANGL E (cooranMtas,llne,wldth,...r»imlnlngpropmiet ) 

\  LINE_SEOMENT(coordlntei....r9iTmlnlngpropartl»s ) 
:  ) 

Figure 2: Raw geometrical information vasus 
symboh c descriptions . 

This is the core question of our investigation. We argue 
tha t  suc h approac h i s  unattainable ,  a s i t  lead s t o th e 
inadequat e philosophica l  ground s o f  metaphysica l 
realism .  Purel y symboli c representation s ar e no t 
capaU e o f  containin g al l  form s o f  ccmcept s an d 
categorie s expresse d (an d expressible )  i n Bongar d 
problems .  Furthermore ,  A e y lea d t o inadequat e 
architectura l  models ,  whic h ca n easil y b e see n t o falte r 
(Linhares ,  2000 ;  se e als o Hofetadte r  1979 ,  Hofstadte r 
1995a ,  Hofstadte r  1995b) .  Finally ,  w e propos e tha t  th e 
philosophica l  ground s sketche d i n Smit h (1984 )  ar e 
soun d ̂ temative s t o curren t  theory . 
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L a n g u a g e - L i k e Representat io n i n E m b o d i e d a n d Situate d Cogni t ion : 

A C a s e S t u d y o f  a  Situate d Robo t ' s P lann in g 

Hsi-wen Liu (hwliu@pu.edu.tw) 
Divisio n o f  Humanities ,  Providenc e Universit y 

200 Chung-Ch i  Rd ,  Shalu ,  Taichun g Count y 433 ,  Taiwa n 

Interest s i n embodiednes s an d situatednes s hav e increase d 
i n al l  discipline s o f  cognitiv e scienc e (Clark ,  1999) .  Suc h 
interest s generall y concer n th e conqjle x interpla y betwee n 
roboti c (o r  neural )  system s an d thei r  loca l  environments .  A 
number  o f  theorist s an d philosopher s wit h suc h interest s 
cas t  stron g doub t  o n th e nee d o f  a  rule-base d searc h an d 
eve n th e nee d o f  overal l  interna l  representation s (Brooks , 
1991 ;  Beer ,  1995 ;  Keijzer ,  1998) . 

Als o wit h thos e interests ,  And y Clar k an d som e co -
author s rais e significan t  reason s fo r  reconsideratio n 
regardin g th e abov e doub t  (Clark ,  1997ab ,  1999 ;  Clar k an d 
Grush ,  1999 ;  an d others) .  Th e gis t  i n genera l  i s tha t  i n th e 
abov e system s interna l  representation s ca n exist ,  b y playin g 
a two-fol d role .  O n th e on e hand ,  th e interna l 
representation s i n th e system s constitut e description s o f  th e 
world ,  an d o n th e other ,  thes e representation s serv e a s 
interna l  representations/code s t o contro l  thos e systems ' 
tigh t  couplin g agent-environmen t  interactions .  Wit h suc h a 
two-fol d role ,  thos e interna l  representation s ar e name d 
action-oriente d representation s {(Z\ax' ^  1997ab ,  1999) .  Thi s 
two-fol d rol e ha s bee n exemplifie d b y a  numbe r  o f  roboti c 
architecture s wit h on-lin e contro l  o f  situate d activitie s (e.g. , 
see Mataric' s T O T O discusse d i n Clar k (1997ab ,  1999)) .  A 
questio n wit h th e abov e theor y o f  action-oriente d 
representation s i s whethe r  som e o f  thos e representation s ca n 
be characterise d i n language-lik e codes .  I f  th e answe r  i s yes , 
i t  woul d constitut e a  lin k betwee n th e situated-and -
embodie d {̂ >proac h an d traditiona l  cognitiv e science . 

Conformin g t o th e abov e theor y o f  action-oriente d 
representations ,  thi s wor k contend s tha t  th e answe r  i s indee d 
yes .  Tha t  is ,  language-lik e code s ca n pla y th e abov e two -
fol d rol e i n th e contro l  o f  tigh t  couplin g agent-environmen t 
interactions .  Thi s clai m i s exen^Ufie d b y th e robo t  ar m 
designe d b y Mae s (1990) . 

The robo t  activities ,  a s Mae s (1990 )  sees ,  lea d (thoug h 
not  i n term s o f  abstrac t  thoughts )  t o the/'/<7/Mr/>r ^  o f  variou s 
action s i n suppor t  o f  a  goal—catchin g a n appropriat e too l  t o 
past e san d o n a  board .  Th e architectur e o f  tha t  robo t  ar m i s 
hybrid .  I t  consist s o f  severa l  actio n modules ,  whic h 
perfor m certai n motor  actions .  Th e architectur e o f  eac h 
actio n modul e include s bot h symboli c code s (i.e .  language -
lik e codes )  whic h describ e environmenta l  condition s (o r 
ar m states )  an d th e contro l  ove r  th e (numerical )  energ y 
flowing  acros s thos e actio n modules .  Whe n th e robo t 
syste m observes ,  o r  initiate s a n action ,  thos e module s 
chang e thei r  inheren t  energ y an d thei r  conditio n list s o f  th e 
environmen t  (o r  th e ar m states) .  A n actio n modul e initiate s 
it s action ,  whe n th e energ y flowin g i n th e modul e goe s 
beyon d a  certai n threshold .  Yet ,  th e energ y flowin g i n a 

certai n modul e ma y g o belo w it s threshol d an d henc e nee d a 
fine-tunin g o f  th e energ y flowin g amon g certai n relevan t 
modules ,  an d eve n a  fine-tunin g o f  th e threshol d itsel f 

The presen t  wor k argue s tha t  th e language-lik e code s i n 
th e architectur e o f  Maes '  (1990 )  robo t  ar m pla y th e 
aforementione d two-fol d rol e o f  action-oriente d 
representations .  Th e step s o f  argumen t  ar e a s follows . 

1.  Th e architectur e o f  th e robo t  ar m clearl y adopt s certai n 
language-lik e codes ,  whic h describ e certai n conditions . 

2.  Ther e i s a  limite d degre e o f  searchin g amon g thos e 
language-lik e codes ,  whic h serv e a s initiatin g condition s o f 
th e actio n t o b e carrie d ou t  b y a n actio n module . 

3.  Th e activitie s o f  th e robo t  ar m ar e situated ,  becaus e o f 
th e tigh t  couplin g agen t  (ann)-environmen t  interactions . 

4.  Th e confutatio n fo r  th e contro l  o f  th e abov e 
interaction s i s  embodied ,  becaus e th e energ y spreadin g 
among th e relevan t  actio n module s (an d eve n a  threshol d 
itself )  i s  sensitivel y fine-nme d i n respons e t o th e recurren t 
re-tr y  o f  initiatin g a  singl e module' s action . 

As th e abov e argumen t  shows ,  th e language-lik e code s i n 
th e architectur e o f  Maes '  (1990 )  robo t  ar m pla y th e two-fol d 
rol e o f  action-oriente d representations ,  i n suppor t  o f  th e 
robot' s situate d an d embodie d activities .  Thi s constitute s a 
lin k betwee n situated-and-embodie d approac h an d 
traditiona l  cognitiv e science . 
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T h e Comprehensio n o f  Nove l  Noun-Nou n C o m p o u n d s : 
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In t roduct io n 

A ke y questio n fo r  languag e research ,  an d i n particula r 
conceptua l  combination ,  i s  th e dependenc e o f  in-contex t 
understandin g o n out-of-contex t  meanings .  Gerri g & 
Bortfel d (1999 )  contras t  tw o view s o f  conceptua l 
combinatio n comprehensio n i n context ,  th e interdependenc e 
and independenc e views .  Th e interdependenc e vie w state s 
tha t  out-of-contex t  meaning s influenc e th e in-contex t 
comprehensio n o f  nove l  combination s whil e th e 
independenc e vie w (adopte d b y Gerri g an d Bortfeld ) 
maintain s tha t  contex t  i s di e prevailin g facto r  an d prevent s 
th e activatio n o f  interpretation s tha t  migh t  normall y b e 
availabl e ou t  o f  context .  W e tes t  thi s hypothesi s b y 
generatin g a  se t  o f  compound s whos e interpretation s diffe r 
i n thei r  frequency  o f  productio n ou t  o f  contex t  an d the n 
varyin g th e context s i n whic h th e high-frequenc y o r  low -
frequency  interpretation s ar e embedded .  W e ca n the n 
establis h whethe r  dies e out-of-contex t  interpretation s hav e a 
bearin g o n in-contex t  processing . 

Experiment 1 
We collecte d participants '  out-of-contex t  interpretation s fo r 
nove l  noun-nou n compound s an d categorise d the m b y thei r 
frequency  o f  production .  High-frequenc y (HF )  an d lo w 
frequency  (LF )  interpretation s fo r  eac h compoun d wer e 
selecte d from  thes e frequency-scored  sets .  Fo r  example ,  fo r 
th e confoun d rhinocero s horse ,  th e H F interpretatio n wa s 
" a hors e tha t  ha s a  horn "  whil e th e L F interpretatio n wa s " a 
hors e tha t  ha s toug h skin" .  T o confir m a  differenc e betwee n 
th e H F an d L F interpretation s a  respons e tim e experimen t 
was run .  Th e differenc e betwee n hig h an d lo w frequency 
interpretation s wa s reliable ,  Fl(l ,  20 )  =  5.845 ,  p  =  0.0253 . 

Experiment 2 
We defin e 3  contex t  type s -  neutral ,  supportiv e an d 
alternative .  Supportiv e an d alternativ e context s mak e 
explici t  referenc e t o th e relatio n betwee n th e hea d an d 
modifier ,  while  th e neutra l  contex t  make s n o mentio n o f  th e 
relation .  Th e Supportiv e Contex t  i s  define d a s th e conditio n 
wher e th e paraphras e judgemen t  questio n a t  th e en d o f  th e 
stor y support s th e interpretatio n suggeste d b y th e story .  B y 
contrast ,  th e Alternativ e Contex t  i s  th e conditio n wher e th e 
paraphras e judgemen t  questio n support s a n alternativ e 
questio n t o th e stor y i.e .  i f  th e stor y support s a  H F 
mterpretatio n the n th e questio n tha t  follow s wil l  refe r  t o th e 
L F interpretation . 

I f  out-of-contex t  interpretation s d o no t  effec t  in-contex t 
processin g the n w e woul d expec t  n o differenc e betwee n th e 

HF an d L F conditions .  I f  ther e i s  a n influenc e the n a 
differenc e i n respons e tim e shoul d b e evident .  Thi s shoul d 
be cleares t  i n th e Alternativ e conditio n wher e peopl e mov e 
from  on e interpretatio n t o another .  I f  th e independenc e vie w 
hold s the n i t  shoul d tak e th e sam e amoun t  o f  tim e t o g o 
from  H F t o L F a s i t  doe s t o g o from  L F t o HF ,  sinc e thei r 
frequency  o f  productio n ou t  o f  contex t  shoul d no t  impac t  o n 
processin g time .  This ,  howeve r  wa s no t  th e case .  W e foun d 
a reliabl e differenc e betwee n th e hig h an d lo w frequency 
interpretations ,  Fl(l ,  40 )  =  12.933 ,  p  <  0.001 ,  an d als o a 
reliabl e tren d (usin g Page' s L )  showin g tha t  th e supportiv e 
contex t  wa s responde d t o mos t  quickl y followe d b y th e 
neutra l  an d the n th e alternativ e L(12 )  =  158.5 ,  p  <  0.005 . 
The difference s betwee n th e context s i s show n i n Figur e 1 . 
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Figur e 1 :  Mea n R T s fo r  H F /  L F interpretation s pe r  contex t 

Discussion 

We hav e show n her e tha t  i n certai n contex t  type s 
(alternativ e an d neutral )  out-of-contex t  interpretation s t o 
hav e a n effec t  o n in-contex t  processing .  Thi s show s tha t  on e 
aspec t  o f  out-of-contex t  interpretations ,  namel y thei r 
frequency  o f  production ,  ha s a n impac t  o n th e eas e wit h 
whic h interpretation s ar e comprehende d in-context ,  whic h 
violate s th e basi c assumptio n o f  th e independenc e view . 
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We compare d A L C O V E (Kruschke ,  1992) ,  R A S H NL 
(Kruschk e &  Johansen ,  1999) ,  SUSTAI N (Lov e &  Medin , 
1998) ,  an d th e Cortico-Hippocampa l  Mode l  ( C H M )  (Gluc k 
& Myers ,  1993 )  t o se c ho w the y accoun t  fo r  selectiv e 
attentio n i n categor y learning .  Suc h comparison s ma y 
usefull y augmen t  comparison s o f  th e models '  classificatio n 
accuracy . 

Method 

We simulate d th e result s o f  studie s o f  classificatio n 
learnin g b y Medi n an d Schaffe r  (1978 )  an d Medin ,  Altom , 
Edelso n &  Frek o (1982) .  Th e paramete r  value s use d fo r 
each mode l  wer e adjuste d t o minimiz e th e SS E i n 
reproducin g th e trainin g classificatio n response s b y huma n 
subjects . 

Attentio n allocatio n prediction s fo r  th e model s wer e 
derive d a s follows .  A L C O VE an d R A S H NL hav e explici t 
attentio n weigh t  parameters ,  whic h ar e reporte d below .  Fo r 
SUSTAIN,  th e dimension-specifi c  tunin g parameters ,  X ,  ar e 
reported .  I n th e C H M ther e ar e n o explicitl y  define d 
dimensio n attentio n parameters .  W e define d implici t 
measure s o f  a  dimension' s attentiona l  salience ,  b y summin g 
th e absolut e value s o f  weight s fi-om  al l  inpu t  node s 
associate d wit h a  give n dimensio n t o th e hidde n nod e laye r 
i n th e hippocampa l  ne t  componen t  o f  th e C H M.  T o enhanc e 
comparabilit y  amon g th e models ,  w e compute d an d repor t 
relativ e attentio n weight s fo r  al l  th e models . 

Summary of Results 

For  Experimen t  2  o f  Medi n an d Schaffe r  (1978) ,  al l  th e 
model s fit  th e trainin g se t  classificatio n probabilitie s 
roughl y equall y well ,  bu t  R A S H NL an d SUSTAI N wer e 
somewhat  mor e accurat e i n predictin g classificatio n 
response s fo r  th e transfe r  stimuli .  I n thi s stimulu s structur e 
Dimension s I  an d 3  ar e highl y predictiv e o f  th e binar y 
classificatio n task ,  an d Dimensio n 4  i s moderatel y 
predictive .  Somewhat  surprisingly ,  A L C O V E,  R A S H N L, 
and th e C H M gav e a s muc h o r  mor e attentio n weigh t  t o 
Dimensio n 4  a s t o th e mor e diagnosti c dimensions . 

For Experiment 4 of Medin, Altom, Edelson & Freko 
(1982) ,  R A S H NL an d th e C H M fit  th e trainin g se t 
classificatio n probabilitie s best ,  bu t  R A S H NL wa s th e bes t 
and th e C H M wors t  i n predictin g th e transfe r  classifications . 
I n thi s stimulu s structure ,  Dimension s 1  an d 2  ar e diagnosti c 
i n th e sens e tha t  eac h i s highl y correlate d wit h th e criterio n 
classificatio n response ,  bu t  Dimension s 3  an d 4  hav e a 

simpl e X O R patter n i n regard s t o th e criterio n classification . 
A L C O V E,  R A S H N L,  an d SUSTAI N al l  lear n t o allocat e 
more attentio n t o Dimension s 3  an d 4 ,  tha t  togethe r  defin e 
th e classificatio n i n term s o f  a  simpl e X O R relationship .  I n 
contrast ,  th e C H M pay s mor e attentio n t o th e individually , 
but  merel y probabilistically ,  diagnosti c Dimension s 1  an d 2 . 

Conclusions 

The fou r  model s giv e differen t  prediction s abou t  attentio n 
weight s fo r  som e stimulu s structures .  Examinin g an d 
comparin g thes e prediction s ma y she d ligh t  o n ho w th e 
model s learn .  A  promisin g lin e fo r  futur e researc h i s t o 
gathe r  direc t  dat a o n ho w human s allocat e attentio n i n 
categor y learnin g (Matsuka ,  2002) . 
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Introductio n 

Animatio n command s ou r  attention ,  i t  entertain s us ,  bu t 
does i t  instruc t  us ? Recen t  studie s hav e show n animatio n i s 
no mor e effectiv e i n instructio n tha n comparabl e tex t  o r 
stati c graphic s (fo r  a  review ,  se e Tversky ,  Morrison ,  & 
Betrancourt ,  i n press) .  Thi s i s particularl y surprisin g 
becaus e thes e studie s ofte n focu s o n teachin g th e kin d o f 
informatio n dia t  ough t  t o b e animation' s strength ,  namely , 
chang e i n time . 

Despit e th e researc h t o th e contrary ,  th e perceptio n o f 
animatio n i s tha t  i t  i s  a n effectiv e mean s o f  presentin g 
information ,  specifically ,  mformatio n regardin g movement . 
W hy d o thes e perception s o f  animatio n diffe r  from  wha t 
researc h tell s u s o f  it s  effectiveness ? Th e presen t  researc h 
shows tha t  th e goal s on e ha s whe n evaluatin g differen t 
instructiona l  medi a affec t  thos e evaliutions ,  suc h tha t  whe n 
we mus t  lear n from  animatio n w e judg e effectivenes s b y ou r 
perceptio n o f  wha t  w e hav e learned ,  wherea s whe n w e ar e 
sinq)l y evaluatin g animatio n w e judg e o n aesthetics . 

Media Comparisons 

Method 

Participant s reviewe d thre e learnin g interfaces ,  text ,  tex t 
plu s stati c graphics ,  an d tex t  plu s animate d graphics ,  eac h 
displayin g rule s o f  movemen t  throug h a n environment . 
Thirty-on e participant s wer e unde r  instruction s t o imagin e 
the y woul d b e subsequentl y teste d o n th e informatio n (N o 
Learnin g group) ,  whil e 5 5 wer e t o b e teste d (Learnin g 
group) .  Followin g th e entir e revie w process ,  participant s 
rate d eac h inter&c e o n thre e criteri a usin g a  1- 7 scale :  ho w 
effectiv e the y though t  th e interfac e woul d be/wa s i n helpin g 
the m lear n th e material ,  ho w confiden t  the y woul d be/wer e 
abou t  subsequen t  test s o f  th e material ,  an d ho w enjoyabl e i t 
woul d be/wa s learnin g from  th e interface . 

Results 

For  eac h ratin g criteria ,  effectiveness ,  confidence ,  an d 
enjoyment ,  thos e i n th e N o Learnin g grou p rate d th e 
interfec e wit h animate d graphic s th e highest ,  followe d b y 
th e rating s fo r  th e stati c graphic s interfac e an d th e tex t 
interfac e (Effectiveness :  F(2,70)=16.1 ,  p<.01 ,  Confidence : 
F(2,70)=15.5 ,  p<.01 ,  Enjoyment :  F(2,70) = 21.6 ,  p<.01) . 
Al l  paired-sampl e t-test s showin g th e difference s 
betwee n th e thre e interfac e type s wer e significan t  a t  th e 
p<.00 1 leve l  (se e Figur e 1) . 

Participant s i n th e Learnin g grou p showe d a  differen t 
patter n o f  result s i n whic h th e rating s i n th e graphic s 
condition s wer e indistinguishable .  Despit e ther e bein g 
overal l  difference s fo r  eac h ratin g acros s th e thre e medi a 
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Effectivenes s Confidenc e Enjoymen t 

Figur e 1 :  N o Learnin g grou p rating s fo r  effectiveness , 
confidence ,  an d enjoyment . 

(Effectiveness:  F(3,51)=15.1, p<.01. Confidence: F(3,51)= 
4.0 ,  p<.05 .  Enjoyment :  F(3,51) = 3.2 ,  p<.05) ,  di e onl y t -
tes t  t o reac h significanc e wa s fo r  th e effectivenes s ratin g 
comparin g tex t  an d animate d graphic s (se e Figur e 2) . 

DText 
•  Tex t  Phi s Stati c Graphic s 
•  Tex t  Phi s Animate d Graphic s 

Effectivenes s Confidenc e Enjoymen t 

Figure 2: Learning group ratings for effectiveness, 
confidence ,  an d enjoyment . 

Subsequent analyses showed that the pattern of ratings for 
th e Learnin g grou p mirrore d actua l  performance .  I n othe r 
words ,  participant s base d thei r  rating s o n accurat e 
judgment s o f  learning ,  rathe r  tha n o n aestheti c element s o f 
th e interface . 

Discussion 

Judgment s o f  differen t  instructiona l  media ,  i n term s o f  thei r 
effectiveness ,  abilit y  t o inspir e confidence ,  an d enjoyability , 
differe d base d o n th e learner' s goals .  Th e attractivenes s o f 
animation ,  and ,  secondly ,  stati c graphics ,  influence d 
judgment s o f  thos e wh o wer e no t  require d t o lea m th e 
information .  Thos e wh o wer e require d t o lea m mad e 
judgment s tha t  supercede d th e superficia l  aspect s o f  th e 
interfac e an d focuse d instea d o n accurat e perception s o f 
what  ha d bee n learned . 
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A-Desig n 

A-Desig n i s a  multi-agen t  computationa l  syste m tha t 
automate s th e conceptua l  desig n proces s an d i s  currentl y 
capabl e o f  solvin g severa l  electromechanica l  desig n 
problem s (Campbell ,  Cagan ,  &  Kotovsky ,  1999) .  A-Desig n 
take s inpu t  an d outpu t  constraint s fo r  a  desire d 
electromechanica l  devic e an d produce s a n arra y o f 
conceptua l  design s tha t  satisf y th e proble m constraints . 

I n orde r  t o solv e a  desig n problem ,  th e syste m initiall y 
generate s a  populatio n o f  candidat e designs .  Thes e 
candidate s ar e the n evaluate d alon g multipl e dimensions , 
and al l  bu t  th e bes t  candidate s ar e eliminate d befor e anothe r 
iteratio n o f  desig n generatio n begins .  I n eac h iteratio n o f  th e 
desig n process ,  th e bes t  design s from  th e previou s iteratio n 
ar e modifie d an d a  numbe r  o f  ne w design s ar e als o 
generated .  Thi s iterativ e desig n proces s i s  simila r  t o th e 
iterativ e desig n proces s employe d b y engineer s solvin g 
desig n problem s (Smit h &  Tjandra ,  1998) . 

Whil e A-Design' s developmen t  wa s guide d b y som e 
aspect s o f  huma n cognition ,  i t  i s no t  intende d a s a  cognitiv e 
model  o f  th e desig n process .  However ,  i t  doe s provid e a 
poin t  o f  departur e fo r  a n investigatio n o f  th e cognitiv e 
processe s occurrin g i n th e fiel d o f  engineerin g design .  A s a n 
initia l  ste p i n thi s investigation ,  modification s wer e mad e t o 
A-Desig n i n orde r  t o allo w i t  t o lear n desig n knowledg e 
durin g proble m solving .  A-Desig n wa s the n teste d t o se e i f 
thi s learne d knowledg e coul d transfe r  t o ne w desig n 
problems . 

Learning from Design Experience 

A-Desig n ah-ead y ha d th e abilit y  t o examin e a  grou p o f 
design s an d extrac t  conuno n subset s o f  electromechanica l 
component s tha t  appea r  i n ever y desig n o f  th e grou p 
(Campbell ,  2001) .  A  se t  o f  interconnecte d component s tha t 
appear s i n multipl e design s wil l  b e referre d t o a s a  c o m m o n 
subsyste m o f  thos e designs .  I n thi s research ,  A-Desig n wa s 
sai d t o hav e complete d a  desig n proble m afte r  i t  ha d ru n fo r 
a specifie d numbe r  o f  desig n iteration s o n tha t  problem . 
Usefu l  desig n knowledg e wa s extracte d afle r  a  proble m ha d 
bee n solve d b y examinin g th e bes t  si x design s produce d i n 
th e fina l  desig n iteration .  C o m m on subsystem s wer e 
extracte d from  thes e designs ,  an d thes e subsystem s wer e 
adde d int o a  permanen t  memor y store .  Subsystem s wer e 
indexe d i n thi s memor y b y th e inpu t  an d outpu t  constraint s 
of  th e subsystem .  A-Desig n coul d the n ad d thes e 

subsystem s t o design s tha t  i t  generate d w4iil e solvin g ne w 
desig n problems . 

The declarativ e memor y componen t  o f  A C T - R (Anderso n 
& Lebiere ,  1998 )  wa s utilize d t o stor e thes e subsystems . 
The A C T - R mode l  o f  memor y provide s th e capabilit y  t o 
retriev e a  chun k base d o n informatio n i n an y o f  it s  slots , 
whic h give s A-Desig n th e capabilit y  o f  retrievin g a 
subsyste m base d o n onl y a  subse t  o f  th e informatio n 
containe d i n th e inpu t  an d outpu t  constraint s o f  th e 
subsystem .  Th e A C T - R syste m m a y als o provid e th e basi s 
fo r  a n expande d versio n o f  A-Desig n whic h wil l  attemp t  t o 
captur e som e o f  th e cognitiv e processe s underlyin g design . 

Results 

A-Desig n wa s teste d o n a  numbe r  o f  desig n problem s t o se e 
i f  knowledg e learne d i n on e proble m coul d b e transferre d 
successfull y bot h withi n an d acros s problems .  Result s 
indicat e tha t  A-Desig n applie s learne d knowledg e ver y 
successfull y  i n th e sam e desig n proble m wher e th e 
knowledg e wa s learned ,  howeve r  ther e i s ver y littl e 
successfu l  knowledg e transfe r  acros s problems .  Thi s lac k o f 
transfe r  highlight s som e aspect s o f  representatio n an d 
knowledg e transfe r  tha t  A-Desig n doe s no t  hav e bu t  whic h 
human designer s obviousl y do . 
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Stefaoi Nellen (Stefani.NeUen@urz.uni-heidelberg.de) 

Joachi m Funk e (Joachiin.Funke@psychologie.uni-heidelberg.de ) 
Departmen t  o f  Psychology ,  Universit y o f  Heidelber g 

Hauptstr .  47-51 ,  6911 7 Heidelberg ,  German y 

R e s e a r c h Object ive :  C o n n e c t i n g t w o strategie s 

We investigate d ho w huma n participant s wor k wit h th e 
interactiv e Plan-A-Da y ( P A D )  tas k (Funk e &  Kriigcr , 
1993) ,  whic h implement s th e tas k o f  schedulin g numerou s 
appointment s durin g a  fictitiou s day .  W e postulat e tha t  tw o 
strategie s wor k togethe r  t o enhanc e schedulin g performance . 
The firs t  strategy ,  remindfu l  o f  instanc e base d learnin g (c f 
Logan ,  1988 )  i s t o explor e th e feasibilit y  o f  specifi c  partia l 
schedule s b y enterin g the m int o th e P A D Interface .  Th e 
secon d strategy ,  remindfu l  o f  forwar d checkin g fo r 
Constrain t  Satisfactio n Searc h (e.g .  Russel l  &  Norvig , 
1995) ,  check s i n advanc e whethe r  meetin g a n appointmen t 
woul d rende r  anothe r  appointmen t  impossible .  I n orde r  t o 
'"verify "  th e result s o f  forwar d checking ,  a  certai n amoun t  o f 
exploratio n i s necessary ,  an d i n orde r  t o restrai n exploration , 
forwar d checkin g i s necessary .  W e conducte d a  stud y t o 
determin e whic h pattern s o f  exploratio n ar e presen t  i n 
hiuna n schedulin g an d t o validat e ou r  assumptio n tha t 
forwar d checkin g increase s betwee n tw o differen t  P A D 
tasks . 

Empirical results 

Th e result s reporte d i n thi s sectio n wer e obtaine d b y 
presentin g 4 3 studen t  participant s wit h tw o differen t  P A D 
task s ( P A D 4  an d P A D 5 ;  a  mor e detaile d accoun t  o f  th e 
analyti c procedur e ca n b e foun d i n Nellen ,  2002) . 

Patterns of Exploration 

The numbe r  o f  time s participant s modif y thei r  schedule s 
durin g a  P A D sessio n i s  positivel y correlate d wit h th e 
number  o f  complet e restart s ("R" ;  abandonin g a  schedul e 
completel y an d placin g anothe r  appointmen t  a t  th e start) ,  th e 
number  o f  differen t  appointment s place d a t  th e star t  o f  a 
schedul e ("Dif'.) ,  an d negativel y wit h th e mea n lengt h 
("ML" )  o f  th e trie d schedules .  Thi s patter n i s consisten t 
wit h exploratio n aime d a t  collectin g a  wid e variet y o f 
experiences . 

Table 1: Correlations between the number of schedule 
modification s an d othe r  proces s measure s (explaine d i n th e 

text) .  Asterisk s indicat e significanc e a t  th e leve l  o f  p<.0 1 
accordin g t o Fisher' s Z  tes t  fo r  correlations . 

(N=43 ) # o f  modification s 
PAD 4 

# o f  Modification s 
PADS 

Increas e i n forwar d checkin g 

The amoun t  o f  forwar d checkin g i n th e dat a wa s assesse d b y 
computin g th e percentag e o f  "deliberate "  modification s tha t 
ar e performe d befor e participant s ar e to o lat e a t  a n 
appointment ,  relativ e t o th e tota l  numbe r  o f  modifications . 
Tabl e 2  show s th e considerabl e increas e o f  forwar d 
checkin g betwee n th e tw o P A D tasks . 

Table 2: Increase of the percentage of deliberate 
modification s (forwar d checking )  betwee n th e tw o P A D 

tasks . 

Deliberat e modification s 

averag e 
media n 
mode 

PAD 4  PA D 5 
41.7 % 59.6 % 
44. 0 % 58. 0 % 
0.0 % 100 % 

R 
Di f 
ML 

-.57** * 
.74** * 
.61** * 

-.46 1 •* • 
.665** * 
.556** * 

Conc lus io n 

Participant s consistentl y explor e th e feasibilit y  o f  partia l 
schedules .  However ,  the y als o acquir e th e skil l  o f  forwar d 
checkin g betwee n tw o P A D tasks ,  resultin g i n a n enhance d 
qualit y o f  th e exploration ,  whic h no w yield s fewe r  dea d 
ends .  Th e quic k an d considerabl e increas e o f  forwar d 
checkin g suggest s a  mechanis m o f  skil l  acquisitio n a s 
productio n compositio n a s define d b y Anderso n (1987) ; 
whil e th e continuou s presenc e o f  exploratio n implie s tha t 
th e importanc e o f  specifi c  experience s throughou t  th e 
schedulin g process . 
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C o g n i t i v e F u n c t i o n a l  P rocess in g S y s t e m :  R e a s o n i n g a b o u t  Q u a n t i t a t i v e 
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Introductio n 

How people acquire or generate rules for combining 
informatio n fo r  decision-makin g ha s lon g bee n o f  interes t 
(Norman ,  1974) .  A  cognitiv e functiona l  processin g syste m 
i s propose d whic h assesse s th e relationshi p betwee n an y tw o 
variable s i n th e environmen t  b y takin g th e partia l  derivativ e 
of  a n assume d o r  know n respons e surfac e fo r  on e variabl e 
(A )  relativ e t o anothe r  (B) .  Th e respons e surfac e i s a 
genera l  concep t  tha t  ca n includ e stochasti c an d determinis t 
function s whethe r  correlationa l  o r  causal .  Th e syste m i s 
use d t o reaso n abou t  th e compositio n an d decompositio n o f 
function s fo r  combinin g informatio n t o mak e a  singl e 
judgment .  Brunswik' s (1955 )  Len s Model ,  Norma n 
Anderson' s (1981) ,  Informatio n Integratio n Theory ,  an d 
Kennet h Hammond' s (1975 )  Socia l  Judgmen t  Theor y ar e 
instance s o f  suc h functions .  I n thi s system ,  decisio n maker s 
stor e gradien t  function s i n a  matri x a s show n i n Tabl e 1 . 

Tabl e 1 :  Gradien t  Functions . 

A 

B 

i  c 

A 

~ 

f (BA ) 

f(C.A ) 

B 

f(A,B ) 

~ 

f(C,B ) 

C 

f(A,C ) 

f(C,A ) 

-

f(A,B )  =  +  whe n increase s i n B  lea d t o increase s i n A . 
f(A,B )  =  0  whe n change s i n B  d o no t  affec t  change s i n A . 
f(A,B )  =  -  whe n increase s i n B  lea d t o decrease s i n A . 

When called upon to make subsequent judgments, decision 
maker s generat e compositio n rule s fro m thes e gradients . 

An experiment in which participants used a dynamic map 
quer y syste m t o acces s informatio n abou t  geographi c 
region s wa s use d t o investigat e relationship s learne d an d 
inferre d betwee n variables . 

Experiment 

Thirt y undergraduate s participate d i n a n experimen t  i n 
whic h the y wer e aske d t o fin d state s tha t  satisfie d one ,  two , 
and thre e variabl e rang e querie s usin g a  dynami c m a p quer y 
syste m (Dang ,  North ,  &  Shneiderman ,  2001) .  The y 
adjuste d slider s whic h continuousl y showe d th e dynami c se t 
of  state s tha t  me t  th e searc h criteria . 

i*ii « 

Figur e 1 :  Dynami c Quer y Interface . 

The results showed that participants were able to code the 
existenc e an d directio n o f  th e gradient s betwee n th e 
criterio n variables ;  tha t  is ,  the y wer e awar e o f  th e inter -
relationship s o f  th e searc h variables .  A  follow-u p 
experimen t  wa s use d t o demonstrat e th e abilit y o f  th e 
participant s t o generat e n e w compositio n rule s give n th e 
decompose d gradient s the y ha d store d fro m th e queries . 

Conclusion 

The cognitiv e functio n processin g system s account s fo r  h o w 
peopl e ar e abl e t o generat e informatio n integratio n rule s i n 
nove l  situations .  The y re-us e previousl y store d gradient s 
fro m othe r  decisio n o r  searc h functions . 
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Introduct io n 
Th e purpos e o f  thi s stud y i s t o explor e huma n cogni -
tio n i n dynami c environment .  Usin g a  video-game , 
"Pac-man "  (Fig.l) ,  w e hav e foun d th e proces s o f  ac -
quirin g th e expertise ,  whic h include d th e pla y strat -
egy shif t  fro m a  safe r  defensiv e strateg y t o a  risk y 
offensiv e on e (Ogasawar a k  Ohno ,  1999) .  Thes e 
pla y strategie s requir e differen t  informatio n acqui -
sitio n strategies .  T o explor e th e relation s betwee n 
th e pla y an d informatio n acquisitio n strategies ,  w e 
examin e agai n th e player' s ey e movemen t  dat a i n 
Ohno k  Ogasawar a (1999) . 

Case 

"Pac-man "  i s a  gam e tha t  a  playe r  control s Pac-ma n 
t o ca t  dot s whil e escapin g from  ghost* .  I f  Pac-ma n 
eat s on e o f  fou r  extr a larg e dot s (PPs) ,  i t  become s 
"strong "  an d ca n attac k th e ghost s fo r  a  limite d 
time .  Th e kille d ghost s ar e transferre d t o th e cente r 
of  th e scree n an d re-joi n th e game .  Th e gam e end s 
i f  th e playe r  cleare d al l  dot s o n th e scree n o r  al l  Piic -
m en wer e lost .  Th e gam e wa s implemente d o n Su n 
Spar c 1 0 wit h a n ey e mar k recorder ,  N A C E M R-
N C.  On e undergraduat e studen t  participate d i n thi s 
study .  On e sessio n o f  th e tas k usuall y include d fiv e 
games.  Th e puticipan t  performe d 2 4 session s wit h 
one sessio n i n a  day . 
Result and Discussion 

The session s wer e divide d int o fou r  period s ( 6 ses -
sions/period )  i n th e followin g analysis .  Th e subjec t 
showe d th e simila r  pla y strateg y shif t  a s th e previ -
ous subjec t  (Ogasawa r  k  Ohno ,  1999 )  i n th e earl y 
period s o f  th e 8 0 sessions .  Fo r  th e ey e mar k data ,  w e 
examine d th e distanc e amon g Pac-man ,  th e ghosts , 
and th e ey e mark .  Th e resul t  showe d a  tendenc y 
tha t  th e subjec t  looke d les s aroun d th e Pac-ma n a s 
he playe d mor e games . 

Next  w e examine d th e detail s o f  th e strategie s 
and ey e movement .  On e o f  th e offensiv e strategie s 
observe d i n th e previou s stud y wa s t o mov e Pac -
m an t o th e cente r  are a afte r  th e consumptio n o f 
PP.  Thi s strateg y give s chance s t o kil l  ghost s twice : 
Pac-ma n ca n kil l  ghost s nearby ,  an d afte r  movin g 
close r  t o th e cente r  i t  ca n kil l  onc e agai n th e reap -
pearin g ghosts .  Bu t  i t  i s  risk y becaus e Pac-man' s 

"strong "  tim e migh t  b e expire d o n th e wa y t o th e 
center .  Thi s strateg y wa s als o observe d i n thi s study . 
For  example ,  fo r  P P (LR )  i n th e lowe r  righ t  corne r 
thi s typ e o f  strateg y wa s observe d mor e frequently  i n 
th e late r  sessio n (fro m th e Is t  t o th e 4t h period ,  0% , 
7.1%,  42.3% ,  25.0 % respectively) .  Th e fou r  square s 
i n Fig .  1  sho w distribution s o f  th e player' s ey e mark s 
i n Pac-man' s "strong "  tim e afte r  th e consumption  o f 
th e PP ,  fro m th e Is t  t o th e 4t h perio d respectively . 
The ey e mark s ar e mor e concentrate d aroun d th e P P 
and th e cente r  are a a s th e period s progressed .  Th e 
same tendenc y wa s observe d fo r  th e othe r  PPs . 

Ctnte r 

I .  % 

1st  perio d 

Figur e 1 :  Displa y fo r  "Pac-man "  an d distributio n o f 
eye mark s afte r  consumptio n o f  PP(LR ) 

These results indicate that the play expertise in 
thi s cas e involve s th e acquisitio n o f  th e pla y strateg y 
of  payin g les s attentio n o n Pac-ma n an d shiftin g i t 
t o th e score-gainin g bu t  risk y moves . 
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Peopl e fac e a  lo t  o f  decision s an d i t  stand s t o reaso n tha t  w e 
woul d wan t  t o expen d a s littl e cognitiv e effor t  a s possibl e 
whil e stil l  remainin g accurate .  Ger d Gigerenze r  an d hi s 
colleague s (1996 ;  1999 )  hav e contende d tha t  individual s 
hav e limite d cognitiv e capacity ,  an d ar e unabl e o r  unwillin g 
t o utiliz e comple x statistica l  method s i n decisio n making . 
Thus ,  individual s us e heuristic s i n orde r  t o approximat e 
"optimal "  strategie s mor e quickly ,  an d a t  a  muc h lowe r 
cognitiv e cost ;  henc e th e ter m "fas t  an d frugal" . 

The simples t  o f  thes e heuristic s i s  th e recognitio n 
heuristi c (RH )  (Goldstei n &  Gigerenzer ,  1999) .  Simpl y 
stated ,  R H claim s tha t  whe n makin g a  judgmen t  abou t  tw o 
items ,  a n individua l  w h o onl y recognize s on e o f  th e item s 
wil l  conside r  th e know n ite m t o hav e a  highe r  value .  Thi s 
i s a n importan t  heuristi c no t  onl y fo r  it s elegan t  simplicity , 
but  als o becaus e i t  i s th e firs t  ste p i n a  variet y o f  othe r  fas t 
and fruga l  heuristic s (Gigerenze r  &  Todd ,  1999 ) 

To tes t  whethe r  individual s actuall y us e R H ,  Goldstei n 
and Gigerenze r  (1999 )  aske d American s t o mak e populatio n 
comparison s amon g pair s o f  citie s take n from  th e 3 0 larges t 
citie s i n Germany .  Participant s wer e als o quizze d a s t o 
whic h citie s the y recognized .  Th e researcher s foun d tha t 
when a  participan t  recognize d onl y on e cit y i n a  pair ,  he/sh e 
judge d tha t  cit y a s large r  abou t  9 0 % o f  th e time . 

Goldstei n an d Gigerenze r  (1999 )  clearl y asser t  tha t  th e 
leve l  o f  recognitio n i s no t  importan t  i n usin g R H ,  "th e 
distinctio n relevan t  fo r  th e recognitio n heuristi c  i s tha t 
betwee n unrecognize d object s an d everythin g else" .  The y 
discus s th e "inconsequentialit y  o f  furthe r  knowledge "  a s a n 
essentia l  featur e t o maintai n th e frugalit y o f  th e heuristic . 

Accordingly ,  a n individua l  usin g R H shoul d judg e a 
recognize d cit y a s large r  tha n a n unknow n on e eve n i f  th e 
recognize d cit y i s know n t o b e small .  T o tes t  this ,  5 0 
participant s wer e aske d t o judg e population s o f  loca l  citie s 
tha t  wer e know n t o b e small ,  a s compare d t o made-u p citie s 
(which ,  b y virtu e o f  bein g fictional ,  wer e unrecognizable) . 

Acros s al l  cities ,  onl y 3 7 % o f  response s wer e consisten t 
wit h R H .  Thus ,  participant s wer e significantl y mor e likel y 
t o b e inconsisten t  wit h R H tha n chanc e (-5- 2 =  4.25 ,  d f  =  1 ,  p 
< .05) .  Result s b y cit y ar e summarize d i n tabl e I . 

Tabl e 1 

Cit y 
Cupertin o 
Sausilit o 

Foste r  Cit y 
Tota l 

% 

;  Result s c 

usin g R H 
.3 0 
.2 0 
.4 6 
.3 7 

i f  Experimen t  1 . 

Cit y 
Milpita s 
Berkele y 
Freemon t 

% usin g R H 
.3 3 
.3 5 
.5 3 . 

i n attribution s o f  menta l  states .  Individual s m a y recogniz e a 
city ,  an d attemp t  t o determin e wh y i t  i s  tha t  the y d o so .  O n e 
reaso n fo r  recognitio n migh t  b e siz e (larg e citie s ar e mor e 
likel y t o b e wel l  known) .  However ,  whe n ther e i s a n 
alternat e reaso n fo r  recognitio n -  i n thi s cas e proximit y -
individual s m a y attribut e thei r  menta l  stat e t o th e 
alternative .  Tha t  is ,  whe n ther e ar e reason s othe r  tha n siz e 
tha t  on e migh t  recogniz e a  city ,  a n individua l  m a y b e les s 
likel y t o us e recognitio n a s a  cu e tha t  th e cit y  i s large . 

To tes t  this ,  17 2 participant s wer e aske d t o mak e 
populatio n estimate s o n citie s whic h wer e famou s fo r 
virtue s othe r  tha n thei r  size s (e.g .  nuclea r  accident ,  feature d 
i n literature ,  etc. )  a s compare d wit h made-u p cities . 

Slightl y ove r  4 0 % o f  Ui e trial s wer e consisten t  wit h R H . 
Subject s wer e significantl y mor e likel y t o b e inconsisten t 
w i thRHt h 
ar e summarize d i n tabl e 2 : 

Table 2: Results of Experiment 2. 

Cit y % usin g R H Cit y % usin g R H 
Lo s Alamo s 
Cherynobl e 
Nantucke t 

.3 8 

.2 9 

.3 6 

N e w Have n 
Timbukt u 

Tota l 

.5 2 

.4 0 

.4 0 

One explanatio n fo r  th e discrepanc y betwee n thes e result s 
and thos e o f  Gigerenze r  &  Goldstei n (1999) ,  migh t  b e foun d 

Thi s dat a suggest s tha t  althoug h individual s d o us e 
recognitio n a s a  cu e fo r  siz e estimations ,  the y d o s o i n a 
mor e complicate d manne r  tha n conjecture d b y Goldstei n & 
Gigerenze r  (1999) .  Individual s appea r  t o mak e attribution s 
abou t  thei r  menta l  stat e o f  recognition ,  an d perfor m som e 
kin d o f  Bayesia n discoimtin g base d upo n tha t  attribution . 
Whil e i t  i s beyon d th e scop e o f  thi s abstrac t  t o discus s th e 
mechanis m thoroughly ,  i t  i s  clea r  tha t  R H m a y no t  b e a s fas t 
or  fruga l  a s i t  wa s originall y postulated . 
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The importan t  distinctio n betwee n implici t  an d explici t 
memory test s i s base d o n intentiona l  effor t  an d consciou s 
recollectio n experienc e durin g retrieva l  proces s (Schacter , 
1987) ,  whic h hav e bee n suggeste d t o b e associate d wit h 
increase d activit y  i n prefronta l  an d media l  tempora l  regions , 
respectivel y (Schacte r  &  Buckner ,  1998) .  Th e presen t  stud y 
investigate d brai n area s activate d durin g task s involvin g 
implici t  an d explici t  memor y retrieval ,  an d examine d neura l 
correlate s o f  consciou s recollectio n an d intentiona l  effor t 
durin g memor y retrieval . 

Methods 

Whole-brain fimctional MRI was used to examine 8 
subject s durin g retrieva l  i n a  block-designe d fMR I 
experimen t  (Fig .  1) .  T w o incidenta l  stud y condition s wer e 
manipulated :  Semanti c an d perceptua l  wor d encodin g 
conditions .  Thi s manipulatio n o f  leve l  o f  processin g (LoP ) 
was expecte d t o yiel d tw o retrieva l  condition s tha t  differe d 
wit h regar d t o intentiona l  retrieva l  effor t  an d successfu l 
consciou s recollection :  Semanti c encodin g yieldin g lo w 
leve l  o f  retrieva l  effor t  wit h hig h leve l  o f  retrieva l  succes s 
and perceptua l  encodin g yieldin g hig h leve l  o f  effor t  wit h 
lo w leve l  o f  re&ieva l  success .  Afte r  studying ,  wor d 
fragment  completio n ( W F C )  tas k wa s presente d an d the n 
cue d recal l  (CR )  tas k wa s presente d wit h wcM- d fragment 
cues . 

PER SEM PER SEM 

+ -I -

30S 30 S 30 S 30 S 30 S 30 S 30 S 30 S 30 S 

UNS PER SEM UNS PER SEM 

-I-

30S 30 S 30 S 30 S 30 S 30 S 30 S 30 S 30 S 

Fig. I. A schematic ilhistration of stody (above) and 
retrieva l  (bek)w )  paradigm .  Critica l  stud y block s (Semanti c 
Encodin g an d Perceptua l  Encoding )  wer e 30- s lon g 
sq>arate d b y 30- s block s o f  fixatio n (+) .  Critica l  retrieva l 
block s (Unstudied ,  Perceptuall y studied ,  Semanticall y 
studied )  wer e als o 30- s lon g separate d b y 30- s block s o f 
fixation  i n eac h o f  W F C an d C R tasks . 

Result s 

During explicit retrieval (CR) of the semantically encoded 
words ,  right  inferio r  fronta l  region s (Brodma n Area s 45 , 
47 )  wer e activate d bu t  right  anterio r  frontal  region s (B A 10 ) 
wer e deactivated .  Thes e result s sugges t  differen t  role s o f 
differen t  prefronta l  region s durin g explici t  (episodic ) 
memory retrieval :  B A 45/4 7 involve d i n consciou s 
recollectio n an d B A 1 0 i n intentiona l  effor t  (Mcintos h e t  al. , 
1997) .  Also ,  parahippocampa l  gym s wa s activate d durin g 
exphci t  retrieva l  o f  th e semanticall y encode d words ,  an d 
dii s resul t  support s th e ide a tha t  media l  tempora l  lob e i s a 
neura l  c<MTelat e o f  consciou s retrieva l  success . 

Durin g implici t  retrieva l  ( W F C ) ,  occipita l  lob e (B A 17 , 
18 includin g fusifor m gyrus )  showe d reduce d activatio n 
when wor d fragments  wer e primed ,  an d thi s resul t  siq>port s 
th e vie w tha t  posterio r  area s ar e neura l  correlate s o f 
perceptua l  priming .  Unexpectedly ,  righ t  parahippocampa l 
gyru s showe d increase d activatio n durin g implici t  retrieva l 
of  th e semanticall y encode d words .  Thi s resul t  suggest s tha t 
Lo P effect s whic h wer e ofte n observe d i n studie s o f  imphci t 
memory retrieva l  coul d b e th e resul t  o f  invohintar y 
recollectio n (explici t  contamination) . 
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The mechanism s underlyin g th e effect s o f  practic e o n 
menta l  rotatio n ar e stil l  incompletel y understood . 
Explanation s tha t  ma y appl y includ e improve d rotatio n 
processe s (Wallac e &  Hofelich ,  1992 )  an d th e learnin g o f 
figure  exemplar s (Tar r  &  Pinker ,  1989) .  On e compariso n o f 
thes e tw o theorie s supporte d a n exempla r  explanation :  Heil , 
Roesler ,  Lin k an d Bajri c (1998 )  looke d fo r  transfe r  o f 
menta l  rotatio n performanc e i n thre e condition s wher e 3- D 
bloc k figure  stimul i  pair s wer e eithe r  identica l  t o practice d 
pairs ,  th e sam e object s aroun d mixe d ol d an d ne w axes ,  o r 
ne w object s aroun d mixe d axes .  The y foun d tha t  menta l 
rotatio n skil l  onl y transferre d t o th e identica l  condition . 

I n contras t  t o this ,  i n a n experimen t  tha t  include d les s 
practic e an d a  transfe r  conditio n i n whic h onl y th e figure 
view s wer e different ,  w e foun d transfe r  o f  rotatio n 
performance . 

Ther e wer e tw o part s t o th e experiment .  Participant s 
traine d fo r  five  block s o f  3 2 trial s each ,  followin g whic h 
the y teste d i n on e mixe d bloc k fo r  12 8 trials .  Th e fou r 
stimul i  figures  wer e identica l  t o Shepar d an d Metzle r  (1971 ) 
and presente d i n pair s a t  fou r  angula r  disparities :  0° ,  40° , 
80° ,  o r  120° .  Presentatio n wa s randomize d an d one-hal f  o f 
th e trial s wer e unanalyze d mirror-imag e foils . 

Of  th e 12 8 tes t  trials ,  3 2 wer e identica l  t o training ,  3 2 
involve d th e sam e axi s o f  rotatio n bu t  substantiall y  ne w 
view s o n th e sam e stimul i  (a t  leas t  a  9 0 degre e obliqu e 
rotation) ,  3 2 involve d th e sam e vie w o n th e stimul i  bu t  a n 
orthogona l  axi s o f  rotatio n (i n thi s cas e th e stimul i  fro m th e 
same/  sam e conditio n wer e simpl y presente d rotate d 90 ° 
aroun d th e Z) ,  an d 3 2 involve d bot h a n orthogona l  axi s o f 
rotatio n an d ne w view s o n th e stimuli .  Thi s desig n allowe d 
fo r  a  tw o b y tw o (sam e v s differen t  figures,  sam e versu s 
differen t  axes )  within-subject s comparison .  Fou r  between -
subject s condition s o f  th e experimen t  wer e ru n t o 
counterbalanc e fo r  possibl e effect s o f  th e stimul i  se t  o r  th e 
traine d axi s o f  rotation .  Result s fo r  thes e counterbalance d 
condition s wer e no t  significantl y differen t  an d wer e 
aggregated .  4 7 undergraduate s participate d o f  whic h 9  wer e 
discarde d fo r  failin g t o mee t  criterio n performance . 

Averag e millisecon d pe r  degre e rotatio n speed s fo r  eac h 
of  th e trainin g block s wer e calculate d base d o n th e 
assumptio n o f  a  linea r  relationshi p o f  rotatio n latenc y an d 
angula r  disparity .  Ther e wer e significan t  indication s o f 
learnin g indicatin g tha t  participan t  RS' s improve d ove r 
training .  I n transfe r  participant s showe d a  significan t 
advantag e t o rotatio n aroun d th e sam e axi s a s trainin g tha t 
di d no t  depen d o n whethe r  th e figure  view s wer e th e sam e 
or  new .  Mea n time s t o judg e 0 °  rotatio n pair s (intercep t 
times )  wer e significantl y faste r  i n th e same-sam e conditio n 
tha n i n an y o f  th e othe r  conditions .  Se e Tabl e 1 . 

Tabl e 1 :  Dat a Sununar y 

Mean R S (ms/° ) 

0°(nis ) 

40°  (ms ) 

80°  (ms ) 

120°  (ms ) 

Trai n 
Blk .  1 

18. 8 

1830. 5 

2800. 5 

3314. 3 

4164. 7 

Same/ 
Same 

15. 2 

1134. 9 

1845. 6 

2381. 1 

2984. 9 

Same/ 
Orth . 

16. 3 

1345. 3 

2242. 7 

2949. 4 

3280. 8 

New/ 
Same 

13. 3 

1350. 4 

2255. 9 

2861. 3 

2922. 8 

New/ 
Orth . 

17. 2 

1327. 7 

2345. 4 

2972. 4 

3410. 6 

Unlik e th e Heil ,  e t  al .  (1998 )  study ,  ou r  result s sugges t 
tha t  transfe r  o f  rotatio n skil l  involvin g rotatio n aroun d a 
particula r  axi s ca n occu r  t o ne w stimul i  views .  Whil e w e d o 
not  clai m t o refut e Hei l  e t  al .  (1998) ,  i t  doe s see m tha t  non -
stimulus-specifi c  transfe r  ca n occur .  O n th e othe r  han d th e 
specia l  advantag e fo r  0 °  rotatio n pair s tha t  wer e repeate d 
fro m trainin g doe s sugges t  tha t  ther e i s als o a  stimulus -
specifi c  componen t  t o th e learning .  Th e fac t  tha t  th e ne w 
view/sam e axi s transfe r  conditio n showe d transfe r  o f  RS , 
yet  showe d n o benefi t  i n th e 0 °  disparit y (identit y 
recognition )  trial s suggest s tha t  ou r  ne w vie w stimul i 
conditio n wa s significanti y uniqu e an d transfe r  o f  rotatio n 
skil l  t o thes e ne w view s depende d o n genera l  rotatio n 
learnin g independen t  o f  an y exempla r  vie w strengthening . 
As reveale d b y th e dat a an d a  subsequenti y formulate d 
A C T - R model ,  ther e i s a  comple x variet y o f  learnin g tha t  i s 
takin g plac e i n th e first  20 0 trial s o f  a  menta l  rotatio n 
experiment . 
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What  d o yo u understan d fo r  X ? 
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mesp»i(q)uff.b r 

Thi s stud y approache d th e languag e an d th e though t  unde r  th e cognitiv e perspective .  W e 

investigate d th e interaction ,  dependence ,  o r  independenc e o f  thes e cognitiv e processes , 

bu t  abov e al l  J .  Fodor' s inatis t  presuppositio n o f  a  "languag e o f  th e thought. "  S u c h 

presuppositio n transcend s th e specifi c  subjec t  o f  th e languag e an d o f  th e thought .  F o d o r 

(1975 )  affirm s tha t  i t  w o u l d exis t  i n th e h u m a n brai n a  structur e tha t  w o u l d tak e u s t o 

develo p a  forma l  syste m o f  linguisti c registration s tha t  wou l d incorporat e al l  o f  th e 

imiversa l  propertie s o f  th e language .  Thi s " language "  wou l d b e th e communica t io n 

be twee n th e menta l  state s an d th e structure s o f  th e thought .  Therefore ,  i t  w o u l d allo w u s 

t o d o hypothese s regardin g th e know ledg e tha t  w e w a n t  t o acquire ,  and ,  still ,  t o classify , 

an d t o classif y it .  Thi s w a y ,  w e elaborate d a n experimenta l  situatio n i n wh ic h w e s h o w e d 

tha t  childre n from  6  t o 7  year s (i n th e firs t  schoo l  stage) ,  ar e no t  capabl e t o acquir e rea l 

n e w concept s no t  belongin g t o th e immediat e univers e o f  knowledge .  I n genera l  terms , 

ou r  result s poin t  tha t  afte r  th e contextualizatio n i s notabl e th e inde x o f  understandin g o f 

th e n e w concep t  fo r  th e children .  A l thoug h thi s concep t  i s  distan t  o f  thei r  cognitiv e 

universe ,  i t  i s  significan t  fo r  them ,  becaus e the y ar e par t  o f  rea l  event s o f  thei r  lives . 

Partly ,  w e corroborate d th e theor y o f  Fodo r  tha t  w e acquire d n e w concept s startin g from 

th e formulatio n o f  hypotheses .  H o w e v e r ,  unlik e Fodo r  tiiat  affirm s tha t  th e innat e menta l 

structure s ar e responsibl e fo r  th e acquisitio n o f  n e w concepts ,  Jea n Piage t  sustain s tha t 

suc h concept s ar e acquire d throug h th e individual' s interactio n wit h th e middl e i n tha t  h e 

i s a lway s no t  havin g an y innat e determinant .  I n thi s case ,  th e categorizatio n o f  n e w 

concept s involve d a  menta l  representatio n purel y abstract ,  a s foresa w Fodor ,  however , 

sustainin g bond s cultural ,  historica l  an d socia l  i n th e understandin g an d apprehensio n o f 

th e n e w concepts ,  a s announce d Piaget .  W e believe d tha t  th e result s demonstrat e tha t  th e 

contextualizatio n o f  th e n e w concep t  i n th e children' s cognitiv e univers e i s th e firs t  ste p 

fo r  a  significan t  learning . 
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Menta l  representatio n i n mathematica l  proble m resolutio n 
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I n thi s pape r  w e investigat e mental-representatio n strategie s applie d t o solv e contextua l 

problem s tha t  involv e mathematica l  calculus .  W e ar e intereste d i n forma l  procedures , 

algorithms ,  an d strategie s tha t  coul d b e use d b y thre e group s o f  peoples :  wit h specifi c 

mathematica l  knowledg e (th e exper t  group) ;  withou t  thi s knowledg e {th e contro l  group) ; 

an d withou t  thi s specifi c  knowledg e bu t  acquainte d wit h th e designe d proble m contex t 

(th e familia r  group) . 

Our investigation demonstrates that the reasoning developments of these three groups are 

quit e differen t  from  on e another :  i n th e exper t  grou p th e reasonin g i s  onl y base d o n 

algorithmi c operations ;  i n th e contro l  grou p th e reasonin g combine s algorith m wit h othe r 

mathematica l  strategies ;  an d th e familia r  grou p use s a  m o r e intuitiv e reasoning ,  probabl y 

influence d b y thei r  familiarit y wit h th e proble m contex t  an d b y thei r  specia l  menta l 

strategies . 

In this research we aim to come through with Cognitive Science studies on the nature of 

h u m an knowledge .  Mathematica l  proble m resolution s i n genera l  an d arithmeti c calculu s 

i n particula r  ar e ver y interestin g tool s t o recogniz e th e differenc e betwee n exper t  an d 

novic e knowledg e an d reasoning . 
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T h e P r o b l e m o f  Mult ipl e Text s 

With the expansion of the World Wide Web and other 
electroni c informatio n sources ,  i t  i s  becomin g increasingl y 
importan t  fo r  learner s t o activel y allocat e thei r  tim e amon g 
text s i n orde r  t o maximiz e thei r  learning .  Findin g relevan t 
text s i s n o longe r  th e mai n problem ;  rathe r  th e proble m i s 
one o f  adaptiv e tim e allocatio n amon g multipl e relevan t 
texts .  Wha t  constitute s a  goo d tex t  i s  dependen t  on ,  amon g 
othe r  things ,  th e individual' s backgroun d knowledge ,  sinc e 
comprehensio n require s textua l  informatio n t o b e integrate d 
wit h thi s knowledg e s o a s t o construc t  a  situatio n model .  I f 
ther e i s to o muc h overla p betwee n th e tex t  an d th e reader' s 
backgroun d knowledge ,  the n th e tex t  afford s littl e 
opportunit y fo r  learning ,  bu t  i f  ther e i s to o littl e overla p the n 
th e tex t  woul d b e incomprehensible .  Goo d text s fo r 
learnin g therefor e fal l  i n th e middl e groun d tha t  Wolfe , 
Schreiner ,  Rehder ,  Laham ,  Folz ,  Kintsc h &  Landaue r 
(1998 )  cal l  th e zon e o f  leamability . 

Thus ,  a t  leas t  on e tas k facin g th e self-directe d learne r  i s 
t o allocat e hi s o r  he r  tim e selectivel y t o text s tha t  fal l  withi n 
thi s zon e o f  leamabilit y  an d ignor e th e rest .  Experimenta l 
studie s o f  metacognitio n (e.g .  So n &  Metcalfe ,  2000 )  hav e 
explore d th e wa y i n whic h prio r  judgment s o f  tex t  difficult y 
influenc e study-tim e allocation ,  bu t  hav e bee n silen t  abou t 
our  mai n question ,  whic h concern s th e strategie s b y whic h 
difficxilt y  judgement s ar e integrate d wit h browsin g t o 
produc e preferentia l  study .  T o understan d thes e browsin g 
strategie s w e follo w Piroll i  &  Car d (se e 1999 )  i n drawin g o n 
optima l  foragin g theor y (se e Stephen s &  Krebs ,  1986) . 

Foraging Theory and Browsing 

One of the findings in the optimal foraging literature that is 
particularl y relevan t  t o th e issu e o f  selectiv e browsin g i s tha t 
animal s wil l  sampl e unfamilia r  foo d patche s i n orde r  t o 
decid e whic h t o exploit .  Krebs ,  Kacelni k &  Taylo r  (1978 ) 
observe d tha t  grea t  tit s  initiall y  switche d rapidl y betwee n 
tw o foo d patche s befor e settlin g dow n t o exploi t  th e higher -
valu e patch . 

Do reader s us e a  simila r  samplin g strateg y whe n 
decidin g ho w t o allocat e thei r  tim e amon g multipl e texts ? 
Samplin g strategie s hav e a s a n objectiv e t o choos e th e bes t 
sourc e (o f  foo d o r  information) .  A n alternativ e t o suc h th e 
samplin g strateg y i s a  satisficin g strategy ,  i n whic h reader s 
continu e t o rea d an y tex t  tha t  i s  goo d enoug h (whic h w e 
tak e t o mea n tha t  th e tex t  woul d stil l  fal l  withi n th e zon e o f 
proxima l  learning) . 

E x p e r i m e n t s a n d Finding s 

We have conducted a number of experiments on reading 
multipl e text s unde r  tim e pressure ,  investigatin g th e 
prevalenc e o f  samplin g an d satisficin g strategie s an d th e 
effectivenes s o f  thes e strategie s fo r  th e preferentia l 
allocatio n o f  tim e amon g texts . 

The result s o f  Experimen t  1  suggeste d tha t  reader s wer e 
adaptiv e i n tha t  mor e exper t  reader s allocate d mor e tim e t o 
more difficul t  texts ,  an d tha t  satisficin g wa s a  muc h mor e 
common strateg y tha n sampling .  Th e result s o f  Experimen t 
2 suggeste d tha t  th e provisio n o f  outlin e overview s le d t o 
participant s bein g mor e selectiv e i n th e document s tha t  the y 
read ,  an d encourage d samplin g t o th e exten t  tha t  i t  becam e 
th e moda l  strategy .  Othe r  experiment s hav e confirme d th e 
genera l  adaptiv e characte r  o f  browsin g an d show n ho w 
document  preferenc e i s  influence d b y th e natur e o f  th e 
learnin g tas k (e.g .  studyin g t o answe r  factua l  question s lead s 
t o a  preferenc e fo r  mor e difficul t  text s tha n doe s studyin g t o 
writ e a  genera l  essay) . 
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Introductio n 

The us e o f  colo r  ca n mak e compute r  display s an d 
interface s mor e readable .  Ideally ,  th e color s i n a  displa y 
wil l  b e maximall y differen t  from  on e another .  Fo r  smal l 
value s o f  « ,  i t  i s  no t  difficul t  t o choos e instinctivel y 
color s tha t  ar e clearl y distinc t  from  on e another .  Fo r 
large r  n ,  however ,  i t  become s mor e difficul t  t o assur e 
tha t  th e color s ar e immediatel y distinguishabl e from 
one another .  A  geneti c algorith m ca n b e use d t o pic k 
larg e set s o f  color s suc h tha t  al l  pair s i n th e se t  are , 
accordin g t o on e metric ,  nearl y maximall y 
distinguishable .  Eve n allowin g fo r  imperfection s i n th e 
scheme,  thes e set s ar e i n practica l  term s ver y easil y 
distinguishable ,  an d coul d b e o f  us e t o designers . 

The approach 

The metri c use d fo r  th e differentiabilit y  betwee n tw o 
color s i s th e CI E 197 6 L*U*V *  colo r  spac e CITE .  A 
geneti c algorith m wa s use d t o fin d set s o f  color s tha t 
optimize d a  fitness  functio n base d o n th e CI E metric . 
Wit h n  a s th e numbe r  o f  color s bein g explore d i n a 
give n run ,  a n individua l  consiste d o f  3 n values , 
represente d a s rea l  number s from  0  t o 255 ,  whic h i s a 
twis t  from  mos t  GAs ,  whic h us e string s o f  Boolea n bit s 
t o represen t  individuals .  Th e mutatio n operator , 
traditionall y th e togglin g o f  a  bi t  whe n bitstring s ar e th e 
basi s o f  th e representation ,  i s instea d th e alteratio n o f  a 
0-25 5 valu e b y addin g t o i t  a  rando m numbe r  wit h a 
distributio n wid i  tail s  tha t  range d from  -10 0 an d 10 0 
(bu t  clustere d tightl y nea r  th e mod e o f  zero) . 

I n eac h generation ,  th e populatio n woul d consis t  o f 
th e te n individual s rate d highes t  b y th e fitness  fimction , 
plu s 4 5 copie s o f  thos e individual s pas s throug h th e 
mutatio n operator ,  plu s five  new ,  rando m individuals . 
Ther e wa s n o breedin g o f  individuals ,  sinc e a  se t  o f 
color s i s satisfactor y onl y a s a  fimction  o f  th e whol e set ; 
excep t  whe n n  i s ver y small ,  th e cleavin g togethe r  o f 
tw o partia l  solution s i s exceptionall y unlikel y t o yiel d a 
goo d solution . 

Afte r  som e tria l  an d error ,  a  fimess  functio n wa s 
derive d tha t  consiste d o f  th e CI E distanc e betwee n tw o 
tw o closes t  (i.e ,  least-easil y distinguishable )  pai r  o f 
color s i n th e se t  plu s a  smal l  constan t  (0.00001 )  time s 

th e su m o f  CI E distance s betwee n al l  pair s o f  color s i n 
th e set .  Thi s make s th e first  priorit y tha t  n o tw o color s 
i n th e se t  ar e ver y muc h alike ;  a s a  secondar y priority ,  i t 
als o trie s t o maximiz e odie r  separation s betwee n colo r 
pair s give n tha t  th e wors t  pai r  ha s bee n deal t  with . 

The geneti c algorith m wa s ru n t o fin d set s o f  color s 
fo r  value s of « from  2  t o 12 .  I n on e se t  o f  nms ,  di e 
color s wer e constraine d onl y b y wha t  coul d appea r  o n a 
typica l  compute r  monitor .  I n othe r  set s o f  runs ,  i t  wa s 
require d tha t  black ,  white ,  o r  bot h blac k an d whit e b e 
include d i n th e se t  o f  colors .  Run s laste d unti l  the y 
appeare d t o converg e upo n a  bes t  value .  A t  leas t  thre e 
run s wer e conducte d fo r  eac h situation ,  wit h th e bes t  o f 
al l  run s reporte d below . 

Results 

The printe d for m o f  th e Proceeding s i s no t  th e idea l 
mediu m fo r  th e presentatio n o f  th e colo r  palette s tha t 
th e G A generated .  Th e palette s ar e describe d her e i n 
term s o f  th e R 3 color s tha t  mos t  closel y matc h th e 
R G Bs produce d b y th e output .  I n man y cases ,  th e 
progra m produce d value s tha t  differe d slightl y from  an y 
named color ,  althoug h th e difference s from  thos e liste d 
belo w ar e almos t  alway s imperceptible . 

Unconstrained: n=2 {lime, magenta}; n=3 {red, lime, 
blue} ;  n= 4 {red ,  yellow ,  aqua ,  magenta} ;  n= 5 
{deepPink ,  orange ,  lime ,  aqua ,  dee p Violet} ;  n= 6 
{black ,  red ,  deepPink ,  orange ,  lime ,  blue } 

Whit e plus :  n= l  {red} ;  n= 2 {red ,  lime} ;  n= 3 {red , 
lime ,  blue} ;  n= 4 {red ,  lime ,  teal ,  magenta } 

Blac k plus :  n= l  {red} ;  n= 2 {red ,  blue} ;  n= 3 {red , 
lime ,  magenta} ;  n= 4 {darkOrange ,  limeGreen ,  blue , 
magenta } 

Black ,  whit e plus :  n= l  {red} ;  n= 2 {red ,  lime} ;  n= 3 
{red ,  lime ,  blue} ;  n= 4 {red ,  lime ,  blue ,  magenta } 
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Introductio n 

The Letter Spirit program is a model of human 
creativit y  i n th e domai n o f  typefac e design .  Th e tas k o f 
Lene r  Spiri t  i s t o tak e a s inpu t  a  fe w gridletters ,  letter s 
rendere d o n a  medium-resolutio n grid ,  tha t  ar e intende d 
t o represen t  th e sam e style .  Usin g thos e seed s a s a 
beginning ,  Lette r  Spiri t  create s version s o f  th e 
remainin g lowercas e letter s o f  th e roma n alphabe t  unti l 
i t  ha s complete d a n entir e gridfon t  o f  2 6 stylisticall y 
consisten t  gridletters . 

Approach 

Lette r  Spiri t  consist s o f  thre e modules ,  eac h bein g a 
relativel y comple x progra m solvin g a  vita l  subtas k o f 
gridfon t  design .  Th e thre e module s ar e al l  base d upo n 
an architectur e commo n t o th e cognitiv e model s 
implemente d b y th e Flui d Analogie s Researc h Group . 
Most  o f  thos e projects ,  includin g Copyca t  (Mitchell , 
1993) ,  Tableto p (French ,  1992) ,  an d Metca t  (Marshall , 
1999 )  aime d a t  implementin g increasingl y refine d 
model s o f  analogy .  On e o f  th e Lette r  Spiri t  module s 
(McGraw ,  1995 )  pursue s a  simila r  approach ,  althoug h 
it s tas k i s gridlette r  categorizatio n rathe r  tha n analogy . 

The Lette r  Spiri t  progra m ha s a  top-leve l  loo p tha t 
coordinate s di e dire e module s int o a  singl e strateg y o f 
desig n calle d review-cmd-revision .  Th e progra m ha s on e 
module ,  th e Examiner ,  tha t  detect s lette r  category , 
whil e th e Adjudicato r  evaluate s style ,  an d th e Drafter , 
whic h create s ne w gridletter s tha t  ai m t o represen t  a 
goal  lette r  categor y an d tha t  style . 

To ge t  aroim d th e brittlcnes s tha t  afflict s man y A I 
models .  Lette r  Spiri t  hand s th e Drafter' s outpu t  t o th e 
othe r  module s an d the y rat e eac h gridlette r  fo r  ho w wel l 
i t  fit s  it s intende d lette r  categor y an d th e intende d style , 
respectively . 

The desig n phas e o f  a  Lette r  Spiri t  ru n thu s amount s 
t o th e executio n o f  a  loop ,  i n whic h a  lette r  categor y i s 
selecte d an d the n th e D n S a render s a  gridlette r  that , 
ideally ,  incorporate s th e goa l  styl e a s wel l  a s tha t  letter . 
The Drafter' s attemp t  i s ru n pas t  th e Examine r  an d th e 
Adjudicator ,  an d i f  th e attemp t  i s th e bes t  versio n thu s 
fa r  fo r  tha t  category ,  a s determine d b y th e score s tha t 
th e Examine r  an d th e Adjudicato r  generate ,  the n i t  i s 
kept  a s th e curren t  versio n o f  tha t  categor y i n th e 
gridfont .  Thi s loo p run s man y times ,  an d a s i t  doe s so , 
th e qualit y o f  th e gridfon t  shoul d incrementall y 
increase . 

Result s 

Figur e 1  show s fiv e gridfont s tha t  resulte d fro m run s 
tha t  eac h bega n wit h th e progra m receivin g fiv e 
gridletter s (i n eac h case ,  'b' ,  'c' ,  'e' ,  'f ,  an d 'g' )  a s 
input . 

dbLdp^gh j jte Hpjnopqrstu? uiKye 

abcdefgh Ijk Irjnopqrs^u vijj^ijz 

Figure 1: Five Letter Spirit-designed gridfonts. 

While the Letter Spirit program captures human 
creativity ,  a t  best ,  partially ,  i t  i s  ou r  belie f  tha t  th e 
model  C2q)ture s man y essentia l  aspect s o f  huma n 
creativity .  Perhap s mor e important ,  w e argue ,  i s th e 
opportunit y tha t  th e outpu t  provide s t o identif y 
shortcoming s i n th e curren t  approac h s o tha t  futur e 
model s o f  creativit y ca n converg e mor e closel y upo n 
human creativit y (Rehling, .  2000) .  Mor e detai l  i s  a t 
www.cogsci.indiana.edu/farg/rehling/lspirit/thesi s 
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In t roduct io n 

W hy d o computer s lac k c o m m o n sens e initiative ? Wha t  i s 
so specia l  abou t  huma n brai n an d consciousnes s tha t 
computer s stil l  canno t  reproduce ? M u c h brai n informatio n 
processin g deal s wit h abstrac t  representation s o f  agents , 
suc h a s instance s o f  th e sel f  an d others .  Tho-efore , 
implementin g th e righ t  sens e o f  agenc y i n a  compute r  coul d 
provid e a  solution .  Her e I  outlin e a  genera l  approac h t o th e 
proble m o f  a  computer-base d implem»itatio n o f  th e mind . 

Basic Formalism 

Thi s approac h i s base d o n th e formaUs m o f  schemas .  Th e 
notio n o f  a  schem a use d her e i s  mor e genera l  tha n an y 
notio n o f  a  schem a used ,  e.g. ,  i n psychology ,  o r  i n comput a 
science ,  w  i n socia l  sciences .  Example s o f  schema s rang e 
from  ver y abstrac t  notion s ( a thing ,  a n entity ,  a n event ,  a 
prq)erty ,  a  relation ,  a n agent ,  a n ac t  o f  learnin g a  schema) , 
t o ver y concret e thing s (a n apple ,  minu s one ,  red ,  graspin g a 
pen wit h th e righ t  hand ,  etc.) .  I n thi s framework  schema s 
can represen t  an y cognizabl e thing ,  includin g quaUa , 
thoughts ,  intenticxis ,  feelings ,  an d s o on .  A  predicate ,  a 
variable ,  a  quantifier ,  a n instructio n o r  eve n a n analo g signa l 
ca n b e represente d i n tCTm s o f  schema s a s well .  Element s 
and component s o f  schemas ,  a s wel l  a s complexe s mad e o f 
schemas ,  ca n b e viewe d a s schrana s o n thei r  own . 
Generally ,  a  schem a ca n b e characterize d a s a n abstrac t 
model ,  a  templat e o r  a  prototyp e tha t  ca n b e boun d t o a 
particula r  content .  Definition s o f  particula r  sdiema s mus t 
specif y semantics ,  syntax ,  pragmatic s an d dynamics . 
Schemas ca n b e represente d i n a  compute r  symbolicall y i n a 
standardize d forma t  wit h th e structur e o f  a  neste d list . 

W h en a n instanc e o f  a  schem a i s boun d t o a  particula r 
content ,  i t  form s a  state .  Schema s an d state s ar e dynannica l 
object s i n thi s framework.  The y evolv e i n tim e accordin g t o 
rule s define d b y schemas .  E.g. ,  state s ca n b e initiated , 
execute d an d terminated ;  dynamic s o f  a  stat e m a y affec t 
othe r  state s an d schemas .  A  char t  i s a  specia l  stat e tha t 
represent s a  menta l  perspectiv e o f  a n agen t  (e.g. ,  I-Now , 
I-Yesterday ,  He-Imagined) .  W h e n a  stat e i s boun d t o a 
chart ,  i t  represent s a  menta l  state .  Perspective s chang e wit h 
tim e accordin g t o th e flo w o f  th e subjectiv e time :  I-No w 
becomes I-Previous ,  an d s o on .  I n additio n t o perspectives , 
chart s hav e interna l  dimension s tha t  determin e attitude s o f 
th e associate d states :  e.g. ,  I-No w m a y contai n a  belie f  abou t 
a pas t  o r  a  future .  Th e geno-a l  ide a o f  thi s framework  base d 
on schema s i s no t  new ;  however ,  it s  know n analog s (e.g. , 
OPS,  S O A R,  A C T - R )  lac k generalit y an d d o no t  implemen t 
a prope r  concep t  o f  th e sel f  possessin g free  will . 

I m p l e m e n t i n g F r e e W i l l  a n d T h e Sel f 

Chart s labele d "I-... "  represen t  instance s o f  th e sel f  o f  th e 
virtua l  individual ,  includin g cognitiv e an d metacognitiv e 
perspectives .  Othe r  chart s m a y represen t  menta l  simulation s 
of  "thir d persons" :  i n othe r  words ,  a  "theor y o f  mind" .  Onl y 
th e conten t  o f  I-No w represent s th e curroi t  conten t  o f 
consciousnes s i n thi s framework.  Menta l  state s i n I-No w 
hav e specia l  privileges :  e.g. ,  the y ca n directl y determin e 
schedulin g o f  volimtar y act s an d m a y acces s al l  othe r  diarts . 

A distinguishin g featur e o f  thi s framework  i s tha t  i t  i s 
base d o n th e fundamenta l  propertie s o f  th e huma n sel f 
(erro r  fundamentalis :  Nade l  &  Samsonovich ,  2002) , 
includin g it s  uniqueness ,  it s  localizatio n i n a  particula r 
context ,  it s  mdivisibility ,  it s  self-consistenc y ove r  time ,  an d 
finally ,  it s  apparen t  free  wil l  an d self-awarenes s tha t  ar e 
presen t  i n th e content s o f  consciousnes s a t  an y instance . 

Thes e propertie s ar e introduce d vi a th e desig n o f  th e 
syste m o r  vi a dynamica l  constraints .  The y guarante e certai n 
degre e o f  coherenc e i n system' s behavior .  Thei r  product s ar e 
th e emergenc e an d th e maintenanc e o f  a  uniqu e WOTkin g 
scenari o (i.e. ,  a  consisten t  sequenc e o f  chart s leadin g from  I -
N o w t o I-Goal )  an d th e geno-atio n o f  voluntar y acticms .  A n 
actio n i s  considere d voluntary ,  if f  i t  result s from  a n 
intoitio n o f  "I "  (represente d b y a  menta l  stat e i n I-Now) ,  i s 
consisten t  wit h th e workin g scenari o an d i s no t  biase d b y 
any additiona l  factor .  Intoition s ar e selecte d amon g th e 
availabl e idea s base d o n thei r  fitoess  int o th e workin g 
scenario ,  an d idea s (i.e. ,  menta l  state s i n I-No w tha t 
represen t  feasibl e actions )  resul t  from  th e activit y o f  states . 

Previousl y activ e chart s m a y disappea r  wit h tim e togethe r 
wit h thei r  content s -  o r  b e remembered ,  thu s contributin g t o 
th e episodi c m e m o r y and/o r  t o th e syste m o f  values ,  i.e. ,  th e 
memory o f  dream s an d goals .  I n contrast ,  th e semanti c 
memory i s represente d b y th e se t  o f  schemas .  Creatio n o f 
ne w schema s i s controlle d b y th e learnin g schema s an d m a y 
be supervise d o r  not .  A  complet e syste m shoul d b e abl e t o 
w wk interactivel y wit h a  huma n instructor ,  usin g a  speciall y 
designe d language .  Th e rang e o f  interactio n paradigm s m a y 
includ e listenin g t o an d completin g stories ,  learnin g h o w t o 
pla y o r  playin g games ,  learnin g language s o r  scientifi c 
disciplines ,  operatin g a  robo t  i n a  virtua l  environment , 
simulatin g virtua l  characters ,  designin g o r  trainin g othe r 
system s o f  th e sam e kind ,  etc .  Primar y application s o f  thi s 
framework  shoul d relat e t o natura l  languag e understanding . 
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Introductio n 

How i s th e backgroun d opinio n o f  th e perso n wh o i s 
processin g a n analog y relate d t o tha t  person' s evaluatio n o f 
th e analogy ,  bot h i n term s o f  ho w th e analog y i s mappe d t o 
for m a  conclusio n an d i n term s o f  th e conclusio n itself ? 
Assumin g tha t  peopl e hav e pre-existin g perception s o f  th e 
analog s referre d to ,  wil l  the y b e mor e o r  les s likel y t o reflec t 
on an d evaluat e tti e analogy ? 

Severa l  researcher s hav e examine d th e degre e t o whic h 
th e proces s o f  mappin g betwee n sourc e an d targe t  analog s i s 
influence d b y th e contex t  i n whic h i t  i s  don e (Blanchett e & 
Dunbar ,  1997 ;  Dunba r  &  Baker ,  1994 ;  Holyoak ,  1985) , 
includin g th e typ e o f  problems ,  situations ,  o r  issue s tha t  ar e 
bein g compared ,  th e environmen t  i n whic h th e compariso n 
i s bein g made ,  an d th e goal s o r  reason s tha t  a  perso n ha s fo r 
engagin g i n th e mappin g process .  W e explore d th e 
possibilit y  tha t  th e attitude s tha t  peopl e hav e associate d wit h 
th e analog s prio r  t o th e presentatio n o f  th e analog y migh t 
influenc e th e wa y peopl e respon d t o th e analogy . 

Methods 

We electe d t o conduc t  thi s stud y ove r  th e Interne t  i n orde r  t o 
get  a  broader ,  mor e representativ e sampl e o f  perspective s o n 
th e analogs ,  an d participant s wer e recruite d primaril y 
throug h Usene t  newsgroups ,  wher e discussion s an d debate s 
on variou s topic s occu r  o n a  continuou s basis .  T w o 
controversia l  socio-politica l  issues .  Abortio n an d Gu n 
Control ,  wer e selecte d a s targe t  analog s fo r  thi s study .  T w o 
nove l  sourc e domain s wer e selecte d fo r  eac h o f  th e tw o 
targe t  domain s suc h tha t  the y coul d b e mappe d t o argu e 
eithe r  fo r  o r  agains t  th e ke y issu e i n th e targe t  domains . 

Participant s rea d a  genera l  introductio n t o th e experimen t 
on th e firs t  pag e o f  th e websit e an d wer e the n aske d fo r 
some demographi c information .  Afte r  completin g a  14-ite m 
backgroun d opinio n questionnair e t o measur e thei r  opinion s 
on th e targe t  issues ,  eac h participan t  performe d tw o 
analogy-processin g tasks ,  whic h instructe d the m t o rea d a 
scenari o tha t  relate d on e o f  th e issue s t o on e o f  it s tw o 
analogs ,  an d the n t o writ e a  respons e t o th e scenario . 

Each scenari o argue d fo r  eithe r  a  Pro -  stanc e o n th e issu e 
(Pro-Abortio n o r  Pro-Gu n Control )  o r  a n Anti -  stanc e (Anti -
Abortio n o r  Anti-Gu n Control) .  Wit h th e participants '  actua l 
backgroun d opinion s o n th e issue s an d th e recor d o f  whic h 
scenari o tha t  participan t  receive d fo r  eac h issue ,  w e 
determine d if ,  fo r  eac h issue ,  the y receive d th e statemen t 
supportin g th e sam e stanc e o n tha t  issu e a s thei r  own . 

Participant s wer e als o asked ,  immediatel y afte r  readin g th e 
scenario ,  t o rat e thei r  leve l  o f  agreemen t  wit h it . 

Response s wer e classifie d accordin g t o whethe r  o r  no t  th e 
analog y wa s processe d i n th e response .  Thos e tha t  eithe r 
presente d a n argumen t  fo r  a  positio n tha t  di d no t  includ e 
any analog y a t  al l  o r  describe d thei r  opinio n o n th e issu e 
only ,  withou t  employin g an y argument ,  wer e code d a s no t 
processin g th e analogy .  Thre e indicator s wer e use d t o cod e 
a respons e a s processin g th e analogy ;  (1 )  explicitl y 
discountin g th e validit y o f  th e analog y presente d i n th e 
scenario ,  (2 )  buildin g upo n th e presente d analog y i n th e 
response ,  o r  (3 )  choosin g ne w analogie s fo r  th e issu e i n 
favo r  o f  th e on e presented .  Betwee n tw o raters ,  usin g 
Cohen' s Kapp a a s th e measur e o f  reliability ,  th e agreemen t 
i n classificatio n o f  th e response s wa s relativel y hig h 
(K=0.86 ,  n=50) . 

Results 

We observe d tha t  th e likelihoo d o f  processin g th e analog y 
i n a  respons e wa s relate d t o th e averag e leve l  o f  overal l 
agreemen t  wit h th e scenari o tha t  wa s read .  A s th e leve l  o f 
agreemen t  wit h a  particula r  scenari o increased ,  s o di d th e 
proportio n o f  peopl e wh o processe d th e analogy .  A t  th e 
same time ,  contrar y t o ou r  expectations ,  ther e wa s n o 
significan t  relationship ,  fo r  eithe r  issue ,  betwee n 
participants '  backgroun d opinion s o n th e issue s an d th e 
likelihoo d o f  processing .  O n th e basi s o f  th e firs t  result , 
however ,  w e conclude d tha t  ther e i s evidenc e tha t  peoples ' 
opinion s influenc e ho w the y proces s analogies .  W e suspec t 
tha t  backgroun d opinio n i s on e componen t  o f  agreemen t 
wit h th e scenari o an d tha t  furthe r  exploratio n ma y revea l 
ho w i t  contribute s t o th e wa y peopl e proces s analogies . 
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Introductio n 

Frequently ,  figure s i n ou r  visua l  field  ar e onl y partiall y 
visible .  On e figure  ma y partiall y  occlud e anodier ,  fo r 
example ,  o r  a  particula r  figure  ma y appea r  fragmente d du e 
eithe r  t o camouflag e o r  t o lo w contras t  betwee n i t  an d th e 
background .  Despit e suc h challenges ,  th e huma n visua l 
syste m routinel y perceive s figures  tha t  ma y onl y b e partiall y 
visible . 

One prio r  theor y o f  th e perceptio n o f  partiall y  occlude d 
figures  (Nakayama ,  Shimojo ,  &  Silverman ,  1989 )  state s tha t 
contour s "intrinsic "  t o a  figure  o f  interes t  mus t  b e 
distinguishe d fro m thos e "extrinsic "  t o i t  an d tha t  thi s 
classificatio n require s dept h cues .  Ou r  theor y propose s tha t 
th e huma n visua l  syste m ca n us e a  variet y o f  cues ,  loca l  o r 
global ,  t o perfor m thi s classificatio n an d tha t  thi s 
classificatio n serve s a s th e basi s fo r  perceptio n o f  bot h 
partiall y  occlude d an d Segmente d figures.  Further ,  w e 
propos e tha t  a n exponentia l  pyramid ,  fi-om  th e machin e 
visio n literature ,  provide s a  goo d mode l  o f  h o w th e huma n 
visua l  syste m implement s thi s classification . 

Exponential Pyramid Model Description 

The Exponentia l  Pyrami d ha s bee n propose d a s a n adequat e 
model  o f  th e huma n visua l  syste m (Rosenfeld ,  1990 ;  Pizlo , 
Salach-Golyska ,  &  Rosenfeld ,  1997) .  Ou r  mode l  use s a 
"non-overlappe d quad-pyramid" .  Assum e tha t  th e botto m 
laye r  o f  th e pyrami d ha s n  processin g nodes .  Th e nex t  laye r 
has n/ 4 nodes ,  th e on e abov e tha t  n/1 6 nodes ,  an d s o on .  Th e 
to p laye r  ha s onl y on e node .  Eac h nod e i n a  laye r  cotmect s 
wit h fou r  distinc t  'child '  node s i n th e immediatel y lowe r 
laye r  an d on e 'parent '  nod e i n th e immediatel y highe r  layer . 
Such a  pyrami d ha s (7og ^  n )  +  1  layers .  Eac h nod e i n th e 
pyrami d ha s limite d memor y an d processin g capability .  A n 
imag e i s  inpu t  t o th e botto m laye r  (Jolio n &  Rosenfeld , 
1994) .  Th e imag e ma y als o b e represente d a t  eac h highe r 
laye r  (wit h increasin g spatia l  scal e o r  'receptiv e field  size') . 

Our  mode l  feature s a  bottom-u p processin g stag e 
followe d b y a  top-dow n stage .  I n th e bottom-u p stage ,  loca l 
varianc e o f  variou s contou r  feature s (e.g. ,  orientation , 
length )  i s computed .  W h e n th e varianc e o f  a  contou r  featur e 
abruptl y change s betwee n successivel y highe r  layers ,  th e 
presenc e an d positio n o f  a  figure  i n th e imag e i s indicate d 
(i.e. ,  th e figure  'come s int o view') .  I n th e top-dow n stage , 
th e statistica l  informatio n compute d i n th e bottom-u p stag e 
i s use d t o classif y imag e contour s a s eithe r  intrinsi c o r 

extrinsi c t o th e targe t  figure.  Th e mode l  ha s onl y on e fi-ee 
parameter :  th e standar d deviatio n o f  decisiona l  noise .  Mode l 
and huma n performanc e wer e compare d acros s 1 1 
experimenta l  conditions . 

Method 

I n eac h tria l  o f  th e h u m a n psychophysica l  experiments ,  a 
polygona l  figure  wa s partiall y  occlude d b y simpl e shape s -
diamond s (Exp .  1 ,  tw o conditions )  an d square s (Exp .  2 ,  nin e 
conditions) .  A  subject' s tas k wa s t o respon d whethe r  th e 
figxu-e  wa s presente d i n it s uprigh t  o r  rotate d (180° )  position . 
Contour s o f  occluder s differe d fro m thos e o f  th e figure  i n 
term s o f  orientatio n (Exp .  1 )  an d lengt h (Exp .  2) .  Dept h 
cue s fro m occluder s wer e minimal .  Mode l  simulation s 
wer e ru n fo r  al l  1 1 condition s usin g th e sam e set s o f  stimul i 
as thos e use d b y th e huma n subjects . 

Results 

Subject s use d orientatio n (Exp .  1 )  an d lengt h (Exp .  2 ) 
difference s betwee n th e contour s o f  a  targe t  figure  an d thos e 
of  occluders ,  i n detectin g th e figure.  Mode l  simulation s 
accounte d wel l  fo r  huma n performanc e i n th e 1 1 condition s 
of  Experiment s 1  an d 2 . 

Conclusions 

The huma n visua l  syste m ca n detec t  an d us e a  variet y o f 
cues ,  loca l  o r  global ,  t o classif y contour s a s eithe r  intrinsi c 
or  extrinsi c t o a  partiall y  visibl e figure.  Ou r  exponentia l 
pyramid-base d compute r  mode l  provide s a  goo d accoun t  o f 
ho w th e huma n visua l  syste m implement s thi s process . 

References 

Jolion ,  J .  M. ,  &  Rosenfeld ,  A .  (1994) .  A  pyramida l 
framewor k fo r  earl y vision .  Dordrecht ,  Th e Netherlands : 
KJuwer  Academi c Publishers . 

Nakayama,  K. ,  Shimojo ,  S. ,  &  Silvennan ,  G .  H .  (1989) . 
Stereoscopi c depth :  It s relatio n t o imag e segmentation , 
grouping ,  an d th e recognitio n o f  occlude d objects . 
Perception .  18 .  55-68 . 

Pizlo ,  Z. ,  Salach-Golyska ,  M. ,  &  Rosenfeld ,  A .  (1997) . 
Curv e detectio n i n a  nois y image .  Visio n Research .  37 . 
1217-1241 . 

Rosenfeld ,  A .  (1990) .  Pyrami d algorithm s fo r  efficien t 
vision .  I n C .  Blakemor e (Ed.) ,  Vision :  Codin g an d 
efficiency .  Cambridge ,  Grea t  Britain :  Cambridg e 
Universif y Press . 

103 7 

mailto:nischeess@iusb.edu
mailto:pizlo@psych.purdue.edu


T o m o r r o w ' s H u m a n C o m p u t e r  Interactio n f r o m Visio n t o Reality :  Buildin g 

Cognitivel y A w a r e C o m p u t a t i o n a l  Sys tem s 

LCDR Dylan Schmorrow (dschmonowOidarpa.nii 1) 
DARPA IPT O 

3701 N .  Fairfa x Dr .  Arlington ,  V A 2220 3 US A 

Amy A. Kruse (akruse^snap-org) 
Strategi c Analysi s /  DARPA 

3601 Wilso n Blvd. ,  Suit e 50 0 Arlingto n V A 2220 1 US A 

The goa l  o f  th e DARPA Augmente d Cognitio n 
progra m i s t o extend ,  b y a n order-of-magnitud e o r 
more,  th e informatio n management  capacit y o f  th e 
"human-con̂ >uter "  interactio n b y developin g an d 
demonstratin g enhancement s t o huma n cognitiv e abilit y 
i n divers e an d stressfu l  operationa l  environments . 
Specifically ,  i n it s  curren t  phase ,  th e progra m i s focuse d 
on developmen t  o f  th e technologie s neede d t o measur e 
and trac k a  subject' s cognitiv e stat e i n real-tim e -  thes e 
includ e functiona l  nea r  infrare d imagin g (fNIR ) 
devices ,  a s wel l  a s singl e sit e electroencephalographi c 
( E E G)  recordings .  T h r o u ^  measuremen t  an d 
understandin g o f  cognitiv e stat e i n real-time ,  th e 
ultimat e goa l  o f  cognitivel y awar e computationa l 
system s i s  withi n reach .  Militar y operator s ar e ofte n 
place d i n comple x human-machin e interactiv e 
environment s tha t  hav e bee n show n t o fai l  whe n a 
stressfu l  situatio n i s  encoimtered .  Th e technologie s 
unde r  developmen t  i n th e Augmente d Cognitio n 
progra m hav e th e potentia l  t o enhanc e operationa l 
capability ,  suppw t  roductio n i n th e number s o f  person s 
require d t o perfor m curren t  functions ,  an d improv e 
h u m an performanc e i n cognitivel y challengin g 
enviromnents . 
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Introductio n 

Roschell e (1992 )  characterize d th e proces s o f  "learnin g b y 
collaborating "  a s a  searc h o f  convergenc e amon g members . 
Thi s pape r  make s a  contrastin g clai m tha t  eac h member  i s 
individualisti c i n ho w s/h e interpret s th e learnin g task ,  ho w 
s/h e solve s it ,  an d wha t  kin d o f  understandin g s/h e gain s 
from  collaboration .  Th e other s serv e a s a  "monitor " 
(Miyake ,  1986 )  t o observ e wlia t  th e member  i s doin g from a 
slightl y broade r  per̂ >ectiv e an d t o chec k it s validity ,  whic h 
trigger s th e member' s re-interpretation .  Thi s lead s a 
learnin g pai r  t o a n iterativ e chai n o f  re-interpretations ,  no t  t o 
a searc h o f  th e commo n groun d amon g th e two ,  whic h ar e 
ofte n exchange d b y veiba l  expression s i n collaborativ e 
situations .  I n thi s pape r  w e re-analyze d protoco l  dat a o f 
collaborativ e learnin g processe s i n Roschell e (1992 )  an d 
Shirouzu ,  Miyak e &  Masukaw a (2002 )  t o sho w tha t 
members'  verbalization s reflectin g thei r  interpretation s o r 
re-interpretation s ar e individualisti c throug h th e processes . 
Re-analyses 

RoscheUe (1992) 

T wo students ,  Caro l  an d Dana ,  elaborate d thei r  concq)tion s 
of  velocit y an d acceleratio n usin g a  compute r  simulatio n o f 
a Newtonia n micro-world .  A s Roschell e pointe d out ,  the y 
graduall y revise d an d refine d thei r  verba l  "metaphors "  t o 
mean thes e notions .  A  close r  loo k a t  thei r  protoco l  reveals , 
however ,  tha t  th e tw o di d no t  see m t o converg e o n th e usag e 
of  particula r  mettqihor s t o mea n particula r  things .  Dan a 
starte d wit h a  geometri c "lengthe n (addition) "  metapho r  t o 
indicat e th e velocit y vectors ,  th e acceleratio n one s o r  thei r 
relations .  Caro l  heavil y use d a  "pull "  metapho r  t o represen t 
th e dynami c relation s betwee n thes e factors .  Caro l  finall y 
verbalize d a n expressio n o f  "trave l  along "  i n th e las t  episode , 
Episod e S ,  t o ê l̂ai n th e compositio n o f  velocit y an d 
acceleration ,  whic h Roschell e interprete d a s a n integratio n 
of  th e tw o metq)hors ,  "lengthen "  an d "pull "  one .  Dana , 
however ,  di d no t  us e th e ver b "pull "  othe r  tha n i n Episod e 1 , 
whil e Caro l  superimpose d he r  metapho r  t o paraphras e 
Dana' s insigh t  int o additiv e natur e o f  vector s i n l̂ isod e 3 
(sh e sai d "righ t  that' s wha t  I' m saying "  t o Dari a withou t  an y 
specificatio n o f  "what") .  Besides ,  Dan a di d no t  shar e th e 
expressio n "trave l  along "  durin g trainin g session s an d use d 
"mov e along "  i n thei r  post-trainin g interview .  The y thu s 
independentl y revise d thei r  verba l  expressions .  Ther e migh t 
be tw o independen t  shiftin g processe s o f  imderstanding . 
Shirouzu, Miyake & Masukawa (2002) 
When paire d subject s wer e aske d t o indicat e 2/ 3 o f  3/ 4 o f 
th e are a o f  a  squar e shee t  o f  p^)er ,  the y shifte d thei r 
strategie s fro m th e non-mathematica l  on e i n tii e firs t  trial s t o 

th e mathematica l  on e i n th e secon d trial s tha n sol o subjects . 
Seven ou t  o f  nin e shiftin g pair s graduall y generate d th e 
variation s o f  solutions ,  fro m th e mos t  externall y oriente d 
two-ste p solutio n (makin g 2/ 3 ou t  o f  th e 3/4 )  t o th e external -
interna l  mixe d on e (reinterpretin g th e externalize d answer  a s 
one-half )  t o th e mos t  abstrac t  on e (2/3x3/4=1/2) .  Shirouz u 
et  al .  foun d that ,  thoug h th e member s share d th e algorithmi c 
vie w o f  th e tas k a t  th e en d o f  th e firs t  trial ,  th e member  wh o 
verbalize d suc h a  vie w durin g th e firs t  tria l  tende d t o 
propos e th e abstrac t  solutio n i n th e secon d trial .  Shirouz u 
(2001 )  als o use d a  simila r  tas k i n a  small-cas e learnin g 
experimen t  wit h si x 6 *  grade s onl y t o fin d individua l 
difference s i n th e qualit y o f  thei r  rqwrt s o f  si x month s late r 
dependin g o n Aei r  verbalizatio n durin g th e experimen t 

Discussion 

Under  seemingl y "on e voice "  i n th e collaborativ e situations , 
ther e wer e differen t  course s o r  level s o f  imderstanding s o f 
th e members ,  whic h wer e reflecte d b y thei r  particula r 
languag e us e (methodologically ,  th e transfe r  tas k o r  th e pos t 
interview-especiall y individuall y conducte d one-reveal s 
difference s well) .  Roschell e think s muc h o f  convergenc e 
becaus e i t  warrant s no t  onl y share d imderstandin g betwee n 
members bu t  als o thei r  integratio n o f  scientifi c  concepts . 
However ,  w e ca n assum e another ,  mor e rea l  cours e o f 
knowledg e integration ,  i n whic h eac h member  graduall y 
revise s thei r  interpretatio n o f  th e tas k o r  th e solutio n 
processe s usin g th e other' s monitorin g a s steppin g stones . 
Shirouz u e t  al .  showe d tha t  th e shif t  betwee n solutio n 
variation s coincide d wit h members '  rol e shif U betwee n tas k 
doin g an d monitoring .  Caro l  an d Dan a ofte n propose d 
"wha t  i f  case s t o eac h othe r  t o monito r  thei r  understanding . 
Thi s serie s o f  re-interpretation s enable s th e interactiv e an d 
gradua l  integratio n o f  th e solutio n variation s o f  differen t 
abstractio n levels .  Carefii l  analyse s o n th e languag e us e i n 
collaboratio n make s u s possibl e t o fee d a  bette r  folk-mode l 
of  collaborativ e learnin g bac k t o everyda y learner s (als o se e 
Miyak e &  Shirouzu ,  200 2 i n thi s conference) . 
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At  a  recen t  pane l  discussio n sponsore d b y th e Ohi o Boar d o f 
Education ,  credential-lade n fellow s o f  th e Discover y 
Institut e argue d wit h absolut e convictio n tha t  th e Darwinia n 
theor y o f  evolutio n i s flawed ,  an d tha t  w e mus t  hav e bee n 
create d b y intelligen t  design . 

What  underlie s th e confidenc e w e hav e i n ou r  belief s an d 
knowledge ? A  typica l  assumptio n underlyin g man y model s 
of  confidenc e i n genera l  worl d knowledg e i s  tha t 
assessment s o f  argument s tha t  favo r  o r  oppos e chose n 
answer s wil l  primarily ,  i f  no t  exclusively ,  determin e 
confidenc e i n choic e (e.g .  Griffi n &  Tversky ,  1992 ;  Koriat , 
Lichtenstein ,  &  Fischhoff ,  1980 ;  als o se e AUwoo d & 
Granhag ,  1996) .  Difference s betwee n model s largel y reflec t 
distinc t  proposal s fo r  ho w evidenc e assessmen t  i s 
accomplished ,  an d th e exten t  an d manne r  o f  bia s tha t  i s 
postulate d t o exis t  i n th e process .  Fo r  example ,  Koria t  e t  al . 
(1980 )  suggeste d tha t  memor y searc h produce s reason s fo r 
and agains t  presente d alternatives ,  an d tha t  assessmen t  i s 
biase d i n tha t  choice-consisten t  reason s ar e relie d upo n 
more heavil y tha n choice-inconsisten t  reasons . 

The curren t  stud y test s th e hypothesi s tha t  confidenc e als o 
depend s i n par t  o n successfti l  retrieva l  o f  topica l 
informatio n tha t  i s  no t  directl y relevan t  toward s arrivin g a t  a 
choice .  Successfu l  retrieva l  o f  fact s abou t  th e genera l  topi c 
i s use d a s evidenc e tha t  on e i s  knowledgeabl e abou t  th e 
subjec t  area ,  an d thu s likel y t o b e reasonin g correctly . 

Method 

Participant s (n=159 )  wer e presente d wit h a  serie s o f 
question s followin g th e form :  "Whic h specie s ha s a  longe r 
gestatio n period :  (a )  chimpanzees ,  o r  (b )  humans? " 
Participant s first  chos e on e o f  th e tw o alternative s a s mor e 
likel y t o b e correct ,  an d the n specifie d a  probabilit y  betwee n 
5 0 % an d 100 % tha t  thei r  choic e was ,  i n fact ,  correct . 
Subject s i n a  reason s conditio n wer e aske d t o writ e al l 
possibl e reason s fo r  an d agains t  eac h alternativ e answer , 
prio r  t o choosing .  Participant s i n a  recal l  conditio n wer e 
aske d t o recal l  al l  o f  th e fact s the y coul d abou t  th e topi c o f 
eac h questio n befor e choosing .  Contro l  conditio n 
participant s simpl y answere d th e question s wit h standard , 
non-directiv e instructions . 

Results 

The principa l  result s ar e show n i n Tabl e 1 .  Mea n 
confidence ,  proportio n correct ,  an d overconfidenc e wer e 

virtuall y equivalen t  acros s conditions .  Accurac y 
discriminatio n (mea n confidenc e give n correc t  -  mea n 
confidenc e give n incorrect )  wa s large r  fo r  recal l  tha n th e 
othe r  tw o conditions .  Also ,  th e correlatio n betwee n 
confidenc e leve l  an d choic e accurac y wa s large r  fo r  recal l 
tha n th e othe r  conditions . 

Table 1: Confidence/Correct Indices by Condition. 

Indice s 
Mean Conf . 
Prop .  Correc t 
Accurac y 
Discriminatio n 
Pearson' s r 

Contro l 
.7 3 
.6 6 
.0 4 

.1 2 

Reasons 
.7 2 
.6 6 
.0 5 

.1 6 

Recal l 
.7 2 
.6 6 
.1 0 

.2 9 

Discussio n 

Writin g al l  possibl e reason s fo r  an d agains t  alternative s ha d 
no impac t  o n choic e o r  confidence .  Writin g al l  fact s tha t 
coul d b e recalle d abou t  th e topi c o f  eac h questio n resulte d i n 
confidenc e judgment s tha t  bette r  discriminate d betwee n 
correc t  an d incorrec t  answers ,  a s compare d wit h contro l  an d 
reason s conditions .  Preliminar y result s fro m codin g o f  th e 
liste d reason s an d recollection s (no t  shown) ,  indicat e tha t 
approximatel y th e sam e amount s o f  informatio n wer e 
generate d unde r  th e tw o procedures ,  bu t  tha t  importan t 
qualitativ e difference s i n th e protocol s see m t o exist .  I t 
appear s tha t  successfii l  recal l  o f  fact s tha t  ar e relevan t  t o th e 
topic ,  bu t  tha t  d o no t  constitut e reason s fo r  o r  agains t 
presente d alternatives ,  i s  take n a s critica l  evidenc e tha t 
chose n alternative s ar e correct . 
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Abstrac t 

Research presented here examines effects of perceptual and 
non-perceptua l  informatio n o n categorizatio n a s a  fiinctio n o f 
perceptua l  propertie s o f  presente d information .  I n 
Experimen t  1 ,  triad s o f  perceptually-ric h an d perceptuall y 
impoverishe d stimul i  wer e calibrate d t o equat e 
discriminabilit y  o f  bot h kind s o f  stimuli .  I n Experimen t  2 , 
participant s wer e presente d wit h categorizatio n tas k unde r 
tw o conditions ,  one ,  i n whic h stimul i  wer e no t  labele d an d 
another ,  i n whic h linguisti c label s wer e provided .  I n th e firs t 
condition ,  participant s relie d solel y o n perceptua l 
information ,  an d ther e wa s n o differenc e betwee n 
perceptually-ric h an d perceptually-impoverishe d stimuli . 
However ,  i n th e secon d condition ,  wher e linguisti c label s 
wer e provided ,  ther e wer e dramati c difference s acros s 
differen t  stimul i  types :  perceptually-impoverishe d stimul i 
elicite d mostl y label-base d responses ,  wherea s perceptually -
rich  stimul i  elicite d mostl y perceptually-base d responses . 

Introduction 

I t  ha s bee n ofte n argue d tha t  similarit y i s a n insufficientl y 
constraine d rul e t o guid e categorizatio n decision s an d tha t 
ther e i s  ofte n a  dissociatio n betwee n similarit y an d 
categorization .  Fo r  example ,  Rip s (1989 )  presente d 
participant s wit h storie s abou t  animal s imdergoin g 
appearanc e transformation .  Participant s wer e aske d t o rat e 
similarit y o f  th e transforme d organism ,  an d t o determin e it s 
category .  Whil e the y judge d th e transforme d anima l  t o b e 
more simila r  t o th e ne w category ,  the y considere d th e 
transforme d anima l  t o b e mor e likel y a  member  o f  th e ol d 
categor y (i.e. ,  reptile) .  However ,  ther e i s evidenc e (Johnso n 
& Mervis ,  1997 ;  Sloutsky ,  Lo ,  &  Fisher ,  2001 )  perceptua l 
informatio n play s a n importan t  rol e i n categorization . 
Therefore ,  on e migh t  counte r  argu e tha t  th e 
transformationa l  studie s use d onl y verba l  description s o r 
perceptually-impoverishe d picture s t o demonstrat e tha t 
perceptua l  similarit y i s  o f  secondar y (i f  any )  importanc e fo r 
categorization .  A t  th e sam e time ,  i t  i s  possibl e tha t  th e rol e 
of  perceptio n i s no t  fixed,  suc h tha t  contributio n o f 
perceptua l  informatio n t o categorizatio n varie s wit h 
varianc e i n perceptua l  richness  o f  presente d information . 
Thi s possibilit y  wa s addresse d i n th e presen t  research . 

Experiment: Categorization and perceptual 
richnes s 

A tota l  o f  12 S undergraduat e student s too k par t  i n th e 
experiment .  Th e experimen t  ha d a  3  (stimul i  type : 
Perceptually-ric h vs .  Perceptually-impoverished )  b y 2 

(Labelin g condition :  Labe l  vs .  No-Label )  b y 2  (similarit y 
ratio :  Tes t  item s ar e equall y simila r  t o th e Targe t  vs .  Tes t  A 
i s mor e simila r  tha n Tes t  B  t o th e Target )  mixe d desig n wit h 
stimul i  typ e an d labelin g condition s a s between-subjec t 
variable s an d similarit y rati o a s a  within-subjec t  variable .  I n 
th e labe l  condition ,  picture s wer e accompanie d wit h 
artificia l  two-syllabl e linguisti c label s tha t  wer e presente d a s 
coun t  noun s (e.g. ,  a  bala ,  a  gula) .  Participant s wer e 
presente d wit h triad s o f  stimul i  an d aske d t o selec t  from  th e 
tw o botto m picture s (i.e .  Tes t  A  an d Tes t  B )  th e on e tha t 
was th e sam e kin d o f  anima l  a s th e uppe r  pictur e i n th e 
cente r  (i.e .  th e Target) . 

Proportion s o f  categorizatio n choice s wer e subjecte d t o a 
three-wa y (Stimul i  Typ e b y Labelin g conditio n b y 
Similarit y ratio )  mixe d A N O V A.  A s expecte d ther e wa s a 
significan t  stimul i  typ e b y labelin g interaction ,  F  (1,119 )  = 
4.08 ,  M S E =  0.11 ,  p  <  .05 ,  indicatin g tha t  ther e wer e n o 
difference s amon g stimul i  type s i n th e n o labe l  condition , 
whil e ther e wer e significan t  difference s i n th e labe l 
condition .  Thi s interactio n i s th e mos t  critica l  a s i t  indicate s 
tha t  difference s i n th e labe l  conditio n d o no t  ste m fi-om 
differen t  discriminabilit y o f  perceptually-ric h an d 
perceptually-impoverishe d stimuli .  Th e result s clearl y 
indicat e tha t  relianc e o n perceptua l  an d non-perceptua l 
informatio n fo r  categorizatio n i s  mediate d b y perceptua l 
richness  o f  information . 
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Severa l  researche s hav e bee n performe d i n variou s domain s o f  knowledg e abou t  learnin g 

difference s betwee n learner s regarde d a s expert s an d thos e regarde d a s novices .  I n s o m e 

previou s researches ,  w e hav e investigate d th e learning ,  are a o f  interes t  o f  researcher s involve d 

wit h cognitiv e scienc e an d compute r  scienc e (AbLi96 ,  L i m a 9 6 ,  Po«fecol0 2 an d C a & c o l 0 2 ) . 

In [AbLi96], for example, we conducted an experiment to examine characteristics related to 

cognitiv e gain s i n proble m solvin g an d th e criterio n t o decid e i f  a  logica l  reasonin g use d i n th e 

solutio n o f  a  specifi c  proble m coul d b e use d b y similarit y fo r  othe r  classe s o f  problems .  A  m o r e 

theoretica l  contributio n concernin g logi c theor y an d it s learnin g i s i n [L ima96] . 

[P0&C0IO2] examines mental-representation strategies applied to solve contextual problems 

involvin g mathematica l  calculus :  th e interes t  i s  centere d o n forma l  procedures ,  algorithms ,  an d 

strategie s tha t  coul d b e use d b y thre e group s o f  peoples :  wit h specifi c  mathematica l  knowledg e 

{th e exper t  g roup) ;  withou t  thi s knowledg e (th e contro l  group) ;  an d withou t  thi s specifi c 

knowlw ig e bu t  acquainte d wit h th e designe d proble m contex t  (th e familia r  group) . 

[Ca&col02] investigates the human reasoning applied to the mathematical problem-resolution 

process :  th e approac h i s base d o n t w o m a i n settings :  a .  th e investigatio n o f  menta l  processe s 

involve d i n th e h u m a n reasonin g appUe d t o proble m resolution ;  b .  th e analysi s o f  difference s i n 

th e categorizatio n an d resolutio n o f  mathematica l  problem s b y beginner s an d speciaUst s 

We are actually developing a new experiment involving the teaching of computational logic by a 

playfii l  approac h (Socrati c situatio n involvin g logica l  reasoning) .  Thi s experimen t  aim s t o verif y 

cognitiv e gain s i n t w o learner s groups :  expert s an d novices . 

By examining the logical sequenced steps done to solve a logical entertairmient we intent to 

detec t  criteri a o f  utilizatio n o f  reasonin g b y absur d o r  probabilisti c  reasonin g b y thes e groups . 

T h e extende d ide a concern s i n fac t  th e identificatio n o f  cognitiv e context s abl e t o improv e rathe r 

th e us e o f  probabilisti c  reasonin g tha n reasonin g b y absur d an d vice-versa .  O f  course ,  i n ou r 

experiment ,  i t  i s  assume d incontestabl y tha t  expert s solv e comp le x problem s considerabl y faste r 

an d m o r e accuratel y tha n novice s do .  Thos e difference s ar e c o m m o n p l a c e s o f  everyda y 

experience ,  ye t  onl y recentl y hav e w e begu n t o understan d wha t  th e exper t  doe s differentl y fi-om 

th e novic e t o accoun t  fo r  thi s superiority .  Nevertheless ,  s o m e initia l  result s o f  ou r  investigatio n 

coul d b e applie d t o th e learnin g o f  computationa l  logic .  Thes e result s coul d b e applie d i n a n 

elaboratio n o f  idea l  pedagogica l  guideline s i n orde r  t o facilitat e th e utilizatio n o f  a  m o r e 

appropriat e kin d o f  reasonin g t o solv e a  particula r  Socrati c problem . 
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Many area s o f  educatio n focu s o n teachin g childre n ho w 
t o produc e specifi c  kind s o f  externa l  notations .  Althoug h 
most  childre n appreciat e th e usefulnes s o f  creatin g suc h 
representations  b y thei r  eight h year ,  thei r  abilit y  t o actuall y 
creat e usefu l  externa l  representations  i s highl y variabl e an d 
tas k specifi c  unti l  adolescenc e (Cohen ,  1985 ;  Karmiloff -
Sniith ,  1979 ;  Le e &  Karmiloff-Smith ,  1996 ;  Eskrit t  &  Lee , 
2001) .  Thi s variabilit y  coul d result from  children' s failur e 
t o realize  wha t  informatio n need s t o b e include d i n a  goo d 
representation,  o r  i t  coul d result from  thei r  inabilit y  t o figure 
out  h o w t o creat e suc h a  representation,  eve n i f  the y k n o w 
what  t o includ e i n it .  I t  i s  likel y tha t  thes e tw o difficultie s 
interac t  suc h that ,  whe n childre n ar e decidin g o n thei r 
metho d o f  representation,  the y fai l  t o verif y tha t  les s salien t 
piece s o f  informatio n wil l  b e included .  Th e curren t  stud y i s 
a first  ste p i n evaluatin g th e contingencie s betwee n (1 )  wha t 
informatio n i s  included ,  (2 )  h o w th e informatio n i s 
represented ,  an d (3 )  children' s abilit y t o creat e usefu l 
externa l  representations . 

We aske d firs t  an d secon d grad e childre n t o creat e 
externa l  representations  tha t  coul d b e use d b y other s t o 
replicate  a  comple x sequenc e o f  action s i n a  simpl e puzzl e 
(Klahr ,  1985) .  Childre n generate d th e sequenc e o f  move s 
themselve s withi n a  well-define d proble m t o assur e the y ha d 
sufficien t  understandin g o f  th e actio n sequenc e t o b e 
represented .  Th e close d structur e o f  th e proble m m a d e i t 
possibl e t o defin e wha t  specifi c  informatio n neede d t o b e 
include d i n di e externa l  representation .  I n addition ,  w e 
categorize d th e metho d o f  representatio n bot h fo r  th e overal l 
organizatio n o f  th e notatio n an d specifi c  fo r  eac h piec e o f 
information .  I n ou r  analysis ,  w e examine d h o w th e 
adequac y o f  th e externa l  representation  (i.e. ,  ca n anothe r 
perso n us e th e notatio n t o replicat e th e sequenc e o f  actions ) 
relates  t o wha t  informatio n i s  include d an d h o w th e 
informatio n i s represented. 

Our  analysi s o f  children' s externa l  representation s 
distinguishe s a m o n g (a )  reference s t o th e objec t  t o b e 
moved,  (b )  th e locatio n t o m o v e th e object ,  an d (c ) 
informatio n abou t  orde r  o f  th e moves .  I n orde r  t o categoriz e 
th e overal l  organizatio n o f  children' s notations ,  w e code d 
thei r  notation s a s eithe r  linguisti c o r  figural.  Th e adequac y 
of  representation s wa s evaluate d o n a  seven-poin t  scale , 
wit h 1  denotin g n o relatio n betwee n th e notatio n an d th e 
tas k an d 7  indicatin g tha t  al l  informatio n tha t  wa s require d 
t o replicat e th e sequenc e w a s explicitl y  represented . 

Of  th e thre e type s o f  informatio n included ,  childre n wer e 
mor e likel y t o refe r  t o th e object s an d location s tha n t o 
sequentia l  order ,  F  (1 ,  25 )  =  21.8 ,  p  <  .001 .  Thi s resul t  i s 
consisten t  wit h prio r  findings  tha t  suggeste d childre n ha d 
difficult y includin g explici t  sequenc e informatio n (Bolge r  & 

Karmiloff-Smith ,  1991 ;  Le e &  Karmiloff-Smith ,  1996) . 
Becaus e informatio n abou t  m o v e orde r  wa s necessar y fo r 
th e notatio n t o b e rate d a s ver y adequate ,  th e inclusio n o f 
sequentia l  informatio n i n th e notatio n wa s relate d t o 
adequacy ,  r  =  .82 ,  p  <  .001 . 

Simila r  t o Le e &  Karmiloff-Smit h (1996) ,  notationa l 
adequac y wa s associate d wit h th e overal l  organizatio n o f  th e 
notations ,  F  (I ,  23 )  =  21.4 ,  p  <  .001 ,  suc h tha t  linguisti c 
notation s wer e mor e adequat e tha n figural  notations .  Th e 
differentia l  inclusio n o f  informatio n abou t  sequenc e wa s 
highl y relate d t o notatio n type ,  X^( N =  2 4 )  =  12.2 ,  p  <  .001 ; 
al l  o f  th e linguisti c notation s include d informatio n abou t 
sequenc e whil e a  majorit y o f  th e figural  notation s omitte d 
thi s information .  B y categorizin g th e sequentia l  informatio n 
include d a s eithe r  explici t  (i.e. ,  word s o r  numbers )  o r 
implici t  (i.e. ,  positio n o n pag e suc h a s to p t o bottom) ,  w e 
foun d tha t  sequentia l  informatio n include d i n th e linguisti c 
notation s wa s mor e likel y t o b e implici t  tha n i n figural 
notations ,  X^ (N = 13 )  =  5.3 ,  p  =  .02 .  However ,  w e foun d a n 
interactio n betwee n overal l  organizatio n an d metho d use d t o 
represen t  sequentia l  informatio n fo r  notationa l  adequacy , 
F (1 ,  9 )  =  10.91 ,  p  =  .01 ,  showin g tha t  figural  notation s wit h 
explici t  sequentia l  informatio n di d no t  hav e a s hig h o f  a n 
adequac y a s linguisti c notations . 

Th e curren t  stud y reveale d a  comple x relationshi p 
betwee n wha t  informatio n i s included ,  h o w tha t  informatio n 
i s represented ,  an d notationa l  adequacy .  Futur e researc h 
shoul d addres s w h y figural  notation s wit h explici t 
sequentia l  informatio n wer e no t  a s adequat e a s linguisti c 
notations . 
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The fals e belie f  tas k i s use d t o asses s whethe r  childre n 
hav e a  theor y o f  min d (i.e. ,  whethe r  the y kno w tha t  othe r 
peopl e ca n hol d differen t  beliefs) .  O n e versio n i s th e 
unexpecte d content s tas k (Pemer ,  Leekam ,  &  Winuner , 
1987) ,  i n whic h a  chil d i s show n a  bo x (e.g. ,  a  crayo n box ) 
and it s unexpecte d content s (e.g. ,  candy) .  Afte r  th e bo x i s 
closed ,  a  chil d i s asked ,  "Wha t  di d yo u thin k wa s i n th e 
box? "  Whil e childre n unde r  4  ten d t o answe r  "candy, "  olde r 
childre n respon d correctl y wit h "crayons. "  I n orde r  t o 
explai n thi s ag e effect ,  i t  i s  importan t  t o imderstan d wha t  i s 
neede d t o pas s th e fals e belie f  task . 

A computationa l  mode l  i s on e mean s o f  specifyin g th e 
processe s required .  W e designe d a n A C T - R (4.0 ;  Anderso n 
& Lebiere ,  1998 )  mode l  o f  th e minima l  processe s neede d t o 
simulat e performanc e o n th e fals e belie f  task .  Th e mode l 
consist s o f  fiv e productions :  tw o tha t  respon d t o th e tw o 
contro l  questions ,  tw o tha t  respon d t o th e fals e belie f 
question ,  an d on e tha t  stop s th e model . 

Our  mode l  include s thre e type s o f  declarativ e knowledge : 
(1 )  goal s contai n th e informatio n presente d i n curren t 
questio n (e.g. ,  a  close d crayo n box) ;  (2 )  genera l  knowledg e 
provide s relevan t  prio r  knowledg e (e.g. ,  crayon s ar e usuall y 
insid e a  crayo n box) ;  an d (3 )  object s indicat e object-specifi c 
informatio n (e.g. ,  ther e i s cand y i n thi s crayo n box) . 

The firs t  tw o production s specif y th e processe s b y whic h 
childre n respon d t o contro l  questions .  Th e expecte d content s 
productio n accesse s prio r  loiowledg e abou t  thos e type s o f 
boxe s an d identifie s th e content s base d o n thi s genera l 
knowledge .  Th e secon d productio n use s specifi c  inpu t  abou t 
th e content s o f  th e packag e (e.g. ,  cand y i n th e crayo n box ) 
t o updat e th e object-specifi c  knowledge . 

A correc t  respons e t o th e fals e belie f  questio n require s 
onl y a  modificatio n o f  th e expecte d content s production ; 
(1 )  identif y th e curren t  questio n a s a  specia l  case ,  (2 )  ignor e 
th e conten t  knowledg e abou t  th e specifi c  box ,  an d (3 ) 
refrai n fro m changin g object-specifi c  knowledg e base d o n 
prio r  genera l  knowledge .  Ou r  mode l  doe s no t  nee d t o 
conside r  menta l  representation s o r  belief s i n orde r  t o 
respon d tha t  crayon s woul d b e expecte d i n a  crayo n bo x 
despit e knowin g ther e i s cand y insid e th e crayo n box . 

I f  a  chil d fail s  t o recogniz e th e fals e belie f  questio n a s a 
specia l  kin d o f  question ,  w e expec t  sh e wil l  simpl y repor t 
th e actua l  content s o f  th e box .  Th e fina l  productio n stop s th e 
model  afte r  respondin g t o th e fals e belie f  question . 

W h en th e mode l  i s run ,  eac h o f  th e contro l  question s 
matc h onl y on e production ;  thu s th e mode l  alway s respond s 

correctly .  However ,  whe n th e fals e belie f  questio n i s posed , 
th e mode l  matche s bot h th e modifie d expecte d content s 
productio n an d th e repor t  knowledg e production .  Th e 
developmenta l  patter n i n response s ca n b e modele d b y 
hypothesizin g tha t  th e olde r  childre n hav e ha d furthe r 
experienc e wit h thes e specia l  question s whil e th e younge r 
childre n hav e not .  W e modele d thi s b y manipulatin g th e 
paramete r  q  -  th e probabilit y  tha t  th e productio n woul d 
achiev e th e goal .  Th e patter n o f  results ,  show n i n Figur e 1 , 
i s  simila r  t o th e patter n i n children' s responses .  Th e mode l 
predict s tha t  th e reactio n tim e fo r  th e correc t  respons e wil l 
be 50 0 millisecond s longe r  tha n a n incorrec t  response . 

Dat a fro m Mode l 

1.0 0 T 

t S 0.7 5 

jS 0.25 

0.0 0 
-O.S O -0.2 5 0  0.2 5 0.5 0 
Differenc e i n q  Value s 

Figur e 1 :  Dat a from  mode l 
showin g % o f  run s tha t  pas s 
th e fals e belie f  questio n a s th e 
differenc e i n q  varie s from 
repor t  knowledg e productio n 
bein g mor e successfu l  t o th e 
modifie d expecte d content e 
bein g mor e successful . 

Th e curren t  mode l  onl y require s distinguishin g question s 
tha t  requir e reportin g curren t  knowledg e from  one s tha t 
requir e ignorin g curren t  knowledge .  Becaus e Wel lman , 
Cros s &  Watson' s (2001 )  meta-analysi s foun d th e 
developmenta l  patter n o f  result s fo r  differen t  version s o f  th e 
fals e belie f  tas k wa s robust ,  i t  i s  likel y tha t  th e curren t 
model  ca n b e generalize d t o othe r  variations .  W e conside r 
th e curren t  mode l  a  first  ste p i n specifyin g alternativ e 
explanation s fo r  fals e belie f  performance .  Thi s us e o f 
computationa l  modelin g ca n b e productiv e i n refmin g ou r 
imderstandin g o f  th e developmen t  o f  children' s theor y o f 
min d int o a  mor e specified ,  an d therefor e testable ,  theory . 
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Affordance s vs .  Experienc e 

In the past two decades, the development of artificial 
intelligenc e ha s receive d thoroug h criticis m from  man y 
philosophers .  I n hi s  paper .  Th e Symbo l  Groundin g 
Proble m (1990) ,  H a m a d attempt s t o prov e A.I . 
systems '  inaptitud e t o groun d computationa l  symbol s 
i n experience .  T o determin e whethe r  experienc e i s th e 
onl y criteri a fo r  grounding ,  a  non-representationalis t 
framework  t o artificia l  system s mus t  b e applied .  Thi s 
paper  i s  a n attemp t  t o demonstrat e th e abilit y o f 
artificia l  system s t o groun d thei r  symbol s i n th e 
potentia l  activit y afforde d b y thei r  environment .  T o 
illustrat e th e groundin g o f  symbol s i n affordance s th e 
analysi s i s  presente d i n term s o f  Marr' s thre e 
descriptiv e level s (Marr ,  1983) .  Withi n th e 
computationa l  level ,  I  presen t  a n ecologica l  mode l  o f 
perception ,  a s wel l  as ,  h o w th e behavio r  o f  a n A.I . 
syste m i s  intelligibl e i n term s o f  affordances .  Th e 
placemen t  o f  a n A.I .  system' s behavio r  withi n th e 
broade r  contex t  o f  it s  environmen t  widen s th e potentia l 
fo r  groundin g an d draw s th e focu s awa y from  inne r 
formal-symbo l  operations .  Followin g th e establishmen t 
of  th e enviroiunent' s relevanc y i n A.I .  systems ' 
perceptua l  mechanis m i s a n examinatio n o f  th e 
representationa l  level .  Th e program ,  a t  th e 
representationa l  level ,  represent s th e bridg e betwee n a 
system' s ecologica l  perceptua l  mechanis m an d th e 
implementatio n o f  stimulu s information .  I  conclud e th e 
analysi s wit h th e implementatio n layer' s implication s 
on whic h symbol s nee d groundin g an d th e causa l  lin k 
betwee n th e receptio n o f  stimulu s informatio n an d 
moto r  commands . 

Tbe symbol Grounding Problem 

The problem theoretically arises because the symbols in 
an A.I .  system' s representatio n laye r  ar e manipulate d 
formall y accordin g t o prese t  programme d rule s an d d o 
not  hav e an y causa l  connection s wit h th e exterio r 
world .  I n othe r  words ,  th e sym b o l  groundin g proble m 
highlight s th e lac k o f  connectednes s betwee n th e 
symbol s withi n th e programme d laye r  o f  a n A.I .  syste m 
and th e exterio r  environment .  Whethe r  on e i s tryin g t o 
prov e A.I .  system s ca n hav e intentionality ,  develo p a 
potentia l  humanoid ,  o r  examin e th e replicatio n o f 
human processe s throug h artificia l  intelligence ,  th e 
symbol  groundin g proble m pose s a  barrier .  H o w ca n 

one potentiall y  mak e a  machin e tha t  ha s meaningfii l 
thoughts ,  i f  it s  symbol s ar e detache d from  an y for m o f 
reality ? Accordin g t o Hamad ,  huma n menta l  symbol s 
ar e grounde d i n ou r  dail y interaction s wit h th e exterio r 
worid .  Th e associatio n o f  symbol s wit h memorie s lead s 
H a m ad t o equat e symbo l  grounding' s constitutiv e 
elemen t  t o experienc e an d memories .  (Hamad ,  1990 ) 

An Ecological Model 

Within the bounds of his analysis, Hamad forwards 
vali d criticism s o f  A.I .  systems .  Indeed ,  from a  progra m 
laye r  investigatio n an d a  focu s o n intema l  abstrac t 
computation ,  A.I .  system s d o no t  hav e an y connection s 
wit h th e exterio r  world .  However ,  on e i s no t  claimin g 
tha t  a  system' s variable s an d desig n d o no t  originat e 
from  a  programme r  an d a  system' s genera l  concep t  i s 
th e realizatio n o f  a  programmer' s abstractions .  Thes e 
fact s simpl y entai l  tha t  th e constmctio n o f  a n A.I . 
syste m i s initiall y  base d o n a  designer' s abstractions . 
Althoug h th e behaviora l  an d progra m laye r  ar e th e 
component s w e perceiv e an d control ,  a  groundin g 
mechanism' s processe s resid e withi n th e implemen -
tatio n layer .  A n affordanc e stmcture d analysi s ground s 
an A.I .  system' s symbol s b y appealin g t o stimulu s 
information ,  a s oppose d t o th e traditionalis t  appea l  t o 
causa l  energ y connections .  Mor e precisely ,  th e theor y o f 
affordance s an d direc t  perceptio n enable s a  syste m t o 
implemen t  behaviora l  modification s throug h 
opportunitie s fo r  action s specifie d i n opti c arrays .  A n 
altemat e groundin g mechanis m mus t  fiilfiU  th e thre e 
centra l  tenet s o f  symbo l  groimdin g theory :  meaningfii l 
perception ,  purposefu l  action ,  an d environmen t 
dependen t  symbols .  Direc t  perceptio n an d Gibson' s 
ecologica l  approac h forward s a  dynami c mode l  o f 
actio n grounde d i n affordance s tha t  satisfie s thes e thre e 
criteria .  Th e symbo l  groundin g proble m i s perspectiv e 
dependen t  an d i s i n nature ,  onl y a  theoretica l  conflict . 
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Experimenta l  dat a sho w tha t  whe n animal s ar e interrupte d 
whil e executin g a  task ,  the y optimiz e th e us e o f  prospectiv e 
memory an d retrospectiv e memor y i n orde r  t o improv e th e 
performanc e o f  th e task .  Thi s wor k describe s a 
computationa l  mode l  o f  informatio n retrieva l  fro m 
prospectiv e an d retrospectiv e memories .  Th e mode l  include s 
a mechanis m o f  memor y loa d optimizatio n tha t  select s 
whic h memor y participate s i n th e decisio n makin g process . 
Compute r  simulation s sho w tha t  th e mode l  produce s 
behavio r  simila r  t o tha t  foun d i n rat s an d pigeons . 
Preliminar y experimenta l  result s concernin g memor y loa d 
optimizatio n i n human s sho w a  simila r  behaviora l  pattern . 
Imagin e tha t  yo u g o t o th e grocer y stor e t o bu y 1 2 item s fo r 
a specia l  recip e yo u wan t  t o prepare .  Whil e yo u gathe r  th e 
item s i n you r  car t  yo u mee t  a  frien d tha t  ask s yo u t o hel p 
jumpstar t  he r  ca r  becaus e sh e ha s a  discharge d battery .  Afte r 
yo u hel p you r  frien d yo u retur n t o th e store .  Becaus e yo u 
alread y spen t  to o muc h tim e wit h you r  frien d an d you r  car t 
i s  locate d fa r  awa y from  th e entr y poin t  o f  th e store ,  yo u 
decid e t o tak e a  ne w car t  an d pic k u p th e remainin g 
groceries .  Then ,  yo u g o t o th e locatio n o f  th e firs t  car t  tha t 
yo u use d an d notic e tha t  yo u hav e th e complet e lis t  o f 
groceries .  Wha t  ar e th e variable s tha t  influence d you r 
behavior ? T w o importan t  variable s ar e th e amoun t  o f  tim e 
yo u spen t  wit h you r  friend  an d th e numbe r  o f  grocerie s 
gathere d unti l  th e poin t  o f  interruption .  Othe r  factor s ar e th e 
degre e o f  familiarit y wit h th e grocer y stor e an d th e 1 2 item s 
yo u intende d t o buy .  Then ,  a n importan t  questio n i s whethe r 
th e numbe r  o f  grocerie s gathere d unti l  th e poin t  o f 
interruptio n an d th e duratio n o f  tim e spen t  wit h you r  friend 
hav e a n influenc e o n holdin g a  complet e lis t  o f  grocerie s (n o 
duplicate s o r  missin g items )  a t  th e tim e yo u reac h th e first 
cart . 
Answer s t o simila r  question s hav e bee n provide d i n studie s 
wit h animals .  Fo r  example ,  Cbo k e t  al .  (198S )  designe d a 
stud y t o find  wha t  typ e o f  encodin g rat s us e t o solv e a  1 2 
ar m radia l  maze .  Subject s wer e traine d t o find  foo d i n th e 
maze s o tha t  the y hav e a n interna l  representatio n o f  th e 
maze.  A t  th e beginnin g o f  eac h tria l  al l  th e arm s o f  th e maz e 
ar e baited .  Rat s ar e place d i n th e maz e an d allowe d t o 
explor e 2 ,  4 ,  6 ,  8 ,  o r  1 0 arm s befor e the y ar e remove d from 
th e maze .  Afre r  a  certai n amoun t  o f  tim e ha s elapse d the y 
ar e place d bac k i n th e maz e an d allowe d t o explor e th e maz e 
unti l  al l  foo d i s collected .  Th e numbe r  o f  error s committe d 
by th e subject s durin g on e tria l  measure s thei r  performance . 
The result s sho w tha t  subject s ca n shif t  thei r  codin g strateg y 
t o optimiz e thei r  memor y load .  A n interruptio n afte r  th e 6 ^ 
ar m produce s a n erro r  large r  tha n tha t  generate d b y a n 
interruptio n clos e t o eithe r  th e beginnin g o r  endin g o f  th e 
task .  Simila r  result s hav e bee n obtaine d wit h pigeon s 

(Zental l  e t  al. ,  1990 )  i n a n analo g tas k o f  th e radia l  ar m 
maze. 
Thi s wor k introduce s a  computationa l  mode l  tha t  describe s 
ho w animal s ca n achiev e memor y loa d optimization .  Th e 
model  contain s a  retrospectiv e memory ,  a  prospectiv e 
memory an d a  mechanis m fo r  decidin g whic h memor y i s 
use d fo r  producin g action . 
Figur e 1  show s th e performanc e o f  th e mode l  whe n th e 
poin t  o f  interruptio n an d th e dela y ar e varied .  Figur e 2 
shows experimenta l  dat a fo r  interruption s o f  I S an d 6 0 
minutes .  Thes e dat a ar e simila r  t o thos e presente d i n figure 
1 (se e dela y 8  an d 25) .  Bot h theoretica l  an d experimenta l 
studie s sugges t  tha t  whil e shor t  delay s affec t  onl y th e 
performanc e interrupte d halfway ,  lon g delay s affec t  an y 
performanc e interrupte d afte r  th e d" *  arm . 
The compute r  simulation s sugges t  tha t  prospectiv e memor y 
decay s faste r  tha n retrospectiv e memory .  Thi s migh t  happe n 
becaus e prospectiv e memor y i s no t  use d a s ofte n a s 
retrospectiv e memory .  Prospectiv e memor y ca n b e use d 
onl y whe n a  complet e representatio n o f  th e tas k exist s i n 
memory. 

Poin t  o f  Interruptio n 
Figur e 1 .  Performanc e o f  th e mode l  whe n exploratio n i s 
interrupte d afte r  th e 2"" ,  6 ^  an d th e lO" '  ar m whil e th e 
dela y increases . 
A B 

Figur e 2 .  Experimenta l  dat a tha t  sho w th e performanc e o f 
rat s whe n dela y  i s 1 5 minute s  (A )  an d 6 0 minute s  (B) . 

Cook, R.G., Brown, M.F. and Riley, D.A. (1985). Journal 
of  Experimenta l  Psychology ,  11 ,  653-469 . 

Zentall ,  T.R. ,  Steim ,  J.N. ,  an d Jackson-Smith ,  P .  (1990) . 
Journa l  o f  Experimenta l  Psychology ,  Vol .  16 ,  No .  4 ,  358 -
371 . 
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Our  ai m wa s t o tes t  Vollmeye r  an d Rheinberg' s cognitive -
motivationa l  proces s nxxle l  (2000 )  i n th e contex t  o f  learnin g 
a hypermedi a program .  Th e mode l  assume s tha t  initia l 
motivatio n affect s learnin g throug h th e mediatin g variable s 
motivationa l  stat e durin g learnin g an d strateg y use d fo r 
learning .  Initia l  nwtivatio n contain s fou r  factors :  probabilit y 
of  success ,  i.e. ,  learner s tak e int o accoun t  thei r  abilit y  an d 
th e perceive d difficult y o f  th e task ;  anxiety ,  i.e. ,  learner s 
thin k abou t  failin g th e task ;  challenge ,  i.e. ,  whethe r  learner s 
accep t  th e situatio n a s a n achievemen t  situation ;  an d 
interest ,  i.e. ,  whethe r  di e topi c o f  th e learnin g materia l  i s 
important . 

Method 

The hypermedi a progra m describe d th e outbrea k o f  Worl d 
W ar  I  (Vollmeye r  &  Bums ,  2002 )  o n 5 1 pages .  Th e 4 2 
participant s read  th e instruction s sayin g tha t  afte r  abou t  2 5 
minute s o f  learnin g the y wil l  answe r  a  questionnaire .  Befor e 
startin g the y answere d th e Q C M ()2uestionnair e o f  Curren t 
Motivation ;  Rheinberg .  Vollmeyer .  &  Bums ,  2001 ) 
measurin g anxiety ,  probabilit y o f  success ,  interest ,  an d 
challenge .  W h e n workin g wit h th e progra m w e measure d 
tw o mediatin g variables :  (I )  th e motivationa l  stat e (thre e 
item s e.g. ,  'Th e tas k i s  fun") ,  an d (2 )  strateg y a s tim e pe r 
page .  Th e dependen t  variabl e wa s knowledg e assesse d wit h 
34 questions .  T o tak e spee d a s wel l  a s accurac y int o accoun t 
we calculate d knowledg e a s th e produc t  o f  correc t  answer s 
i n th e knowledg e tes t  an d numbe r  o f  page s looke d at . 

Results and Interpretation 

The fou r  factor s o f  initia l  motivatio n hav e som e 
intercorrelatio n (Rheinber g e t  al. ,  2001) ,  s o w e looke d fo r 
common pattern s i n initia l  motivatio n throug h a  hierarchica l 
cluste r  analysis .  W e foun d 2  groups :  I n th e firs t  grou p 
interes t  an d probabilit y  o f  succes s wer e significantl y higher , 
i n th e secon d grou p anxiet y an d challeng e (se e Tabl e 1) . 
Thus w e interprete d th e firs t  grou p a s intereste d an d 
believin g i n succes s (UP) ,  th e secon d a s challenged ,  bu t 
fearin g failur e (A/C) .  Tabl e 1  show s ho w differentl y thes e 
tw o group s learne d th e program .  Th e I/P-grou p ha d a  highe r 
motivationa l  stat e durin g teaming ,  the y looke d a t  mor e 
page s an d thu s spen t  les s tim e pe r  page .  Knowledge , 
measure d a s th e produc t  o f  numbe r  o f  page s *  correc t 
answers ,  wa s als o highe r  fo r  th e I/P-group . 

Tabl e 1 :  Mean s fo r  I/P -  ( w =  20 )  an d A/C-grou p ( w =  22) . 
I/ P A/ C 

interes t 
probabilit y  o f  succes s 
challeng e 
anxiet y 
motivationa l  stat e 
tim e pe r  pag e 
number  o f  page s 
correc t  answer s 
number  *  correc t  answer s 

5.3 4 
5.9 4 

4.1 8 
1.5 4 
5.6 0 

30.5 5 
43.7 0 
15.0 5 

653.0 0 

4.5 8 
4.7 4 

4.6 9 
3.3 5 
4.4 6 
38.8 1 
35.9 1 
12.8 6 

460.8 2 

.01 3 

.00 1 

.06 5 

.00 1 

.00 4 

.01 3 

.00 8 

.08 2 

.00 2 

To tes t  i f  initia l  motivatio n affec U learnin g throug h th e 
motivationa l  stat e an d strateg y w e calculate d regression 
analyses .  Firs t  w e foun d tha t  initia l  motivatio n correlate d 
wit h motivationa l  state ,  r  =  .44 ,  tim e pe r  page ,  r  =  -.38 ,  an d 
knowledge ,  r  =  .46 .  Th e mediatin g variable s als o correlate d 
wit h knowledg e (motivationa l  state :  r  =  .37 ,  tim e pe r  page :  r 
= -.58) .  However ,  i n a  regression  analysis ,  i n whic h th e 
predicto r  (UP- ,  A/C-group )  i s controlled ,  onl y tim e pe r  pag e 
i s significant ,  P  =  -.46 .  t  =  3.52 ,  p  =  0.001 .  I n conclusion ,  w e 
foun d tha t  initia l  motivatio n affecte d learnin g onl y vi a 
strategy :  Mor e anxiou s an d challenge d learner s spen t  mor e 
tim e pe r  pag e bu t  the y learne d les s o f  th e page' s conten t 
compare d t o success-oriente d an d intereste d learners . 
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Preschoo l  Children' s Us e o f  Auditor y Informatio n i n 
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Infant s ar e b o m wit h fiv e senses :  sight , 
hearing ,  taste ,  smel l  an d touch ,  throug h whic h 
the y com e t o understan d th e worl d aroun d the m 
and interac t  wit h th e environmen t  effectively . 
However ,  th e rol e o f  visua l  informatio n i n earl y 
conceptua l  developmen t  ha s bee n stressed .  I n 
thi s paper ,  w e woul d argu e tha t  auditor y 
informatio n shoul d als o pla y a  part .  Fo r 
instance ,  th e soun d o f  a n anima l  ca n b e on e o f 
th e essentia ]  cue s fo r  u s t o determin e wha t  th e 
anima l  is .  Thi s study ,  therefore ,  wa s a n attemp t 
t o examin e th e exten t  t o whic h preschoo l 
childre n us e auditor y informatio n i n drawin g 
inductiv e inference s abou t  animals . 

I n a  recen t  stud y b y W o n g (dissertation) ,  4 -
year-ol d children' s us e o f  auditor y an d visua l 
informatio n ha s bee n compared .  The y wer e 
foun d t o b e mor e likel y t o dra w inference s 
abou t  natura l  kind s base d o n th e similarit y o f 
auditor y informatio n tha n o n shap e similarity . 
The importanc e o f  auditor y informatio n ha s 
been shown . 

However ,  som e woul d argu e agains t  th e 
importanc e o f  perceptua l  informatio n n o matte r 
whethe r  i t  i s  visua l  o r  auditory .  A  serie s o f 
studie s b y Gehna n e t  al .  (e.g ,  Gelma n &  Coley , 
1990 )  hav e show n tha t  childre n a s youn g a s 3 
year s o f  ag e wer e abl e t o g o beyon d perceptua l 
cue s an d us e conceptua l  information ,  suc h a s 
categor y labels ,  t o mak e judgments .  The y 
tende d t o rel y mor e o n label s tha n o n perceptua l 
appearanc e t o dra w inference s abou t  animals . 

Despit e o f  thes e findings ,  th e rol e o f 
categor y label s ha s bee n questioned .  A  stud y 
by Mak ,  Ver a an d L o (unde r  preparation )  ha s 
shown tha t  youn g children' s us e o f  label s seem s 
t o b e rathe r  limited .  Preschoo l  childre n tende d 
t o us e motio n infonnatio n mor e ofte n tha n 
categor y label s t o mak e categorica l  judgments . 

Followin g thi s lin e o f  argumen t  togethe r 
wit h th e evidenc e tha t  infant s ar e no t  onl y 
sensitiv e t o soun d bu t  als o sho w goo d abilit y  i n 
soun d detection ,  discriminatio n an d localizatio n 
(e.g. ,  Leventha l  &  Lipsitt ,  1964 ;  Wormith , 
Pankhurst ,  &  Moffitt ,  1975) ,  i t  i s  reasonabl e t o 
believ e tha t  preschoo l  childre n woul d b e mor e 
likel y t o us e th e soun d o f  animal s tha n categor y 
label s t o dra w inductiv e inferences . 

The presen t  stud y wa s a  2  (simila r  & 
differen t  sound )  X  2  (simila r  &  differen t  label ) 

between-subjec t  factoria l  design .  T w o hundre d 
and fort y 4-year-ol d childre n participated .  I n 
th e experiment ,  eac h chil d wa s teste d 
individually .  Childre n wer e presente d wit h 2 
pair s o f  anima l  stimul i  ("cat "  an d "dog") ,  on e 
pai r  a t  a  tim e ( a targe t  an d a  tes t  animal s whic h 
share d simila r  appearance) .  Th e childre n wer e 
firs t  taugh t  a  ne w propert y abou t  th e targe t  an d 
wer e the n aske d t o infe r  i f  th e propert y wa s als o 
tru e fo r  th e tes t  animal . 

Result s provid e support s fo r  ou r  hypothesis , 
showin g tha t  4-year-old s tende d t o us e auditor y 
informatio n significantl y mor e ofte n tha n verba l 
label s t o dra w inductiv e inference s abou t  th e 
anima l  stimuli .  Thi s fuidin g i s consisten t  wit h 
thos e i n M a k e t  al.' s  study ,  suggestin g tha t  th e 
rol e o f  categor y label s ma y no t  b e a s importan t 
as Gelma n e t  al .  hav e suggeste d an d tha t  o f 
auditor y informatio n canno t  b e ignored . 

Althoug h children' s us e o f  perceptua l  an d 
conceptua l  informatio n ha s bee n compare d i n 
thi s study ,  w e ar e no t  suggestin g tha t  tiiey  pla y 
distinc t  role s i n children' s conceptua l 
development .  O n th e contrary ,  w e d o believ e 
tha t  informatio n o f  shape ,  soun d an d label s 
interac t  t o guid e children' s categorica l  judgmen t 
This ,  however ,  remain s t o b e determine d i n 
futur e studies . 
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Counterfactua l  Th ink in g 

Suppos e a n actio n o f  your s lead s t o a  ba d outcome .  Yo u ar e 
plague d b y thought s o f  'i f  onl y I  hadn' t  acted' .  Bu t  suppos e 
yo u ar e reminded  o f  a  ver y goo d reason  wh y yo u acted .  Wil l 
th e reason  diminis h you r  tendenc y t o thin k 'i f  only '  abou t 
you r  action ? Ou r  ai m i s t o report  experimenta l  result s o n 
ho w th e reason s fo r  action s ca n influenc e 'i f  only '  thoughts . 

Generatin g counterfactua l  thought s abou t  wha t  migh t 
hav e bee n ma y b e centra l  an d pervasiv e i n huma n cognitio n 
(e.g. ,  Byrn e &  McEleney .  2000) .  Counterfactua l  thought s 
follo w certai n regularities .  Mos t  imporUntly ,  fo r  ou r 
purposes ,  peopl e thin k 'i f  only '  abou t  controllabl e event s 
(e.g. ,  stoppin g fo r  a  beer )  rathe r  tha n uncontrollabl e one s 
(e.g. ,  sheq )  crossin g th e road )  (Girotto ,  Legrenz i  &  Rizzo , 
1991 ;  McClo y &  Byrne ,  2000) .  Th e focu s o n controllabl e 
action s ha s bee n demonstrate d repeatedl y i n rea l  lif e a s wel l 
as laborator y studies .  Th e abilit y  t o imagin e tha t  a  perso n 
coul d hav e acte d differentl y ma y b e centra l  t o ou r  concept s 
of  freedo m an d responsibilit y  an d ma y underli e emotion s 
suc h a s guil t  an d regret. 

W hy d o peopl e thin k 'i f  only '  abou t  controllabl e actions ? 
The answe r  ma y b e tha t  the y ar e perceive d t o b e 
independen t  o f  externa l  cause s (Girott o e t  al. ,  1991) .  Bu t 
most  action s depen d o n a  reason .  W e examin e ho w reason s 
fo r  actin g ca n inifluenc e 'i f  only '  thoughts . 

Ther e ar e man y differen t  sort s o f  reason s (Wals h & 
Byrne ,  2002) .  Reasoner s ma y vie w som e reason s a s 
necessary ,  an d ma y imagin e tha t  withou t  th e reaso n th e 
actio n woul d no t  hav e occurred .  Othe r  reason s ma y b e 
viewe d a s non-necessar y an d reasoner s ma y imagin e 
alternativ e reasons  fo r  acting .  W e sugges t  necessar y reasons 
ar e generall y enduring ,  oriente d toward s longe r  ter m plan s 
wherea s non-necessar y reason s ten d t o b e immediate , 
satisfyin g curren t  desire s an d short-ter m goals .  W e expecte d 
tha t  reasoners '  woul d generat e fewe r  'i f  only '  thought s 
abou t  action s fo r  whic h ther e wer e necessar y reason s 
compare d t o non-necessar y reason s o r  n o reason. 

Imagining Counterfactual Alternatives 

I n on e experiment ,  w e constructe d thre e version s o f  a 
scenari o abou t  a n individual ,  Tom ,  wh o i s  delaye d b y 
severa l  event s o n hi s wa y hom e from  work ,  onl y t o find  h e 
i s to o lat e t o sav e hi s dyin g wife .  I n on e versio n th e actio n 
(goin g t o th e gym )  wa s precede d b y a  non-necessar y reason , 
an immediat e desir e t o ac t  'fo r  it s ow n sake '  (To m reall y 
like s t o g o t o th e gym') ;  i n a  second ,  th e actio n wa s 
precede d b y a  necessar y reason ,  a n endurin g long-ter m pla n 

('To m i s  tryin g har d t o los e weight') ,  an d i n th e thir d 
versio n n o reason  wa s given . 

We assigne d 19 4 student s t o on e o f  th e thre e groups . 
They liste d fou r  completion s fo r  th e followin g 
counterfactua l  thought : 

As commonl y happen s i n suc h situations ,  T o m ofte n 
thought ,  "i f  only... " 

The result s showe d tha t  a  necessar y reaso n reduce d 
participants '  tendenc y t o thin k 'i f  onl y h e hadn' t  acted ' 
(75%)  compare d t o a  non-necessar y reaso n (89% ,  chi ^  = 
3.86 ,  p  <  .025) ,  an d compare d t o n o reaso n (88% ,  chi ^  = 
3.32 ,  p  =  .03) .  A  necessar y reaso n shift s som e 'i f  only ' 
thought s from  th e actio n t o th e reaso n instead .  Th e 
possibilit y  i n whic h th e reaso n doe s no t  occu r  an d th e actio n 
occur s anywa y i s rule d ou t  an d s o a  counterfactua l  ca n b e 
generate d o f  th e form ,  "i f  onl y th e reaso n ha d no t  happened , 
th e actio n woul d no t  hav e happened. "  I n contrast ,  fo r  non -
necessar y reason s ther e i s th e possibilit y  tha t  th e reaso n 
does no t  occu r  an d th e actio n occur s anywa y an d s o a 
counterfactua l  canno t  b e generate d o f  th e form ,  "i f  onl y th e 
reaso n ha d no t  happened ,  th e actio n woul d no t  hav e 
happened. " 

The focu s o f  counterfactua l  thought s o n controllabl e 
action s ma y aris e i n par t  becaus e controllabl e action s see m 
t o b e independen t  o f  an y externa l  constraint .  Onc e suc h 
constraint s ar e mad e apparent ,  i n th e guis e o f  th e provisio n 
of  reason s fo r  acting ,  th e tendenc y t o thin k 'i f  only '  abou t 
controllabl e action s i s reduced . 
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1.  Backgroun d 

Enthusiasti c educator s digitiz e differen t  sort s o f  learnin g 
material s i n th e hop e o f  enhancin g learnin g outcome .  Th e 
learnin g outcome s from  thi s trend ,  however ,  remai n 
inconclusiv e becaus e detaile d evaluatio n i s ofte n lacking . 
One differenc e betwee n th e traditiona l  printe d mediu m an d 
th e digita l  mediu m i s th e arrangemen t  o f  presentatio n o f  th e 
concept s t o b e learnt .  Digita l  mediu m allow s th e concept s t o 
be arrange d i n a  networke d structur e wit h th e ai d o f 
hyperlink s whic h i s no t  possibl e i n traditiona l  printe d 
medium.  Th e advantag e o f  networke d structure s lie s i n 
encouragin g th e activ e exploratio n o f  informatio n i n th e 
absenc e o f  an y predefine d structure .  Thi s encourage s a n 
activ e knowledg e constructio n process ,  whic h i s crucia l  i n 
learning .  A  concomitan t  disadvantag e i s tha t  learner s ma y 
get  easil y los t  i n th e networ k (Dix ,  Finlay ,  A b o w d &  Beale , 
1998) . 

The digita l  mediu m ma y therefor e complemen t  th e 
strength s o f  problem-base d learnin g pedagogy ,  a s the y shar e 
th e sam e objectiv e i n encouragin g th e learner s t o explore . 
The disadvantag e o f  th e digita l  mediu m ma y o n th e othe r 
hand b e overcom e throug h providin g learner s wit h browsin g 
objectives ,  suc h a s instruction s t o solv e particula r  structure d 
problem s withi n a  P B L learnin g framework. 

2. Method and Results 

To asses s th e interactio n effect s o f  problem-base d learnin g 
and digita l  medium ,  technique s i n learnin g outcome s 
assessmen t  wer e furthe r  explored .  Thes e evaluate d th e 
learners '  semanti c differentiatio n wit h th e hel p o f 
multidimensiona l  scaling .  Chi ,  Feltovic h an d Glase r  (1981 ) 
argue d tha t  experienc e leve l  determine s th e differentiatio n 
of  a  problem .  A  numbe r  o f  othe r  researcher s hav e als o 
suggeste d tha t  expertis e affect s concep t  differentiation , 
expert s tendin g t o differentiat e concept s mor e fmel y an d 
more systematicall y  (c.f .  Fisher ,  2000) . 

2.1 Construction of Expert Model 

A grou p o f  researc h postgraduat e student s wit h biologica l 
psycholog y backgroun d wa s aske d t o mak e pair-wis e 
differenc e comparison s o n som e biologica l  psycholog y 
terms ,  whic h constitut e th e dissimilarit y matrices .  A L S C A L 
(Alternatin g Leas t  square s SCALing )  solution s o f  the m wa s 
constructed ,  an d regarde d a s th e experts '  model . 

2.2 Pedagogy and medium interaction effect 
A 2x2 ,  mediu m (digital ,  printed )  x  pedagog y (directe d 
learning ,  problem-base d learning) ,  researc h desig n wa s ru n 
i n a n authenti c biologica l  psycholog y learnin g environment . 
Dissimilarit y matrice s dat a wer e collecte d afte r  th e learnin g 
sessions .  Preliminar y dat a analysi s suggeste d tha t 

multidimensiona l  scalin g solution s wer e problematica l  i n 
term s o f  th e groups ,  becaus e o f  th e larg e varianc e withi n 
group .  Individua l  A L S C A L solution s were ,  therefore , 
constructed ,  from  whic h parameter s wer e derive d fo r  furthe r 
analysis . 
2.2. 1 Tuncker' s Congruenc e Coefficien t 
Tuncker' s congruenc e coefficient s betwee n individuals '  an d 
th e experts '  dissimilarit y matrice s wer e calculate d base d o n 
th e first  stag e results .  A  2x 2 A N O V A (pedagog y x  medium ) 
showe d tha t  ther e i s a  significan t  pedagog y mai n effec t  ( F = 
17.414 ,  p  <  0.01) .  Th e knowledg e differentiatio n criteri a b y 
th e individua l  i n th e directe d learnin g grou p ar e mor e 
simila r  t o th e experts '  grou p mode l  tha n t o th e problem -
base d learnin g group . 
2.2. 2 Furthe r  analysi s 
Furthe r  analyse s usin g parameter s from  a  cluste r  analysi s 
and projjert y vecto r  fittin g reveale d n o significan t  differenc e 
betwee n groups . 

3. Discussion 

The result s indicate d tha t  th e effec t  o f  mediu m shif t  i s no t  a s 
dramati c a s th e effec t  o f  pedagog y application .  Educator s 
shoul d conside r  puttin g mor e effor t  int o implementin g 
usefu l  pedagog y rathe r  tha n digitizin g learnin g material s 
alone . 
The pedagogie s investigate d i n thi s study ,  throug h directe d 
learning ,  whic h mimic s th e natur e o f  traditiona l  teaching , 
and problem-base d learning ,  yiel d differen t  semanti c 
knowledg e structures .  Thi s mirror s th e objectiv e o f 
problem-base d learning ,  i n tha t  i t  lead s th e learner s t o 
construc t  thei r  ow n understanding .  Th e individua l  semanti c 
model s tha t  ar e derive d a s outcome s from  thi s proces s are , 
therefore ,  les s congruen t  wit h thos e o f  th e experts .  Whethe r 
thi s i s beneficia l  o r  no t  depend s o n th e teachin g objective . 
Finally ,  dii s  researc h onl y explore s on e are a o f  digita l 
mediu m base d instruction .  Th e effect s o f  mor e sophisticate d 
digita l  functions ,  fo r  exampl e animation ,  intelligen t  tuto r 
and online-collaboration ,  shoul d b e furthe r  explored . 
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Introductio n 

Fundamental to calculation and arithmetic competency is 
th e abilit y  t o abstractl y represen t  numerica l  quantity .  Whil e 
much i s know n abou t  th e psychophysic s o f  huma n quantit y 
representation ,  littl e i s  know n abou t  th e neura l  instantiatio n 
of  thi s ke y ability .  Throug h E R P (event-relate d potentials) , 
we characteriz e th e natur e o f  multidigi t  numerica l 
representations .  Dehaen e (1996 )  reveale d tha t  bilatera l 
region s o f  parieta l  corte x ar e involve d i n judgin g th e larges t 
of  singl e digi t  number s (1,4,6 ,  an d 9 )  fix)m  th e numbe r  5 . 
Our  researc h replicate s hi s finding s an d als o consider s th e 
natur e o f  flie  neura l  representatio n o f  th e magnitude s 
themselves .  Preliminar y studie s hav e reveale d systemati c 
variation s i n E R P signatur e i n respons e t o th e presentatio n 
of  smal l  numerica l  quantitie s (range :  1 -16) .  Thi s 
activatio n i s localize d t o bilatera l  inferio r  parieta l  region s 
and occur s 22 0 m s afte r  stimulu s onse t  (Whalen ,  West ,  & 
Cook ,  2002) .  Th e presen t  wor k investigate s th e neura l 
representatio n o f  large r  quantities ,  an d th e mappin g o f 
multidigi t  numeral s t o neura l  quantit y representations . 

overal l  magnitude .  Overal l  magnitud e wa s represente d 
bilaterall y i n inferio r  parieta l  regions ,  whil e ten s an d unit s 
representation s wer e localize d t o th e right  superio r  parieta l 
gyrus .  Whil e th e E R P signatur e fo r  eac h quantit y wa s 
localize d t o uniqu e region s o f  parieta l  cortex ,  th e onse t  o f 
th e representation s wer e nearl y simultaneous ,  commencin g 
approximatel y 22 0 m s afte r  presentatio n o f  th e numeral . 
The linea r  change s i n E R P signature s relativ e t o di e 
magnitud e presente d suggest s tha t  numbe r  i s represente d 
linearl y i n parieta l  cortex ,  a  fmdin g consisten t  wit h studie s 
of  quantit y representation s i n non-human s (Galliste l  & 
Gelman ,  2000) . 

Tens 

Overal l  ̂ ^agnitud e Ones 

M e t h o d o l o g y 

Participant s wer e show n Arabi c digit s rangin g fro m 0  t o 99 . 
Stimul i  wer e randomize d an d presente d individuall y fo r  50 0 
ms.  Becaus e Arabi c numeral s ar e know n t o automaticall y 
elici t  representation s o f  numerica l  magnitud e (Lefevr e e t  al. , 
1988 ;  Naccach e &  Dehaene ,  2001) ,  n o respons e wa s 
require d o f  participants .  Participant s wer e als o periodicall y 
aske d t o conqjar e th e relativ e numerica l  magnitud e o f  tw o 
sequentiall y  presente d number s (participant s judge d whethe r 
th e secon d numbe r  i n th e pai r  wa s "smaller "  o r  "larger "  tha n 
th e first).  Even t  relate d potoitial s wer e recorde d usin g a 
128 channe l  EG I  (Electrica l  Geodesies ,  Inc. )  Senso r  Net . 
E R Ps wer e collecte d fo r  ead j  ten s quantit y (e.g ,  3  o f  34) , 
unit s quantit y  (e.g ,  4  o f  34) ,  an d overal l  magnitud e (e.g. ,  34 ) 
fo r  25 0 m s prio r  t o stimulu s onse t  t o 50 0 m s pos t  onset . 

Results 

Usin g singl e an d double-digi t  Arabi c numeral s rangin g fro m 
0 t o 99 ,  w e discovere d functionall y distinc t  neura l 
representation s fo r  th e individua l  numeral s tha t  compos e a 
multidigi t  numbe r  (e.g. ,  di e "3 "  an d "4 "  o f  th e multidigi t 
numera l  "34" )  an d fo r  overal l  numerica l  magnitude . 
Regressio n analysi s ove r  2 0 m s interval s a t  eac h electrod e 
sit e reveale d systemati c linea r  variatio n i n neura l  voltage s 
relativ e t o th e numera l  presented .  Thi s include d distinc t 
representation s fo r  bot h th e ten s an d unit s quantities ,  an d th e 

Figur e I :  Sourc e Localizatio n fo r  Tens ,  Unit s an d Overal l 
Magnitudes . 
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Antoniett i  (1991 )  firs t  presente d th e ide a o f  partia l 
analogie s i n solvin g a n ill-define d problem .  Prio r  t o that , 
studie s lookin g int o th e rol e o f  analogie s i n proble m solvin g 
use d complet e analogies .  Antoniett i  conclude d tha t  partia l 
analogie s helpe d proble m solvin g onl y whe n al l  th e cue s 
wer e presen t  an d presente d i n th e correc t  order . 

The condition s fo r  partia l  analog y t o wor k a s identifie d b y 
Antoniett i  see m t o b e overl y stringent .  Partia l  analog y 
shoul d b e effectiv e i n mos t  situation s a s mos t  analogica l 
cue s availabl e i n dail y lif e ar e partia l  i n nature .  Thi s stud y 
therefor e look s int o th e rol e o f  analogica l  transfe r  o f  partia l 
analogies . 

Our  stud y differ s from  Antoniett i  (1991 )  i n a  fe w ways . 
First ,  a s i t  i s  logica l  t o assum e tha t  som e analogica l  cue s ar e 
more crucia l  tha n th e others ,  th e notio n o f  centralit y o f  a n 
analog y wa s examined .  Second ,  w e als o revisite d i f 
analogica l  cue s hav e t o b e presente d i n th e exac t  orde r  i n 
orde r  t o b e effective .  Finally ,  w e presente d th e partia l 
analogie s a s problem s fo r  participant s t o solv e rathe r  tha n 
disguise d the m a s arithmeti c problems . 

Method 

Fort y undergraduate s a t  th e Universit y o f  Hon g Kon g 
participate d i n th e experimen t  a s par t  o f  a  cours e 
requirement .  Non e o f  the m ha d bee n expose d t o th e 
problem s use d i n th e study . 

Ever y participan t  complete d th e experimen t  o n a 
computer .  Th e problem s wer e writte n i n Flas h wit h bot h 
text s an d diagrams . 

Procedure 

T wo type s o f  problem s wer e use d i n th e experiment .  Th e 
analog y problem s wer e concerne d abou t  h o w t o direc t  wate r 
t o a  targe t  location .  The y wer e use d t o prim e participant s t o 
use th e tw o strategie s whic h ar e necessar y fo r  solvin g th e 
targe t  problems :  divergenc e whic h i s dividin g th e flow  t o 
avoi d overloa d an d convergenc e whic h i s pullin g togethe r 
th e divide d flows  t o achiev e th e intensit y needed .  Th e targe t 
problem s wer e th e Fortres s proble m an d Duncker' s 
radiatio n problem .  Th e first  proble m deal s wit h ho w t o 
organiz e soldier s t o conque r  an d castl e whil e th e othe r  deal s 
wit h ho w t o us e X-ra y t o destro y a  tumor . 

Each participan t  wa s first  tol d som e basi c concept s 
subject s i n fluid  dynamics .  S/h e the n proceede d t o solv e on e 
of  th e fou r  version s o f  th e analog y proble m dependin g o n 
th e experimenta l  conditio n t o whic h s/h e wa s assigned :  i ) 
partia l  analogie s presente d i n th e correc t  orde r  (divergenc e 
the n convergence) ,  ii )  partia l  analogie s presente d i n th e 
revers e orde r  (convergenc e the n divergence) ,  iii )  complet e 
analogy ;  an d iv )  unrelate d analogy .  Finall y th e participan t 
was aske d t o solv e th e tw o targe t  problems .  I f  s/h e coul d no t 
solv e a  proble m withi n 5  minutes ,  s/h e wa s the n tol d tha t  th e 

problem s the y ha d tackle d earlie r  migh t  hel p them .  A  tota l 
of  1 0 minute s wer e allowe d t o solv e eac h problem . 

Results and Discussion 

43.9 % o f  th e subject s solve d th e Duncker' s proble m 
withou t  bein g prompte d t o us e th e previou s problems ,  wit h 
th e highes t  i n iti t  partial-correc t  conditio n (81.8% )  an d th e 
lowes t  i n di e unrelate d conditio n (20%) . 

Solvin g th e Fortres s proble m i n th e unrelate d conditio n 
require d mor e tim e tha n i n al l  th e othe r  conditions .  Tim e 
require d t o solv e th e Ehincker' s proble m wa s i n th e 
decreasin g orde r  of :  partial-correct ,  partial-reverse , 
complete ,  an d unrelated .  Besides ,  th e partial-correc t 
conditio n require d th e leas t  promptin g fo r  usin g th e partia l 
analog y condition . 

Contrar y t o Antonietti' s  study ,  participant s i n th e 
partial-revers e conditio n wer e abl e t o solv e th e targe t 
problem s spontaneously .  I n othe r  words ,  exposur e t o partia l 
analogie s i s sufficien t  fo r  primin g t o occu r  ̂ oug h th e exac t 
tempora l  orde r  ca n provid e additiona l  facilitation .  Second ,  i t 
was als o foun d tha t  partia l  analogie s wer e mor e effectiv e 
tha n complet e analog y i n primin g th e participan t  t o solv e th e 
targe t  problem .  Thi s i s  possibl y du e t o th e complexit y 
involvei d i n solvin g th e complet e analog y problem .  Third , 
th e presen t  findings  suggeste d tha t  convergenc e play s a 
more centra l  rol e i n analogica l  transfer .  Thi s i s i n lin e wit h 
Pedone ,  e t  a l  (2001 )  w h o foim d tha t  convergenc e alon e wa s 
sufficien t  t o trigge r  spontaneou s analogica l  transfer .  Th e 
secon d an d thir d findings  togethe r  suggeste d tha t 
convergenc e i s th e mor e centra l  partia l  analogy .  Onl y i t 
shoul d b e presente d t o achiev e th e greates t  primin g o r 
facilitator y effec t  i n proble m solving .  Presentin g a  les s 
usefu l  partia l  analog y (divergence )  lower s instea d o f 
enhance s th e transfe r  i n proble m solvin g performance .  Thi s 
may b e explaine d b y introducin g a  weigh t  syste m i n th e 
branche s o f  th e structura l  mappin g theor y (Gentner ,  1983 ) 
or  constraint s i n th e multiconstrain t  theor y (Holyoa k & 
Thagard ,  1980) . 
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I n psycholog y o f  huma n deductiv e 
reasoning ,  menta l  logi c theor y claim s tha t  peopl e 
reaso n b y applyin g inferenc e schema s (e.g. ,  Brain e 
& O'Brien ,  1998 ;  Rips ,  1994) ,  an d menta l  model s 
theor y claim s tha t  peopl e reaso n b y constructin g 
menta l  model s (e.g. ,  Johnson-Lair d an d Byrne , 
1991) .  Ther e i s a  grea t  dea l  o f  empirica l  evidenc e 
supportin g eac h theory .  Th e author s hav e propose d 
a menta l  metalogi c theor y (Yan g &  Bringsjord , 
2001 )  studyin g th e interaction s betwee n applyin g 
inferenc e schema s an d constructin g menta l  model s 
base d o n th e curren t  theorie s o f  menta l  logi c an d 
menta l  models .  W e repor t  a  se t  o f  experiment s 
designe d t o examin e possibl e interaction s o f  thi s 
kind .  Menta l  metalogi c suggest s way s o f  modelin g 
reasonin g strategies . 

Our  strateg y fo r  constructin g experimenta l 
problem s wa s t o integrat e on e proble m typ e use d i n 
menta l  logi c researc h (Yang ,  e t  al .  1998 )  an d 
anoAe r  proble m typ e use d i n menta l  mode l 
researc h (Yan g &  Johnson-Laird ,  2000) .  Belo w i s a 
resultin g sampl e proble m use d th e experiment . 

The premises given below are either all true or all 
false : 

Al l  th e bead s ar e woode n o r  meUl . 
The woode n bead s ar e red . 
The meta l  bead s ar e green . 
The squar e bead s ar e no t  red . 

I s possibl e tha t  th e squar e bead s ar e green ? 

This new problem type can be used to manipulate 
tw o independen t  variables .  Th e first  independen t 
variabl e i s abou t  th e se t  o f  premises .  Fo r  a  give n 
problem ,  i t  ca n hav e th e se t  o f  origina l  premises ,  o r 
th e denial s o f  thes e premises .  Th e secon d 
independen t  variabl e i s ho w a  questio n i s 
presented .  I t  ca n tak e th e fonn ,  "I s  i t  possibl e tha t 
... "  o r  "Doe s i t  necessaril y  follo w tha t  ..." .  Thus , 
by manipulatin g thes e tw o independen t  variables , 
fou r  type s fo r  a  give n proble m ar e produced .  Th e 
firs t  experimen t  use d a  2x 2 between-subject s 
desig n t o manipulat e tw o independen t  variable s i n 
fou r  condition s accordin g t o th e 4  proble m type s 
explaine d above .  1 8 origina l  multi-ste p problem s 
simila r  t o th e exampl e abov e wer e carefull y 
selecte d fro m Yang ,  e t  al .  Thei r  tas k wa s t o choos e 
among th e give n response s (i.e. ,  Yes ,  No ,  o r  Can' t 
tell) .  Th e mea n accurac y fo r  th e original/necessit y 
problem s wa s 45.5% ,  fo r  th e original/possibilit y 

problem s 9 1 % ,  fo r  th e denials/neceiiit y  problem s 
8 3 %,  an d fo r  th e denials/possibilit y  problem s 6 0 % . 
(N=4 0 fo r  eac h proble m type) .  Th e result s ar e 
clear-cut .  Fo r  th e problem s usin g origina l  premises , 
th e proble m typ e o f  possibilit y  wa s evaluate d 
significantl y mor e accuratel y tha n th e proble m typ e 
of  necessit y (Mann-Whime y U z =  5.17 ,  p  <  .001) . 
For  th e problem s usin g th e denial s o f  th e origina l 
premises ,  th e proble m typ e o f  necessit y wa s 
evaluate d significantl y mor e accuratel y tha n th e 
proble m typ e o f  possibilit y  (Mann-Whime y U z = 
5.14 ,  p  <  .001) .  I n addition ,  ther e wa s a  reliabl e 
interaction .  Th e differenc e betwee n proble m type s 
of  necessit y an d possibilit y  fo r  th e problem s usin g 
origina l  premise s wa s greate r  tha n fo r  th e problem s 
usin g th e denial s o f  th e origina l  premise s (Maim -
Whitnc y U  =  44 ,  p  <  0.01) .  Th e simila r  result s wer e 
obtaine d fro m a  secon d se t  o f  experiment s usin g 
dyadi c predicat e problem s paralle l  t o th e monadi c 
predicat e problem s use d i n th e first  experimen t  A 
2x 2 within-subject s desig n wa s use d (N=140 , 
individuall y  tested) .  Thi s tim e th e latenc y dat a 
wer e als o collected ,  an d th e result s showe d tha t  a n 
answer  too k significantl y longe r  tim e whe n tw o 
case s (bot h "al l  true "  an d "al l  false "  siniations ) 
neede d t o b e considere d tha n whe n onl y on e cas e 
(i.e. ,  "al l  th e premise s ar e true" )  neede d t o b e 
considered .  Fo r  th e problem s wit h origina l 
premise s an d necessit y questions ,  5 5 % subject s 
answere d yes ,  whic h wa s a n illusio n becaus e the y 
faile d t o conside r  th e "al l  false "  case .  Bu t  the y 
coul d appl y inferenc e schema s i n th e loca l  situatio n 
of  "al l  true" .  However ,  anothe r  fairl y  larg e portio n 
of  participant s (45% )  responde d "No "  t o th e 
problem s o f  thi s type ,  an d woul d hav e neede d t o 
conside r  th e "all-false "  case ,  whic h too k longe r 
time .  I n dii s  loca l  situation ,  ther e ar e n o inferenc e 
schemas currentl y availabl e t o dea l  wit h th e denial s 
of  th e origina l  premises ,  an d reasoner s ma y likel y 
construc t  menta l  models . 

Ther e ar e long-standin g controversie s 
betwee n menu l  logi c an d menta l  mode l  theories ,  a s 
wel l  a s othe r  emergin g controversie s betwee n th e 
menta l  logic/mode l  paradigm ,  menta l  metalogic , 
and othe r  approache s i n reasoning .  Deductio n i s 
cor e t o huma n cognition .  Thes e issue s deserv e 
open discussion s an d debates ,  whic h hav e bee n th e 
ways fo r  differen t  theorie s t o gro w i n thi s field. 

(Note. References are available upon request.) 
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" I f  i s easie r  tha n "or "  i n th e G R E 

Yingrui Yang (yangyri@rpi.edu) 
Departmen t  o f  Cognitiv e Sciences ,  Rensselae r  Polytechni c Institut e 

Carnegi e Hall ,  Troy ,  N Y 1218 0 U S A 

Philip N. Johnson-Laird (pbil@princeton.edu) 
Psycholog y Department ,  Princeto n Universit y 

Princeton ,  N J 0854 4 U S A 

I n logic ,  a  conditional ,  suc h as :  "I f  th e tren d continue s the n 
a declin e wil l  occur "  i s equivalen t  t o a  disjunction :  "Eithe r 
th e tren d stops ,  i.e. ,  doesn' t  continue ,  o r  a  declin e wil l 
occur" .  Bot h assertion s ar e compatibl e wit h th e followin g 
thre e possibilities ,  wher e "-• "  denote s negation : 

Tren d Declin e 
-  Tren d Declin e 
-•  Tren d - > Declin e 

The equivalenc e m a y brea k dow n a s a  resul t  o f  th e specifi c 
conten t  o r  contex t  o f  assertion s (Johnson-Lair d an d Byrne , 
2002) .  But ,  wher e th e tw o assertion s ar e equivalent ,  th e 
conditiona l  ha s th e menta l  models : 

Tren d Declin e 

in  which the first model represents the possibility in which 
th e anteceden t  i s true ,  an d th e secon d wholl y implici t  mode l 
represent s th e possibilitie s i n whic h th e consequen t  i s false . 
The disjunctio n ha s th e menta l  models : 

-  Tren d 
Declin e 

-'  Tren d Declin e 
I t  follow s tha t  reasonin g shoul d b e easie r  wit h th e 
conditiona l  tha n wit h th e disjunction . 

We conducte d thre e experiment s t o tes t  thi s predictio n 
usin g "logica l  reasoning "  problem s fro m th e Graduat e 
Recor d Examinatio n (th e G R E ,  devise d b y Educationa l 
Testin g Services ,  Princeton .  I n Experimen t  1 ,  2 0 
participant s carrie d ou t  eithe r  a  conditiona l  versio n o r  a 
disjunctiv e versio n o f  8  G R E problems ,  e.g. :  th e conditiona l 
version : 

Becaus e th e numbe r  o f  surgeon s i s growin g faste r  tha n th e 
number  o f  operation s an d becaus e noninvasiv e medica l 
therapie s ar e increasingl y replacin g surgery ,  th e averag e 
aimua l  numbe r  o f  operation s pe r  surgeo n ha s falle n b y one -
fourt h i n recen t  years .  I t  ca n b e conclude d that ,  i f  thes e 
trend s continue ,  a  dangerou s declin e i n th e leve l  o f  surgica l 
skil l  wil l  occur . 
The argumen t  i s  base d o n whic h o f  th e followin g 
assumptions ? 

(A )  Surgeon s n o w spen d a  larg e percentag e o f  thei r  tim e 
performin g noninvasiv e medica l  procedures . 

(B )  A  siu-geon' s skil l  canno t  b e properl y maintaine d 
unles s th e surgeo n perform s operation s wit h a  certai n 
m in imu m frequency . 

Optio n (B )  i s th e correc t  answer .  Th e disjunctiv e versio n 
include d instea d th e followin g fina l  assertion : 

I t  ca n b e conclude d that ,  eithe r  thes e trend s stop ,  o r  a 
dangerou s declin e i n th e leve l  o f  surgica l  skil l  wil l  occur . 

The participant s ha d t o selec t  th e correc t  respons e from  th e 
pai r  o f  assertions ,  whic h wer e th e correc t  conclusio n an d th e 
most  frequently  chose n foi l  (accordin g t o E T S ) .  Th e 
accurac y o f  response s di d no t  differ ,  bu t  th e participant s 
wer e reliabl y faste r  t o solv e th e conditiona l  problem s (mea n 
1.7 6 min. )  tha n th e disjunctiv e problem s (mea n 2.0 6 min.) . 

Experimen t  2  wa s a  replicatio n bu t  i n whic h th e tw o 
respons e option s wer e conditional s (fo r  th e conditiona l 
problems )  an d disjunction s (fo r  th e disjunctiv e problems) . 
The participant s wer e reliabl y mor e accurat e an d faste r  wit h 
th e conditiona l  problem s ( 7 3 % correct ,  0. 8 min. )  tha n wit h 
th e disjunctiv e problem s ( 6 1 % correct ,  1.1 7 minutes) .  Th e 
use o f  a  sentenc e containin g a  give n connectiv e i n bot h th e 
tex t  an d th e tw o respons e option s evidentl y amplifie d th e 
differenc e betwee n conditional s an d disjunctions . 

Experimen t  3  use d conditiona l  an d disjunctiv e text s wit h 
conditiona l  an d disjunctiv e respons e option s i n al l  fou r 
combinations .  Th e result s showe d tha t  th e natur e o f  th e 
respons e option s wa s decisive .  Th e 4 0 participant s wer e 
faste r  an d mor e accurat e wit h problem s tha t  ha d conditiona l 
response s tha n wit h problem s tha t  ha d disjunctiv e respons e 
options . 

We conclud e tha t  th e mode l  theory' s prediction s abou t  th e 
differen t  representation s o f  conditional s an d disjunction s 
exten d t o realisti c problem s base d o n th e G R E .  Theorie s 
base d o n forma l  rule s o f  inferenc e (e.g. ,  Brain e an d O'Brien , 
1998 ;  Rips,  1994 )  mak e n o prediction s abou t  thi s difference . 
The researc h wa s a  par t  o f  th e project ,  eWriter ,  whic h wa s 
supporte d b y a  gran t  fro m E T S an d th e G R E Boar d t o S . 
Bringsjor ,  Y .  Yang ,  P.N .  Johnson-Laird ,  an d M .  Bauer . 
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Introductio n 
LexicA l  database s ar e no w availabl e fo r  man y language s ove r 
th e world ,  fo r  example ,  C E L E X an d Eur o WordNet .  However . 
ther e ar e no t  an y comparabl e dat a o f  thi s kin d fo r  Cantonese . 
The necessit y o f  dii s  databas e canno t  b e underestimate d sinc e 
not  muc h progres s o n th e Chines e (Cantonese )  psycholinguisti c 
researc h ca n b e mad e withou t  th e succo r  o f  thes e kind s o f 
precis e lexica l  informatio n (L i  &  Yip ,  1996 .  1998 ;  Yip ,  2000) . 
Thi s projec t  aim s a t  makin g a  large-scal e collectio n o f  digita l 
tap e recording s o f  Cantones e speec h an d establishin g a n archiv e 
of  Cantones e text s base d o n transcription s o f  thes e recordings . 
A corpu s o f  Cantones e syllable s an d word s togethe r  wit h othe r 
polysyllabi c Chines e expression s wil l  b e constructed .  I n th e 
database ,  muc h usefu l  lexica l  informatio n ca n b e generated :  fo r 
exan^le ,  spoke n wor d frequency ,  frequency  informatio n o f 
phoneme occurrenc e an d phonem e co-occurrences ,  speec h 
errors .  I n thi s project ,  a  large-scal e lexica l  databas e o f 
Cantones e wil l  b e establishe d i n tw o phases .  I n th e firs t  phase , 
th e targe t  i s t o hav e a  databas e o f  300,00 0 Cantones e words .  I n 
th e secon d phase ,  th e targe t  wil l  b e u p t o on e millio n Cantones e 
words .  I t  i s  hope d tha t  th e subsequen t  psycholinguistic s 
researc h i n th e Chines e languag e ca n benefi t  from  thi s 
coo ĵuterize d lexica l  database . 

M a i n Objective s 

Thre e mai n objective s o f  th e projec t  her e are : 

(1 )  Generatio n o f  relevan t  lexica l  informatio n o f  Cantones e 
Chines e speech :  th e databas e ca n generat e suc h kind s o f 
usefu l  lexica l  informatio n fo r  psycholinguisti c researc h a s 
(a )  th e frequency  informatio n o f  spoke n Cantones e wor d 
(c f  Yip ,  2001) ;  (b )  th e probabilisti c  phonotacti c 
infonnatio n o f  Cantones e speec h (Yip ,  2000 ) 

(2 )  Determinatio n o f  th e processin g an d productio n uni t  o f 
Cantones e speech :  from  th e dat a o f  speec h erro r  collecte d 
i n di e database ,  w e ca n closel y monito r  i f  th e speec h erro r 
of  Cantones e involve d a  whol e syllabl e replacemen t  o r 
othe r  sub-syllabi c component s interchangin g (c f  Chen , 
2000) ,  an d the n inferre d t o th e fiinctiona l  unit s o f 
Cantones e speec h (Che n &  Yip ,  2001 ;  Yip ,  Song ,  &  Che n 
1999 ) 

(3 )  Estimatio n o f  th e code-switche d situatio n i n Hon g Kong : 
from  th e database ,  w e ca n estimat e th e siz e o f 
code-switchin g an d type s o f  code-switcher s i n th e bilingua l 
situatio n o f  Hon g Kon g (Chan ,  1992 ) 

Methodolog y 

Thi s projec t  i s  designe d t o construc t  a  computerize d lexica l 
databas e o f  Cantonese .  Th e databas e ca n b e use d t o generat e 
severa l  differen t  kind s o f  lexica l  informatio n o f  Cantones e 
natura l  speech .  I t  i s  base d o n th e large-scal e collectio n o f  digita l 
t a ^  recording s o f  natura l  Cantones e speech .  Source s o f  th e 
natura l  Cantones e speec h includ e dialogue s o f  Radi o call-i n 
program s (Chen ,  2000) ,  conversation s o f  T V programs ,  casua l 

chattin g amon g th e stiident s i n canteen .  Collectin g th e 
Cantones e speec h from  differen t  source s o f  naturalisti c  setting s 
guarantee d th e ecologica l  validit y o f  th e lexica l  informatio n 
generate d fro m th e database .  Becaus e th e dat a gathere d t o th e 
databas e i s entirel y cam e from  th e rea l  an d nahira l  case s whic h 
obviousl y ar e psychologicall y rea l  a s wel l  a s ca n reflec t  th e 
lexica l  informatio n embedde d i n ou r  menta l  lexicon . 

Expecte d Result s 

The resul t  o f  thi s projec t  wil l  b e summarize d i n a  computerize d 
lexica l  databas e o f  Cantones e tha t  i s significan t  t o researc h a s 
wel l  a s t o languag e teachin g an d learning .  I n term s o f  research , 
we believ e tha t  a  mor e soli d rigorous  se t  o f  lexica l  infonnatio n 
of  Cantones e speec h ca n b e derive d an d i t  ca n hav e a  wid e 
rang e o f  application s t o linguisti c a s wel l  a s psycholinguisti c 
researches ,  especiall y lexica l  researc h centerin g o n spoke n 
languag e processing .  I n term s o f  languag e pedagogy ,  i t  wil l 
provid e empirica l  groun d fo r  designin g th e mos t  appropriat e 
languag e learnin g method s t o student e accordin g t o th e pattern s 
of  th e prominen t  processin g an d productio n unit s o f  nativ e 
Cantones e speakers .  Meanwhile ,  i t  wil l  als o provid e usefu l 
informatio n o f  th e pervasiv e code-switchin g situatio n i n Hon g 
Kong tha t  clearl y confounde d th e traditiona l  languag e teachin g 
method s i n Hon g Kon g educatio n sector . 
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A u t h o r  Inde x 

Sylvi a Acchione-Noe l  70 3 
Woo-kyoun g Ah n 59 0 
AnuAirol a 56 6 
Eleonor a Alban o 99 7 
Elizabet h Albr o 5 4 
Marth a Aliba h 59,66 1 
James Alle n 86 7 
Richar d Altenna n 2 6 
ErikAltman n 6 5 
Joh n Anderso n 387,102 9 
Jane t  Andrew s 58 4 
Bernar d An s 7 1 
Pabl o Arante s 99 7 
RitaArdit o 7 7 
Zippor a Arzi-Gonczarowsk i  98 9 
Iva n As h 8 3 
Kevi n Ashle y 26 8 
Michae l  Atherto n 8 9 
Mario s Avraamide s 28,9 5 
Ryan Bake r  99 0 
Linde n Bal l  10 1 
Brun o Bar a 7 7 
Lawrenc e Barsalo u 3 0 
Renat o Bass o 99 7 
Christophe r  Bearma n 10 1 
James Bedna r  10 7 
Sieghar d Belle r  11 3 
Mauree n Belo w 88 4 
Franc k Taipi n Bernar d 62 6 
Mari e Bienicowsk i  2 3 
Enric o Blanzier i  7 7 
Rens Bo d 11 9 
Debora h Boehm-Davi s 27,4 1 
GuidoBoell a 12 5 
Tar a Boot h 5 9 
Ronal d Borin g 93 2 
Anne-Louis e Bomstei n 78 0 
Ler a Boroditsk y 131,136,99 4 
Kristi n Branso n 23 8 
Sara h Bre m 2 3 
Selmer  Bringsjor d 105 4 
Andre w Broo k 142 ,  87 2 
Sara h Brown-Schmid t  14 8 
Russel l  Burnet t  77 4 
Bruc e Bum s 991 ,  104 8 
Kevi n Bum s 15 4 
Michae l  Byrn e 7 
Rut h Byrn e 160 ,  105 0 
Manoel  Caetan o 99 2 
Jonatha n Caga n 102 3 
Andre w Calde r  23 8 
Dusti n Calvill o 99 3 
Elle n Campan a 148 ,  86 7 
Christophe r  Campbel l  60 2 
Angel o Cangelos i  3 3 
Stuar t  Car d 1 3 

Richar d Carlso n 2,2 8 
Joh n Carrol l  2 9 
Danie l  Canut h 3 6 
Danie l  Casasant o 99 4 
Danie l  Cassent i  2 8 
Richar d Catrambon e 166 ,  25 0 
Sergi o Chaignea u 3 0 
Lama Chandrasen a 57 8 
Suzann e Charma n 17 2 
NickChate r  72 0 
Alber t  Cha u 1015,105 3 
AlanChauvi n 32 2 
Anthon y Chemer o 2 0 
Pete r  Chen g 18,53 0 
C.  M .  Chewa r  99 5 
MicheleneCh i  31,655,100 1 
Christin e Chiarell o 52 4 
Davi d Chi n 99 9 
Seti i  Chin-Parke r  50,17 8 
Kwangsu Ch o 18 4 
Yoonsuc k Cho e 19 0 
Ronal d Chon g 4,21,4 1 
Yu-JuCho u 99 6 
EricChow n 20 2 
Morte n Christianse n 220 ,  59 6 
Timoth y Clausne r  20 8 
Joh n Clemen t  3 2 
Orland o Bisacch i  Coelh o 99 7 
Elian a Colung a 21 4 
Louis e Connel l  99 8 
Christophe r  Conwa y 22 0 
Celestin e Cookso n 100 7 
Alber t  Corbet t  99 0 
Andre w Corrigan-Halpe m 22 6 
James Corte r  102 1 
Finta n Costell o 23 2 
Garriso n Cottrel l  23 8 
Kimberl y Cottrel l  24 4 
Kenny Coventr y 3 3 
L.  Andre w Cowar d 3 4 
Davi d Latc h Crai g 25 0 
Valeri e Crawfor d 2 3 
Mathia s Creut z 56 6 
Marth a Crosb y 99 9 
G(5Ty d'Ydewall e 280 ,  914 ,  100 0 
Walte r  Daeleman s 63 7 
Jod y Daniel s 31 0 
MehdiDastan i  25 6 
NeilDave y 43 5 
Elizabet h Davi s 96 6 
Fabi o De l  Missie r  26 2 
Andrea s Demetrio u 35,75 6 
W i m D e Ney s 914,100 0 
RaviDesa i  26 8 
Stephe n Deutsc h 27 4 
Kristie n Dieussaer t  28 0 
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MelanieDie z 2 7 
Davi d Dille r  2 1 
Stephani e Doan e 3 6 
Susan Dumai s 1 1 
JeffElma n 2 4 
RandiEngl e 100 1 
Lindse y Engl e 28 6 
Carlo s Espine l  100 2 
ZacharyEste s 100 3 
IgorFarka S 24,4 5 
Nichola s Fa y 44 1 
AidanFecne y 29 2 
AlexFeinma n 2 6 
Anna Fishe r  104 1 
Eri c Fleischma n 29 8 
Koinet h Forbu s 55 4 
Harr y Foundali s 30 4 
Donal d Franccschctt i  37,70 8 
Edson Fran90Z o 99 7 
Jerr y Frank c 31 0 
Michae l  Free d 3,64 9 
G.Freedma n 1 8 
Rober t  Frenc h 71,316,32 2 
Danie l  Freudentha l  328,33 4 
DaniloFu m 26 2 
Joachi m Funk e 102 4 
M^gieGal e 34 0 
M ax Garagnan i  34 5 
Davi d Gardine r  29 2 
Simo n Garro d 44 1 
Wilso n Geisle r  1 1 
Silvi a Gennar i  35 1 
DedreGentac r  97 6 
Pete r  Geijet s 798 ,  810 ,  00 4 
Rober t  Gibb y 89 0 
YolandaGi l  35 7 
AlastairGil l  36 3 
Steve n Gilli s  63 7 
Kevi n Gluc k 2 1 
FcmandGobet  328,33 4 
Susan Goldma n 2 3 
Timoth y Goldsmit h 88 4 
Rober t  Goldston e 36 9 
Emili o Gomez 75 0 
Avelin o Gonzale z 45 9 
Cleotild e Gonzale z 100 5 
Andre w Gordo n 37 5 
Michae l  Gorma n 100 6 
Sydne y Goul d 60 2 
Arthu r  Graesse r  23 ,  37 ,  70 8 
Willia m Gregor y Saka s 78 6 
Thomas Griffith s 38 1 
Stephani e Guerlai n 3 8 
Glet m Gunzelmai m 38 7 
Fran k Gu o 39 3 
Prahla d Gupt a 3 9 

ToddGurccki s 39 9 
YorkHagmaye r  40 5 
UlrikeHah n 41 1 
Wendy H a m 13 6 
Jeffre y Hansbcrge r  27,4 1 
Andrea s Hansso n 41 7 
Harla n Harri s 42 3 
Anthon y Harriso n 1007 ,  100 8 
Uri  Hasso n 429 ,  100 9 
Jenn y Haye s 43 5 
LinhH e 48 2 
Patric k Heale y 44 1 
Mary Hegar t  1 8 
Mary Hegart y 4 0 
Juli e Hcise r  57,44 7 
Joshu a Hemmeric h 45 3 
AmyHcnninge r  4,45 9 
Jon Hick s 46 5 
KazuoHirak i  54 8 
Davi d Holliwa y 47 1 
Rober t  Hol t  27,4 1 
Keit h Holyoa k 286 ,  39 3 
Andre w Howe s 172,47 6 
XiangenH u 3 7 
Curti s Dcehar a 99 9 
Joshlntron e 2 6 
Thomas locrge r  48 2 
Noriolshi i  66 7 
Jess e Itzkowit z 4 7 
Linde n J .  Bal l  34 0 
Brijnes h Jai n 48 8 
Jeiz y Jarmas z 49 4 
VikramJaswa l  50 0 
Luk e Jerzykiewic z 14 2 
Bonni e Joh n 3,64 9 
Todd Johnso n x ,  506,920,97 0 
Phili p Johnson-Lair d 1009,105 5 
P.N.Johnson-Lair d 84 5 
Gary Jone s x 
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Desmond Jorda n 4 3 
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Natali e Kacini k 52 4 
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Davi d Kaufma n 101 1 
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Alexande r  Klippe l  101 7 
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Christia n Lcbier e 5,2 1 
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Terenc e Le e 101 5 
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CabralLim a 104 2 
Han-yuLi n 101 6 
Alexandr e Linhare s 101 8 
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Hsi-wenLi u 101 9 
Kennet h Livingsto n 58 4 
LapYanL o 62 0 
Debora h Lor d 48 2 
MaxLouwers e 3 7 
Bradle y Lov e 21,39 9 
Marsh a Lovct t  4 6 
ShenghuaLua n 4 7 
Christia n Luhman n 59 0 
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DermotLynot t  102 0 
Bria n MacWhinne y 2 4 
Paul  Magli o 602,60 8 
James Magnuso n 61 4 
BeniseMa k 620,1015,104 9 
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Deni s Marescha l  32 2 
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Michae l  Matess a 3,64 9 
Teeni e Matloc k 60 2 
Toshihik o Matsu k 102 1 
D.  Scot t  McCrickar d 99 5 
Danie l  McFarlan e 31 0 
Mark McGrego r  65 5 
Daniell e McNamar a 244 ,  72 6 
Nicol e McNei l  66 1 
RyanMear s 89 0 
Martia l  Mermillo d 32 2 
Rist o Miikkulaine n 10 7 
Sy Mii n Cho w 19 6 
Kell i  Millwoo d 2 3 
KazuhisaMiw a 66 7 
Naomi  Miyak e 48,103 9 
Padrai c Monagha n x 
Stephe n Moor e 93 2 
Fran k Morell i  105 2 
Bradle y Morri s 643,673,679,104 5 
Juli e Baue r  Morriso n 102 2 
Jarro d Mos s 102 3 
Vincen t  MUlle r  76 2 
Victori a Murph y 43 5 
SerbanMusc a 7 1 
Julie n Musolin o 74 4 
Ryuich i  Nakaik e 66 7 
Danie l  Navarr o 578,68 5 
Stefan i  Nelle n 102 4 
Jose f  Ner b x 
Nancy Nersessia n 25 0 
Joh n Nesselroad e 19 6 
HansjOrgNet h 69 1 
Lar s Niklasso n 41 7 
Eij i  Nishimot o 78 6 
Sourab h Niyog i  69 7 
Ron Noe l  70 3 
Kent  Norma n 102 5 
Tenah a O'Reill y  72 6 
Jon Oberlande r  363,441,46 5 
Hidemi  Ogasawar a 102 6 
Stella n Ohlsso n 22 6 
Takehik o Ohn o 102 6 
NatsukiOk a 54 8 
Bren t  Old e 37,70 8 
Andre w Ohie y 3 7 
Anna-Cari n Olsso n 51 8 
HenrikOlsso n 518,71 4 
LucaOnni s 72 0 
Danie l  Oppenheime r  102 7 
Klau s Opwi s 78 0 
MagdaOsman 73 2 
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Pierre-yve s Oudeye r  73 8 
Thomas Palmcr i  59 0 
Anna Papafrago u 74 4 
T.  Par k 102 8 
Viml a Pate l  43.536,970 ,  101 1 
Phili p Pavli k 102 9 
Stephe n Payn e 476 ,  691 ,  103 2 
Natali e Perso n 3 7 
C l̂i a Luci a Gomes Pessanh a 103 0 
Lora a Peter s 43 5 
Richar d Pe w 21 ,  27 4 
Julia n Pin e 328 ,  33 4 
RaedyPin g 96 6 
Zygmunt  Pizl o 103 7 
Davi d Poeppe l  35 1 
Emnumuel  Potho s 41 1 
Mahdehoa Pourbai x 103 1 
Merc ^  Prat-Sal a 41 1 
Denni s Proffit t  84 0 
JosiQuesad a 75 0 
PaulQuin n 32 2 
Winsto n R .  Siec k 104 0 
Jcroe n Raaijmakcr s 1 1 
AAanassio s Raftopoulo s 756,76 2 
Michae l  Ramsca r  136 ,  768 ,  95 6 
Mary J o Ratterman n 2 0 
Willia m Reade r  103 2 
Dougla s Reec e 45 9 
BobRehder  77 4 
Joh n Rehlin g 1033,103 4 
Torste n ReimC T 78 0 
Roger  Remingto n 3,64 9 
Alexande r  Rcnk l  49,81 6 
Russel l  Revli n 99 3 
Falk o Rhcinber g 104 8 
Lyn n Richard s 3 3 
Julie t  Richardso n 47 6 
Fran k Ritte r  x 
Matthe w Robert s 72 0 
LaudinoRoce s 99 7 
Bria n Rogosk y 36 9 
Bria n Ros s 50 ,  17 8 
Sandrin e Ross i  90 2 
Stiphan c Rousse t  7 1 
Hitom i  Sait o 66 7 
DarioSalvucc i  79 2 
Alexe i  Samsonovic h 103 5 
Willia m Sandova l  2 3 
Uly n Sane r  1007 ,  103 6 
Walte r  Schacke n 280 ,  908 ,  914 ,  100 0 
Michae l  Scheessel e 103 7 
Katharin a Scheite r  798,810,100 4 
UteSchmi d 100 4 
Dyla n Schmorro w 103 8 
Walte r  Schneide r  6 
Wolfgan g Schoppe k 80 4 

Tin a Schor r  81 0 
Walte r  Schroyen s 90 2 
Christia n Schun n 65 ,  184,679 ,  1007,1008 ,  103 6 
SilkeSchwor m 81 6 
Sam Scot t  82 2 
PritiSha h 1 8 
Lokendr a Shastr i  51,345,92 6 
Richar d Shiffri n 9 
Richar d Shillcoc k 99 6 
Atsush i  Shimojim a 89 6 
Hajim e Shirouz u 48 ,  103 9 
Edwar d Shortliff e 97 0 
HuaShu 95 0 
Thomas Shult z 2 4 
Winsto n Siec k 101 0 
Pete r  Sleza k 5 2 
Steve n Sloma n 560,82 8 
Vladimi r  Sloutsk y 429,104 1 
Lind a Smit h 53 ,  214 ,  962,96 6 
Pamel a Smit h 43 5 
Adrian a Scare s 992 ,  1030 ,  1031 ,  104 2 
Seik a Sorak u Kyot o 89 6 
Rober t  Sorki n 4 7 
JohnSpink s 105 1 
Christian e Spitzmttlle r  89 0 
Justi n Starre n 101 1 
JohnStask o 16 6 
MarkSteedma n 83 4 
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Nancy Stei n 5 4 
Eugeni a Steingol d 84 5 
Lis a Stevenso n 2 8 
MarkSteyvcr s 11,38 1 
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Masaki  Suw a 5 5 
Kcntar o Suzuk i  54 8 
Mary Swif t  86 7 
Niel s Taatge n 57 2 
Helen a Taelma n 63 7 
Michae l  Tanenhau s 148,614,86 7 
HeikeTapp e 101 7 
YvetteTenne y 2 1 
Atsush i  Tera o 54 2 
Chri s Terr y 85 0 
Roger  Thompso n 2 0 
Akifum i  Tokosum i  5 6 
Edin a Torlakovi c 87 2 
EvaTot h 2 3 
J.  Gregor y Trafto n 18,87 8 
JanTreu r  51 2 
Susan Tricket t  87 8 
LaraTrion a 1044 ,  104 5 
Davi d Trumpowe r  88 4 
Pamel a Tsan g 48 2 
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Barbar a Tversk y 57.44 7 
RyanTweney 856,89 0 
Kazuhir o Ued a 54 8 
Ichir o Umat a 89 6 
Jean-Baptist c Va n d e Hens t  902,90 8 
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HoratiuVoic u 104 7 
Regin a Vollmeye r  104 8 
Winni e Wai  104 9 
Michae l  Waldman n 40 5 
Clar e Wals h 160,105 0 
HongbinWan g 506,92 0 
YueWang 506,92 0 
Ale x L i  Wang-o n 105 1 
Edward Wasserma n 2 0 
Carte r  Wendelke n 345,92 6 
Michae l  Wenger  60 8 
Rober t  West  93 2 
John Whale n 105 2 
Jennife r  Wile y 23 ,  83,45 3 
A .J .  Will s  938 ,  98 2 
Philli p Wolf f  94 4 
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Scot t  Wood 4, 7 
Davi d Woods 1 4 
Rober t  Wra y 4,2 1 
Frit z Wysotzk i  48 8 
XiaomingX i  53 0 
JunXia o 16 6 
HongbingXin g 95 0 
Yingru i  Yan g 1054 ,  105 5 
Danie l  Yarlet t  95 6 
J.  Fran k Yate s 104 0 
Michae l  Yi p 105 6 
Hanako Yoshid a 962 ,  96 6 
Norikaz u Yoshimin e 5 6 
Richar d Youn g x 
Wayne Zachar y 2 1 
Jeffre y Zack s 5 7 
Thomas Zental l  2 0 
Matthe w Zettergre n 94 4 
Jiaji e Zhan g 506,920,97 0 
Xi  Zhan g 86 1 
Serge y Zhariko v 97 6 
JanZwicke l  98 2 
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